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Hierarchical heterostructure WS»/CoS;@carbonized cotton fiber (CCF) derived from metal-
organic frameworks (MOFs) anchored cotton fiber possesses multiple loss mechanisms and

exhibits high-performance electromagnetic wave absorption capacity.



ABSTRACT: Rational construction of hierarchical multi-component materials with abundant
heterostructure is evolving as a promising strategy to achieve excellent metal-organic frameworks
(MOFs) based electromagnetic wave (EMW) absorbers. Herein, hierarchical heterostructure
WS,/CoS@carbonized cotton fiber (CCF) was fabricated using the ZIF-67 MOFs nanosheets
anchored cotton fiber (ZIF-67@CF) as a precursor through the tungsten etching, sulfurization, and
carbonization process. Apart from the synergetic effect of dielectric-magnetic dual-loss mechanism,
the hierarchical heterostructure and multicomponent of WS2/CoS,@CCF also display improved
impedance matching. Furthermore, numerous W-S-Co band and heterojunction interfaces of
heterogeneous WS»/CoS: is beneficial to promoting additional interfacial/dipole polarization loss
and conductive loss, thereby enhancing the EMW attenuation performance. Based on the
percolation theory, a good balance between impedance matching and EMW absorption capacity
was achieved for the WS,/CoS,@CCF/paraffin composite with 20 wt% filler loading, exhibiting
strong EMW absorption capability with a minimum reflection loss (RLmin) value of —51.26 dB at
17.36 GHz with 2 mm thickness and a maximum effective absorption bandwidth (EABmax) as wide
as 6.72 GHz. Our research will provide new guidance for designing high-efficient MOFs derived

EMW absorbers.
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1 Introduction

With the advent of 5G information age, electromagnetic interference (EMI) and radiation
produced by electronic communication devices have become a serious issue in human health,
electronic information safety and device performance [1-6]. Thus, it is urgent to explore low-cost
and high-efficient electromagnetic microwave wave (EMW) absorbers, which could effectively
attenuate the incident EMW by transforming them into heat or other forms of energy. Normally,
ideal EMW absorbing materials should possess the essential characteristics of thin matching
thickness, broad bandwidth, strong absorption, and light weight [5-9]. To meet the above
requirements, reasonable structure and component design has drawn considerable attention in
advanced EMW absorbers.

Nowadays, carbon materials including carbon nanotubes [10], graphene [11] and carbon
aerogels [12] have been widely used in the field of EMW absorption due to their high dielectric
loss, low density and good environmental stability. Nevertheless, the complex synthesis process
and high cost of them have seriously hindered their large-scale applications. Owing to the merits
of sustainability, low-cost, nontoxicity and facile process, the pyrolysis products of biomass
materials such as platanus [13], wood [14], cattail [15] and lotus leaf [16] have been widely
considered as the new carbon based EMW absorbing materials. More importantly, their special
intrinsic structure (e.g., cellular structure, hierarchical structure, interwoven network structure and
hollow tube-like structure) and amounts of defects and residual functional groups are also helpful
for extending transmission path through multiple reflections and generating enhanced polarization

loss, exhibiting superior EMW absorption performance. However, the high conductivity of carbon



materials can also usually bring serious impedance mismatching that lead to unexpected reflection
of incident EMW.

Generally, optimized impedance matching could be effectively achieved through engineering
magnetic/dielectric multicomponent materials with rational structure design. In addition, the
dielectric and magnetic dual-loss mechanism is also beneficial for improved loss capacity
simultaneously. With the rapid development of metal organic frameworks (MOFs) materials,
carbon/metal composites prepared from calcinated MOFs present great application potential in
EMW absorption because of their merits of high porosity, controllable structure, and adjustable
composition. Meanwhile, MOFs modified fiber and fabric have also been widely investigated and
used as a precursor for carbonization, which could effectively avoid the discontinuity and
aggregation of single calcinated MOFs particles, constructing high-efficient electromagnetic
attenuation network easily. What’s more, amounts of heterogeneous interfaces can also be
simultaneously constructed to contribute additional interfacial polarization loss, boosting the EMW
absorption capability. For example, Wang et al. used cotton fiber (CF) and Co-ZIF as precursors
to fabricate the heterostructure Co/CNTs-MXene@CF through the self-assembly and
thermocatalytic technology, achieving a minimum reflection loss (RLmin) of —61.41 dB at 2.52 mm
and a broad maximum effective absorption bandwidth (EABmax) of 5.04 GHz [17]. Xu et al.
synthesized CC/ZIFs with abundant heterogeneous interface and defects derived from CoZn-ZIF
and cotton fiber cloth, showing a RLmin 0f —36.0 dB and EABmax up to 11.6 GHz [18].

In this study, hierarchical heterostructure WS,/CoS@carbonized cotton fiber (CCF) was

fabricated using the ZIF-67 nanosheets anchored cotton fiber (ZIF-67@CF) as a precursor through



the tungsten etching, sulfurization, and carbonization process. Apart from the synergistic dielectric-
magnetic dual-loss mechanism, the special hierarchical structure and multicomponent of
WS,/CoS,@CCF also facilitate an improvement in the impedance matching. Importantly, the
amounts of heterogeneous WS,/CoS; is also beneficial for additional interfacial/dipole polarization
loss and conduction loss, resulting in enhanced EMW attenuation. As a result, the prepared
WS>/CoS,@CCF shows a superior EMW absorption capacity with an RLmin value of —51.26 dB at
2 mm and a wide EABmax 0f 6.72 GHz under the filler loading of 20 wt%. This work will undoubtly

provide a new strategy for engineering high-efficient MOFs derived EMW absorbers.

2 Experimental sections
2.1 Materials and chemicals

Pure cotton face towel (Huizhou Jianrou Industrial Co., Ltd.) was bought from supermarket and
served as the biomass carbon resource. 2-Methylimidazole was purchased from Shanghai Macklin
Biochemical Co., Ltd. Co(NOz)2:6H20 and Na,WOQO4 were supplied by Tianjin Kemiou Chemical
Reagent Co., Ltd. Thiourea was provided by Sinopharm Chemical Reagent Co., Ltd. All the

materials and chemicals were used as received without further purification.

2.2 Preparation procedure

Synthesis of ZIF-67@CF: According to our previous work, ZIF-67 precursor solution was first
prepared by dissolving 0.58 g of Co(NOs).-6H20 and 1.31 g of 2-methylimidazole into 40 mL
deionized (DI) water under vigorous magnetic stirring for 10 min. Then, a piece of cotton face

towel (4 x 4 cm?) was vertically immersed into the obtained purple ZIF-67 precursor solution for



4 h at 25 °C to grow ZIF-67 onto the cotton fiber (CF) surface, followed by washing with DI water

and ethanol, and drying at 40 °C overnight, obtaining the purple ZIF-67@CF.

Preparation of WS,/CoS,@CCF: 0.2 g Na,WO4 was dissolved thoroughly in 20 mL DI water and
uniformly mixed with 80 mL ethanol, and the obtained ZIF-67@CF was then immersed into the
mixed solution at 85 °C until the purple color disappeared completely. After being rinsed with DI
water and ethanol and dried at 40 °C, it was placed in the center of tube furnace with 1 g of sulfur
powder at the upstream and calcinated at 500 °C in N, atmosphere (30 mL min™) for 2 h with a
heating rate of 5 °C/min, obtaining the designed WS>/CoS>@CCF heterostructure material. For
comparation, CCF and CoS@CCF were also prepared by calcinating the CF and ZIF-67@CF

directly under the same condition, respectively.

2.3 Characterizations

Micromorphology and structure of the as-prepared materials were observed by transmission
electron microscope (TEM, JEOL JEM-2010) and field emission scanning electron microscope
(FESEM, JEOL JSM-7500F). The lattice structure of material was analyzed by X-ray diffraction
(XRD, Bruker, D8 advance) in the range of 10-80° using Cu tube (A = 1.5418 A, 10%min). X-ray
photoelectron spectroscopy (XPS, ESCALAB 250 XI) was used to investigate the surface
electronic property of materials. A certain amount of the prepared WS,/CoS,@CCF was used as a
filler to mix with paraffin and pressed into coaxial ring (thickness = 3 mm, ®outer = 7.00 mm,
®inner = 3.04 mm), and the electromagnetic parameters were measured using the Keysight

N5222B vector network analyzer in the frequency range of 2-18 GHz. In this study, series of



coaxial rings with different WS,/CoS,@CCF loading (10, 15, 20, 25 and 30 wt%) was prepared to

study the effect of filler loading on EMW absorption performances.

3 Results and discussion

w
Ne
Etching reaction
85 C for 20 min

Sulfarization "V
500 C for 2 h

CF ZIF-67@CF = - WS,/CoS,@CCF

Figure 1. Schematic diagram of the preparation process of WS,/CoS,@CCF.

Figure 1 shows the preparation precedure of the designed WS,/CoS,@CCF, including the in-
situ growth of ZIF-76, tungsten etching, sulfrizatuon and carbonization. Firstly, amounts of
functional groups (-OH, -O-) of CF enable it to be well wetted in the ZIF-67 precursor solution and
serve as active sites to absorb Co?* ions, which reacts with the organic linker of 2-methylimidazole
to form the homogeneous anchored ZIF-67 on the whole fiber surface, and the CF color also
changes from white to purple (Figure S1la&b). Then, Na,WO;s solution was applied to etch the
generated ZIF-67, resulting in the collapse of MOF framework and the introduction of
heterogeneous W atom. Finally, high temperature sulfurization process was conducted, during
which thiourea was used as a sulfur source to react with Co and W atoms to form metal sulides,
and the formed W-S-Co bond enable the existence of abundant heterojunction for the final product.
Meanwhile, the CF and MOF framework were also carbonized at the same time, obtaining the

designed black WS,/CoS:@CCF (Figure Sl1c). Here, it should be noted that the low-



electronegativity sulfur in heterogeneous WS>/CoS> can effectively accelerate the transfer of

electrons, endowing the WS2/CoS,@CCF with improved conductivity.

Figure 2. SEM images of (a, d & g) ZIF-67@CF, (b, e & h) Na,WO, etched ZIF-67@CF, and (c, f & i)
WS,/CoS,@CCF with different magnifications.

Micromorphology and structure evolution during the preparation process was further
investigated. Specifically, as shown in Figure S2, the pristine CF displays an average diameter of
about 10-15 um and a special wrinkled surface, which is beneficial for immobilizing nanoparticles.
As for the ZIF-67@CF (Figure 2a,d&g), the in-situ growth of triangular ZIF-67 nanosheets with
smooth surface and a thickness of about 150 nm are cross vertically aligned on the whole fiber
surface, constructing many pores with the magnitude of micrometers. After etching with Na;WO4

solution, the basic morphology structure of ZIF-67 is well maintained (Figure 2b), but the smooth



surface turns to be wrinkled with lots of obvious ridges (Figure 2e&h), which can be ascribed to
the collapse of MOF framework. For WS,/CoS.@CCF, smaller and denser arranged nanosheets
are clearly observed (Figure 2c) because of the shrinkage of CF and MOF framework after the high
temperature pyrolysis treatment. From the magnification images in Figure 2f&i, it can be observed
that the triangular nanosheet turns to be rougher and looser, whose subunits are assembled by
tightly stacked nanoflakes with numerous nano-sized pores. Compared with the surface of
CoS2@CCF anchored with amounts of nanoparticles (Figure S3), the unique hierarchical porous
structure is beneficial for optimizing the impedance matching and accelerating the multiple
reflection of incident EMW, achieving the improved EMW absorption capacity. In addition, the
cross connected carbonized triangular nanosheets and the tightly stacked conductive WS,/CoS>

nanoflakes can also accelerate electron transfer to increase the conduction loss effect.



Figure 3. (a) TEM image and (b) HRTEM image of WS2/CoS. (c) Elemental mappings images of C, Co, W and
S of WS,/CoS,@CCF.

More detail structure information of WS2/CoS,@CCF was further investigated. As shown in
Figure 3a, it can be clearly seen from the TEM image that the triangular nanosheet contains
numerous nanoflakes, which is in good agreement with the SEM images. From the HRTEM image
of the nanoflake in Figure 3b, we can see a visible parallel lattice fringe with an interplanar distance
of 0.62 nm, which can be indexed to the (002) crystal plane of WS, while the lattice spacing of
0.32 and 0.25 nm correspond to the (111) and (210) crystal plane of CoS; [19]. Notably, the long-
range continuous interfaces between CoS, and WS can be clearly observed, and the intermediate
S atoms act as bridge to connect W and Co, providing multiple electron transfer paths. Energy

dispersive X-ray spectrometer (EDS) mapping of WS,/CoS:@CCF was also conducted (Figure



S4). As illustrated in Figure 3c, the elements of C, N, Co, W and S are homogeneously distributed
on the whole fiber surface, further demonstrating the successful fabrication of WS2/CoS,@CCF.
Therefore, the hierarchical porous structure, abundant heterojunction interfaces, conductive
carbonaceous component, and heteroatom doping of WS,/CoS;@CCF will undoubtly endow it

with great potential for EMW absorption application.
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Figure 4. (a) XRD patterns of CoS,@CCF and WS»/CoS,@CCF. XPS spectra of (a) C 1s, (b) Co 2p, (d) W 4f,
(e) S 2p and (f) N 1s for WS,/CoS,@CCF. The insert in (f) is the schematic structure of N-doped carbon with
graphitic N, pyrrolic N, and pyridinic N.

To analyze the phase information and crystal structure of CoS@CCF and WS2/CoS,@CCF,
XRD patterns of them were performed and illustrated in Figure 4a. The broad diffraction peaks at
about 25° for the two samples can be assigned to the (002) plane of graphite carbon derived from
the pyrolyzed CF and MOF skeleton. For CoS@CCF, the obvious representative diffraction peaks

at 32.3°, 36.0°, 46.3° and 54.7° correspond to the (200), (210), (220) and (311) crystal planes of

CoS> (JCPDS card: 41-1471) [19], respectively. From the pattern of WS,/CoS,@CCF, apart from



the typical diffraction peaks of CoS,, the others at 14.4°, 43.7° and 58.0° are indexed to the (002),
(104), (110) planes of WS, (JCPDS card: 08-0237) [20], respectively. All these results suggest that
WS; and CoS> has been successfully prepared and incorporated into the designed high temperature
sulfurization product of WS2/CoS,@CCF.

Surface chemical composition and valence states of WS,/CoS,@CCF were further analyzed via
X-ray photoelectron spectroscopy (XPS). From the XPS full-survey-scan spectrum shown in
Figure S5, it can be confirmed that the main elements of WS,/CoS,@CCF are Co, O, N, C, S and
W, which are coincided with the EDS results. Specifically, the high solution C 1s spectrum can be
split into three peaks at 284.8 eV, 285.7 eV and 288.2 eV, which are corresponded to the C=C/C-
C, C-N and C=0 groups (Figure 4b) [21], respectively. In general, all these carbon bonds are
beneficial for fast electron transfer to achieve good conductivity. For the Co 2p spectrum (Figure
4c), the peaks at 778.6 eV and 793.8 eV are assigned to the Co 2p3/2 and Co 2p1/2 of Co®,
respectively. The peaks at 780.3 eV and 797.2 eV are ascribed to the presence of Co?* valence state,
while there are also two satellite peaks at 784.8 eV and 802.5 eV [10, 22]. Figure 4d displays the
deconvoluted W 4f spectrum, where the first pair of peaks at about 32.2 eV and 34.3 eV belong to
W 4f7/2 and W 4f5/2 of W**, and two peaks (35.4 eV and 37.4 eV) in the other pair to W®* of WO3
are also observed because of the oxidation [20, 23]. As presented in Figure 4e, the S 2p spectrum
clearly exhibits the two major peaks of S 2p3/2 and S 2p1/2 at about 161.9 eV and 163.3 eV. And
the peak at 164.9 eV stands for the typical metal-sulfur (M-S) bond in the material [22]. The N 1s
spectrum in Figure 4f displays the peaks 398. 5 eV, 400.1 eV and 402.0 eV, which are related to

pyridinic N, pyrrolic N and graphitic N, indicating the successful N-doping in carbon matrix [24].



Here, the electronegative N atoms act as polarization center under alternating electromagnetic field

to contribute dipolar relaxation loss, and the N atom can also improve the electron transport

capacity through providing electron to pair with the conjugate ring, generating the conduction loss

[25].
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Figure 5. RL curves and the corresponding 3D and 2D contour plots of (a, d & g) CCF, (b, e & h) CoS;@CCF

and (c, f & i) WS,/CoS,@CCF

According to transmission line theory, EMW absorption capacity is usually evaluated by

reflection loss (RL), which can be calculated using the following equations: [12]

RL(dB) = 20log|(Z,, - Z,)/(Z,, + Z, )

Z, =ZO\/Ztanh [ j(2zfd/c)\ u,e, :|
gl’

@)

)



where Zin is the normalized input impedance of the absorber, Zo refers to the impedance of free
space, f is the frequency of EMW, d and c represent the absorber thickness and the velocity of the
microwave in free space, er and ur are the complex permittivity and permeability. General speaking,
the frequency range in which the RL value is smaller than —10 dB (90% attenuation of incident
EM energy) is called the effective absorption bandwidth (EAB). The RL curves, and the
corresponding 3D and 2D contour plots of CCF, CoS:@CCF and WS2/CoS,@CCF with a filler
loading of 20 wt% in the range of 2-18 GHz are displayed in Figure 5. As shown in Figure 5a, d&g,
CCF displays a RLmin value of only —1.83 dB at 11.92 GHz with a thickness of 4.00 mm and no
available EAB, which cannot satisfy the basic engineering requirement of —10 dB. As for the
CoS2@CCF (Figure 5b, e&h), the RLmin Value increases to —36.00 dB at 9.84 GHz with a thickness
of 2.95 mm and the EABmax covers 5.12 GHz from 12.88 to 18 GHz at 1.9 mm. As expected, the
WS2/CoS2@CCF exhibits the strongest EMW absorption capacity with an RLmin value of —51.26
dB at 17.36 GHz and 2 mm thickness (Figure 5c, f&i), demonstrating that about 99.999% EMW
can be consumed efficiently. Meanwhile, a broader EABmax 0f 6.72 GHz (11.28-18 GHz) can also
be achieved for the sample with 2.35 mm thickness, covering all the Ku band and part of X band.
Hence, it can be inferred that the hierarchical porous structure and amounts of heterojunction

interfaces can significantly affect the EMW absorbing performance of the absorbers.
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As is well-known, EMW absorption performances of sample are closely related to the
corresponding electromagnetic parameters of complex permittivity (er = €' - j&") and complex
permeability (ur = p' - ju'). The real part (¢' and p') represents the electrical and magnetic energy
storage capability, while the imaginary part (¢" and u") stands for the electrical and magnetic
energy dissipation ability. Besides, dielectric loss tangent (tan 6; = &"/€") and magnetic loss tangent
(tan o, = pn"/p’) were also calculated to evaluate the dielectric and magnetic dissipation ability [11].
Figure 6 displays that the electromagnetic parameters of CCF, CoS:@CCF and WS,/CoS,@CCF
with a 20 wt% filler loading in the frequency range of 2-18 GHz tested by the coaxial method.
Obviously, as presented in Figure 6a&b, both the &' and ¢" values of them show a continuous
downward trend with increasing frequency, revealing a typical frequency dispersion phenomenon

due to the delayed charge transfer and polarization response associated with the changing electrical



field [26-28]. In addition, both the €' and " values of CoS;@CCF are much higher than those of
CCF, but the €' and &" values of WS,/CoS,@CCF is slightly lower and higher than that of
CoS2@CCEF, respectively, demonstrating that the introduction of hierarchical heterostructure could
further tune the permittivity to achieve better impedance matching. What’s more, obvious
relaxation peaks are clearly observed for the €" curves of CoS;@CCF and WS,/CoS,@CCF,
indicating the existence of polarization-relaxation process. In general, these peaks at low and high
frequency range are mainly caused by dipole polarization and interface polarization, which are
beneficial for the improved dielectric loss. Furthermore, as shown in Figure 6c, the
WS,/CoS2@CCF exhibits the highest value in the whole testing frequency range, demonstrating
the strongest dielectric loss capacity.

In general, conduction loss and polarization loss contribute to the dielectric loss. Compared with
CCF and CoS:@CCF, the hierarchical heterostructure of WS2/CoS:@CCF mainly supplies
connected 3D porous conductive network and heterojunction interfaces to increase the conduction
loss and interfacial polarization loss. Here, Debye theory was used to analyze the polarization loss

mechanism according to the following formula: [11]

(8'_‘95';‘9@) +(g")2=(5s‘25wj (6)

where the &s and ., stands for the static permittivity and relative dielectric permittivity under high

frequency limit, respectively. In general, a semicircle (Cole—Cole semicircle) in the obtained &'-&"
curve represents a dielectric polarization relaxation process [29]. However, it always delineates

nonstandard semicircle and linear tail due to the conductivity of absorber, and a longer tail indicates



stronger conduction loss. As presented in Figure 6d&S6, obvious multiple nonstandard Cole—Cole
semicircles are observed for all samples, indicating the existence of polarization relaxation
processes. Specifically, the residual oxygen containing functional groups and defects in CCF act
as the dipole active sites to generate the dipole polarization loss, but additional interfacial
polarization loss arising from the accumulated electrons at the CCF-CoS; interfaces under the
applied electrical field and dipole polarization loss from the doped N elements are produced for
CoS:@CCF. As for WS,/CoS@CCF, high temperature sulfurization introduced S element and
heterojunction interfaces of WS,/CoS: contribute stronger dipole/interfacial polarization loss.
Furthermore, the linear tail which represents the existence of conduction loss is clearly observed
for CoS:@CCF and WS,/CoS,@CCF, but the WS2/CoS,@CCF displays a much longer tail, which
can be ascribed to the low-electronegativity sulfur in heterogeneous WS/CoS; that can effectively
accelerate the transfer of electrons, supplying more effective conduction loss.

Moreover, as shown in Figure S7a&b, the value of p' and p" fluctuates around 1 and O,
respectively, indicating a weak magnetic behavior. Besides, it can be observed that the p" and tan
du of WS2/CoS2@CCF and of CoS:@CCF exhibit a similar trend with several resonance peaks in
the curves, illustrating the presence of magnetic loss. As displayed in Figure S8, the eddy current
coefficient Co (C, = u"( ,u')_z f ™ =27u,d°c 13) [30] of CoS@CCF and WS>/CoS,@CCF fluctuates
within the testing frequency range and tends to be horizontal in the range of 9~13 GHz, confirming
that magnetic loss is caused by eddy current, natural resonance and exchange resonance
simultaneously [31, 32]. Importantly, the tan &, value in Figure S7c is much lower than the tan o

value, indicating the dielectric loss dominant EMW attenuation mechanism.



General speaking, impedance matching ratio (Z) and attenuation constant (a) are the two key
factors to affect the EMW absorption capacity of materials. Impedance matching ratio is closely
related to the ability of incident EMW to enter the interior of absorbers, and a Z value close to 1
means that almost all the EMW can penetrate the absorbers without being reflected, showing an
ideal impedance matching. The Z values of CCF, CoS:@CCF and WS2/CoS:@CCF were
calculated according to the following equation: [10, 33]

2=l u?) [l 67) @

As illustrated in Figure 6e, the Z value of CCF is closest to 1 among all samples, showing the best

impedance matching. But the Z values of WS2/CoS,@CCF and CoS,@CCF are much lower than
CCF, demonstrating the worse impedance matching due to their increased conductivity according
to the ¢'-¢" curves. However, WS,/CoS,@CCF with higher conductivity displays a better
impedance matching than that of CoS;@CCF, which can be attributed to the special hierarchical
porous structure that is beneficial for the improved impedance matching. Furthermore, attenuation
constant (o) was also evaluated to analyze the attention capacity through the following equation:

[34, 35]

7Z'f\/§

C

><\/(,u"g"—,u'g')+\/(y"g"—,u'g')z +(,u"g"+y'€')2 (5)

Obviously, as shown in Figure 6f, the o values of WS,/CoS,@CCF and CoS@CCF are much
higher than CCF, and WS2/CoS,@CCF displays the highest value. Hence, WS,/CoS,@CCF
possesses the strongest EMW attenuation capacity due to its special hierarchical porous structure

and amounts of heterojunctions. As a result, appropriate impedance matching and strong EMW



attenuation capacity endow WS,/CoS,@CCF with excellent EMW absorption performance

compared with other two samples.
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Figure 7. (a) €' of paraffin composites with different WS,/CoS,@CCF loading in the frequency range of 2-18
GHz. (b) &' of paraffin composites at 2 GHz as a function of WS,/CoS,@CCF loading. (c) Schematic diagram
displaying the formation of the conductive network in paraffin composites. (d) Cole-Cole curves and (e)
conductivity of paraffin composites with different WS,/CoS,@CCF loading.

Furthermore, series of paraffin composites with different WS2/CoS,@CCF loading was also



prepared to investigate their EMW absorption performance. As displayed in Figure S9, the paraffin
composites with 10 wt% WS,/CoS@CCF is provided with an RLmin value of —17.52 dB, which is
slightly decreased to —19.86 dB for a 15 wt% loading. Then, it exhibits a significant decrease to
—51.26 dB for 20 wt% loading, showing a great improvement in EMW absorption. But an obvious
degraded absorption is observed with further increasing the WS2/CoS,@CCF loading, and an RLmin
value of —17.83 dB and —15.46 dB is obtained for 25 wt% and 30 wt % loading. Besides, the statical
EABmax values are 3.04 GHz, 5.92 GHz, 6.72 GHz, 6.4 GHz and 6.24 GHz for 10 wt%, 15 wt%,
20 wt%, 25 wt% and 30 wt% loading, respectively. For the dielectric loss dominant absorber, the
permittivity of paraffin composites with different WS,/CoS,@CCF loading were further analyzed
to explain the typical filler loading dependent EMW absorption performance. As displayed in
Figure 7a&S10a, both €' and &™ increase with increasing WS»/CoS:@CCF loading in the frequency
range of 2-18 GHz, and the €' and &" value at 2 GHz as a function of the WS»/CoS>@CCF loading
display a typical percolation behavior (Figure 7b&S10b) [29]. Specifically, the value of ¢ and &"
shows a subtle increase from 5.5 t0 6.7 and 2.2 to 3.0 for the lower WS,/CoS,@CCF loading range
of 10 wt%-15 wt%, and then a sharp increase in €' and &" from 6.7 to 13.6 and 3.0 to 9.0 is observed
in the filler loading range of 15 wt%-25 wt%. After that, the growth rate of them slows down again
from the 25 wt% WS2/CoS@CCF loading. Hence, it can be induced that the filler loading range
of 15 wt%-25 wt% is the percolation region, which is closely related with the filler loading

dependent EMW absorption performance.

Based on the percolation theory, the corresponding mechanism is illustrated in Figure 7c. The



dispersed low-content WS,/CoS,@CCF are isolated by paraffin where the interface between them
can serve as micro-capacitor to store electric charge (Figure 7c-i). Meanwhile, the accumulated
unbalanced charge at the interfaces can also result in the interfacial polarization loss under
alternating electric field, which is a main attenuation mode towards the incident EMW. With the
further increase in WS,/CoS>@CCF loading, more heterojunction interfaces are produced, both the
electrical energy storage and interfacial polarization loss capability are significantly enhanced.
Besides, partial WS2/CoS,@CCEF also turns to be connected with each other to construct the local
microcircuit, generating the additional conduction loss which is beneficial for improved EMW
absorption performances (Figure 7c-ii). When the WS,/CoS@CCF loading exceed a certain
content (percolation threshold), stable conductive network is constructed, and the increase in
conduction loss slows down. This can also be verified by the Cole—Cole curves in Figure 7d that
the paraffin composites with 20 wt% WS,/CoS,@CCF possesses the most semicircles, but a longer
linear tail is observed for the composites with higher loading, indicating the improved conductivity,
which is coincided with the result shown in Figure 7e. However, excessive WS2/CoS,@CCF
loading means stable conductive network and much higher conductivity (Figure 7c-iii), which will
undoubtly lead to poor impedance matching and reduced EMW absorption capacity. As a result, a

20 wt% filler loading is the most optimal value to achieve the strongest EMW absorption.
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Figure 8. (a) The plots of RL values and quarter-wavelength matching model of WS,/CoS,@CCF with different
thicknesses. Comparation of the EMW absorption performance of our prepared WS,/CoS;@CCF with other
reported works: (b) RL versus matching thicknesses and (c) EAB versus filler contents.

Remarkably, the absorption peaks shifted to low frequency with increasing sample thickness

from 2 to 5 mm, which can be explained by the 1/4 quarter wavelength cancellation formula: [36,

37]
tm:nﬁ/4:nc/(4fm\/m)(n:1,3,5...) (7)

where tn and fm correspond to the matching thickness and matching frequency, respectively. When
tm and fm conform to the equation, the incident and reflected wave at the interface of air and absorber
are out of phase by 180° enabling the total cancellation of reflected EMW and best EMW
absorption capacity. As shown in Figure 8a, the blue heart symbols that correspond to the matching
thickness of WS2/CoS,@CCF under 20 wt% filler loading are well coincided with simulated red

line, indicating the EMW absorption capability of our prepared hierarchical heterostructure



WS,/CoS,@CCF conform to the quarter-wavelength cancellation model which endows it with the
best EMW absorption performances. Furthermore, EMW absorption performances of our prepared
hierarchical heterostructure WS,/CoS,@CCF were compared with other reported carbon-based
magnetic-dielectric absorbers [38-46]. As displayed in Figure 8b&c, WS,/CoS,@CCF exhibits a
strong absorption (-51.26 dB) at a thickness of only 2 mm and wide EAB (6.72 GHz) at low filler
loading (20 wt%), which are superior to other absorbers. Generally, smaller matching thickness
and lower filler loading imply a reduction of weight, which is just needed for the practical
application. Thus, it can be claimed that the WS2/CoS.@CCF has great application potential for

high-efficient EMW absorption.
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Figure 9. Schematic illustration of the microwave absorption mechanism for WS,/CoS,@CCF.

Based on the above analysis, the EMW absorption mechanism of WS,/CoS,@CCF is displayed



in Figure 9. Firstly, the low-electronegativity sulfur in heterogeneous WS,/CoS; can effectively
accelerate the transfer of electrons in the hierarchical heterostructure WS,/CoS,@CCF, generating
significant heterojunction-induced conduction loss through the connected 3D conductive network.
Secondly, the unique hierarchical porous structure is conducive to optimize the impedance
matching and facilitate multiple scattering and reflection of incident microwave, further enhancing
the attenuation capacity. Meanwhile, amounts of heterogenous interfaces of WS,/CoS; and contact
interfaces of WS»/Co0S>-CCF and WS»/CoS,@CCF-paraffin can also induce powerful interface
polarization loss. Furthermore, the residual functional groups, defects, and doped N and S elements
in WS,/CoS;@CCF act as active centers to promote the formation of dipoles under alternating
electromagnetic filed, generating the dipole polarization loss. Finally, the presence of magnetic
WS,/CoS> nanoflakes can also endow the hierarchical heterostructure material with suitable
magnetic loss performance, such as exchange resonance, eddy current loss and natural resonance,
which can further enhance the dissipation of EMW energy due to the synergistic effect of magnetic
and dielectric loss. As a result, the multiple loss mechanisms make the hierarchical heterostructure
WS,/CoS,@CCF composite with excellent EMW absorption performance, thus providing a new

route for the accurate design of advanced EMW absorbers.

4 Conclusions
To sum up, we designed a hierarchical heterostructure WS»/CoS,@CCF with outstanding EMW
performance, which was successfully prepared by using biomass resources and ZIF-67 as

precursors through a facile and controllable etching, sulfurization, and carbonization approach. As



a result, the prepared WS»/CoS>@CCF shows a prominent RLmin of —51.26 dB with a thickness of
2 mm and a wider EAB of 6.72 GHz (11.28-18 GHz) when the filler loading is 20 wt%. The
coexistence of magnetic and dielectric loss, special heterostructure and multicomponent are
conducive to optimizing impedance matching. Moreover, the amounts of heterogenous WS2/CoS;
are also advantageous to increase dipole/interfacial polarization loss and conduction loss,
generating improved EMW attenuation capability. Overall, this work offers a low-cost and novel

method for designing hierarchical heterostructure materials for high-performance EMW absorbers.
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