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Abstract

Refining the electromagnetic wave absorption characteristics of traditional metal-organic framework (MOF)-derived carbon
composites remains a challenge because of their discontinuous conductive path. To overcome this limitation, in this work,
MOF-derived hierarchical CuySs/C nanocomposite fibers are fabricated by electrospinning and subsequent carbonization-
sulfurization process. Morphological analyses show that MOF-derived octahedral CuyS5/C particles are evenly monodis-
persed inside carbonaceous fibers. This configuration creates a unique hierarchical structure, ranging from CugyS; particle
embedding, MOF-derived skeleton, to a three-dimensional network. The optimized composite fibers (CuyS5/C-40) exhibit
extraordinary electromagnetic wave absorption performance at a low mass fraction (20 wt%): the minimum reflection loss
value reaches — 69.6 dB, and the maximum effective absorption bandwidth achieves 5.81 GHz with an extremely thin thick-
ness of only 1.83 mm. Systematic investigations demonstrate that constructing the three-dimensional conductive network to
connect MOF derivatives is crucial for activating performance enhancement. The unique nano-micro hierarchical structure
synergized with elaborate-configured components endows the materials with optimal impedance matching and amplifies the
loss capacity of each part. This work provides a reliable example and theoretical guidance for fabricating new-generation
high-efficiency MOF-derived fibrous electromagnetic wave absorbers.

Keywords Electromagnetic wave absorption - Metal—-organic frameworks - Electrospinning - CugSs - Structure-induced
effect

Introduction

The vigorous development of 5G technology has heralded
the arrival of the global intelligence era, while the concomi-
tant pollution caused by electromagnetic waves (EMWs) has
aroused broad public wide attention, necessitating a strict
requirement for EMW absorbing materials with the charac-
teristics of high-efficiency, lightweight, thin-thickness, and
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broad-frequency [1-5]. Metal-organic framework (MOF)-
derived carbon-based composites are considered attractive
candidates for achieving high-efficiency absorption inten-
sity and thin-thickness absorption bandwidth, due to their
excellent traits of diversified defects, selectable components,
and abundant interfaces [4-8]. Especially in recent years,
transition-metal sulfides, which have higher chemical sta-
bility than metals and more abundant loss pathways than
metal oxides, have captured tremendous attention for use
as the second components of MOF-derived carbon-based
composites [9]. For example, Xu et al. fabricated octahe-
dral CuySs/C nanoparticles and demonstrated an optimal
reflection loss value of — 62.3 dB with an efficient absorp-
tion bandwidth of 4.7 GHz [10]. Nevertheless, the high fill-
ing rate of MOF-derived carbon-based composites, which
is generally restricted to values greater than 40 wt%, is a
nonnegligible issue that violates the purpose of lightweight
[11]. The fundamental causation for this characteristic is
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the discontinuity of conductive paths caused by the sepa-
ration of MOF-derived particles, leading to an increase
in the absorber’s percolation threshold [12]. Presently,
conductivity amelioration strategies, such as the increas-
ing carbonization temperature, optimizing the component
selection, and integrating with highly conductive substances
(i.e., graphene, carbon nanotube.), are employed to settle
this issue [13—18]. However, the first two approaches suffer
from the risk of structural collapse and the inability to suf-
ficiently increase the conductivity, respectively. Regarding
integration with graphene and carbon nanotubes, the cur-
rently applied methods (direct loading and in-situ growth),
cannot reconcile the precise loading and stable dispersion of
MOF particles, which restricts the breakthrough of absorp-
tion performance and the design of future effective EMW
absorbing agents.

Recent advancements in three-dimensional (3D) conduc-
tive network constructed by electrospinning have provided
an ingenious tactic for overcoming the aforementioned
obstacles. Electrospinning technology offers several signifi-
cant advantages, including the uniform dispersion of parti-
cles, precise control of components, and facile fabrication
[19-21]. In particular, the derived anisotropic and malle-
able carbonaceous fibers can provide elongated transmis-
sion pathways for carriers via an unobstructed conductive
network, thus effectively reducing the percolation threshold
[22, 23]. For example, our group recently reported CuyS5/C
nanocomposite fibers with a strong absorption intensity
of —65.4 dB at a low mass fraction (20 wt%) [24]. Unfortu-
nately, because of the simple hierarchical structure and loss
pathway of traditional composite fibers, impedance matching
could not be adequately optimized, hence it is still difficult
to achieve a satisfactory effective absorption bandwidth and
matching thickness (4.1 GHz and 2.9 mm). In this context,
developing new-generation MOF-derived composite fib-
ers with hierarchical structures has emerged as a promis-
ing alternative, since composites can not only couple the
multiple loss pathways of MOF derivatives and traditional
fibers but also optimize impedance matching as a result of
their hierarchical structures [25-27]. However, to date, there
have been few studies devoted to this research direction, and
efforts to modulate the absorption performance and eluci-
date the underlying mechanism behind are still in the initial
stages.

In this work, MOF-derived hierarchical CuySs/C nano-
composite fibers were fabricated by electrospinning com-
bined with carbonization-sulfurization treatment. The
architecture of a conductive network system consisting of
MOF-derived particles as nodes and carbonaceous fibers as
bonds was exploited to amplify conductivity. The design
of a nano-micro hierarchical structure, namely, the CugyS;
particle/MOF-derived skeleton/3D network, was aimed
at optimizing the impedance matching and strengthening

the attenuation capability. Based on the comprehensive
controllability of the structure, composition and dielectric
properties, the fabricated sample exhibited excellent EMW
absorption performance at a low mass fraction of 20 wt%:
the minimum reflection loss value reached —69.6 dB, and
the maximum effective absorption bandwidth achieved
5.81 GHz with an extremely thin thickness of only 1.83 mm.
The results of the electromagnetic parameter analysis and
power loss density simulation indicated that the structure-
induced physical effect was essential to the improvement in
EMW absorption performance. Simulations of the electric
field intensity distribution and the radar cross section veri-
fied the applicability of this approach to multiple scenarios.
This study performs as a meritorious reference for not only
the efficient development of MOF-derived composite fibers
but also theoretical analysis about the structure—functionality
absorption mechanism.

Experimental Section
Materials

All reagents were of analytical grade and used directly
without purification. Copper (II) nitrate trihydrate
(Cu(NO3),-3H,0), 1,3,5-benzenetricarboxylic acid
(CsH;(CO,H);), and polyvinylpyrrolidone (PVP K30, MW:
approx. 40,000) were obtained from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Polyvinylpyrrolidone (PVP
K88 ~96, MW: approx.1,300,000), N, N-dimethylformamide
(DMF), and thiourea (CH,4N,S) were purchased from Shang-
hai Macklin Biochemical Technology Co., Ltd. Methanol
(CH;0H) was provided by Sinopharm Chemical Reagent
Co., Ltd.

Preparation of HKUST-1-Derived Hierarchical
Cu,S;/C Nanocomposite Fibers

The preparation of HKUST-1 (a Cu-based MOF) nanoparti-
cles is described in the Supporting Information. In a typical
process, 0.933 g of HKUST-1 powder was first dispersed in
7.05 mL of DMF by sonication. Then 1.4 g of PVP k88 ~96
was added to the solution with vigorous stirring. The mix-
ture was stirred for 12 h to form a homogeneously dispersed
HKUST-1/PVP solution with an HKUST-1 loading of 40
wt%. The obtained solution was electrospun with a static
high voltage of 12.0 kV and a collection distance of 15 cm.
The as-prepared fibers were dried at 50 °C for 12 h and
peroxidized at 180 °C for 3 h, followed by carbonization
at 700 °C for 2 h under a N, atmosphere with a heating
rate of 1 °C /min. Subsequently, the obtained fibers were
sulfurized at 450 °C for 30 min with a heating rate of 1 °C
/min under N, protection. Specifically, the excess thiourea
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powder and carbonized fibers were placed upstream and
downstream of the tubular furnace, respectively. Finally,
MOF-derived hierarchical CuyS5/C nanocomposite fibers
(denoted CuyS5/C-40) were obtained. For comparison, pure
HKUST-1 powder and the HKUST-1/PVP fibers with dif-
ferent HKUST-1 load contents (0 wt%, 20 wt%, 50 wt%)
were also prepared by the same processes. Accordingly,
the obtained samples were denoted CuyS5/C-M, PVP-C,
CuySs/C-20, and CugySs/C-50, respectively.

Electromagnetic Measurements

The obtained composites (20 wt%) and paraffin (80 wt%)
were uniformly mixed at 65 °C and then pressed into a
standard ring (outer diameter: 7.00 mm, inner diameter:
3.04 mm, thickness: approximately 2 mm) in a mold under
a pressure of 2.5 MPa. The electromagnetic parameters in
the range from 2.0 to 18.0 GHz were measured by means of
a vector network analyzer (VNA; Agilent PNA N5244A) to
calculate the EMW absorption properties.

Material Characterization

The compositions and crystal structures of the samples were
characterized by X-ray diffraction (XRD, Cu Ka, DMAX-
2500PC, Rigaku). The surface chemical states were deter-
mined by X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250XI), and all the peaks were calibrated by
considering the carbon peak at 284.8 eV as a reference.
Fourier transform infrared attenuated total reflection (FTIR-
ATR, Thermo Scientific Nicolet iS20) spectra were obtained
in the range of 400—4000 cm™~!.The morphology and ele-
mental composition were determined by using field-emis-
sion scanning electron microscopy (FE-SEM, JSM-7610F)
in conjunction with energy-dispersive spectroscopy (EDS).
The microstructure was investigated by high-resolution
transmission electron microscopy (HR-TEM, JEOL-2100F).
The thermodecomposition process and carbon content were
evaluated by thermogravimetric analysis (TGA, HCT-1). To
evaluate the graphitization degree of carbon, a Raman spec-
trometer with a 633 nm laser (LabRAM HR800) was used.

Results and Discussion

The preparation procedure for hierarchical CugySs/C
nanocomposite fibers is illustrated in Fig. 1a. Octahedral
HKUST-1 nanoparticles were first mixed with PVP/DMF
solution and then HKUST-1/PVP nanocomposite fibers
were fabricated by electrospinning. After carbonization,
the obtained Cu/C nanocomposite fibers developed a
hierarchical and porous carbon structure. The fibers were
subsequently sulfureted to convert Cu to CuyS5 in situ,
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resulting in the formation of CuyS5/C nanocomposite
fibers. SEM and TEM were applied to investigate the
morphological and structural evolution during the syn-
thesis of nanocomposite fibers. All the HKUST-1/PVP
fibers were smoothly elongated, and octahedral HKUST-1
nanoparticles (approximately 550 nm) were uniformly
monodispersed inside the PVP fibers with a diameter of
approximately 300 nm [Fig. 1b(1, 2), Fig. le(1, 2), and
Fig. Sla—d]. The carbonized and sulfurized fibers all
precisely inherited the “bead-like” profile of HKUST-1/
PVP fibers, accompanied by slight thermal shrinkage
caused by polymer pyrolysis [Fig. S4a, Fig. 1c(1, 2), and
Fig. Sle—h]. By considering the EDS mapping and spec-
trum [Fig. 1d(1—-4) and Fig. S2], it was concluded that
Cu,S; nanoparticles (approximately 100 nm), generated by
derived-carbon reduction and thiourea sulfurization, were
uniformly embedded in the MOF-derived skeleton. Nota-
bly, carbon-based fibers with a high aspect ratio piled up
with each other, acting as a bridge to connect MOF deriv-
atives and thus constructing a 3D conductive network,
which could facilitate EMW transmission and amplify
conductive loss. With increasing MOF load content, the
dispersion of MOF derivatives in the carbonaceous fibers
became denser, which improved the electron transfer effi-
ciency. In particular, CuyS5/C-50, with its closely arranged
particles, was expected to exhibit the highest conductiv-
ity. More interestingly, there were abundant cavities with
diameters of approximately 150 nm in the fiber matrix of
CuyS5/C-40 in comparison to PVP-C, which were always
accompanied by CuyS5 nanoparticles [Fig. 1f(1) and Fig.
S3]. These cavities may have formed as a result of the
escape of HKUST-1s pyrolysis gas and the diffusion of Cu
ions caused by the reduced inclination of crystal surface
energy. According to Garnett theory, a large number of
cavities inside fibers and the interspace between fibers play
crucial roles in regulating impedance matching [28]. The
number of cavities increased with the MOF load, which
enhanced the impedance matching optimization effect.
Figure 1f(2) shows the microstructure of an obvious inter-
face between PVP-derived carbon and the MOF derivative,
which was attributed to the disparate pyrolysis characteris-
tics in argon (Fig. S4b—d) [29]. Diversified heterogeneous
interfaces and hierarchical carbon structures contributed
to abundant interfacial polarization loss [30-33]. Based
on the HR-TEM results [Fig. 1g(1 — 3)], the lattice fringes
with an interplanar spacing of 0.321 nm were associated
with the (0 0 15) plane of CuySs, while the diffraction
rings in the elected-area electron diffraction (SAED) pat-
tern corresponded to the (0 1 20) and (1 1 15) planes of
hexagonal CugyS5 (Fig. 1h). More importantly, polycrystal-
line grain boundaries, along with lattice defects such as
discontinuous lattice fringes and lattice distortions, were
conducive to promoting defect polarization loss [34-36].
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Fig. 1 Schematic of the synthetic processes for hierarchical CuySs/C tal mappings of CuySs/C-40 (d1-d4); TEM images of 40 wt%
nanocomposite fibers (a); SEM images of 40 wt% HKUST-1/PVP HKUST-1/PVP nanofibers (el, e2); TEM images (f1, £2), HR-TEM
nanofibers (b1, b2); SEM images of CuySs/C-40 (cl, ¢2); elemen- images (g1—g3), and SAED pattern (h) of CuyS5/C-40
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Taking 40 wt% HKUST-1/PVP fibers as an example, the
XRD patterns and FTIR spectra confirmed the integrity of
HKUST-1 (Fig. 2a and Fig. S5a), while the phase component
of the carbonized fibers indicated a transformation to Cu/C
(Fig. S5b). Figure 2b shows the XRD patterns of PVP-C,
CuyS5/C-20, CuyS5/C-40, CuyS5/C-50, and CuySs/C-M. The
broad peak at approximately 24° was indexed to the (002)
plane of graphitic microcrystals in amorphous carbon, and
the other sharp and intense peaks detected at 27.7°, 29.2°,
32.1°,41.4°,46.1°, 54.7°, and 85.5° were assigned to the (0
015),(107),(1010),(0117),(0020),(1115),and (12
20) planes of hexagonal Cu,Ss, respectively, confirming the
successful synthesis of pure phase CuySs/C composites. In
particular, the peak intensity of CugyS; increased and that of
C decreased as the MOF load content increased from 0 wt%
(PVP-C) to 100 wt% (CuySs/C-M), indicating the variation

in the relative content, which was relevant to the contribu-
tion degree of conductivity. The contribution of the carbon
material in the composites to conductivity depended on the
quality (structure and graphitization degree) and quantity
(carbon content). Usually, the intensity ratio of the D-band
to the G-band (/p/I;) in Raman spectra has a negative corre-
lation with the graphitization degree [37, 38]. In Fig. 2c, all
the samples exhibited similar graphitization degrees because
they were prepared with the same carbonization tempera-
ture, deducing that the structure and carbon content actually
affected the conductivity. Furthermore, TGA was applied
to calculate the carbon content and the weight loss curves
(Fig. 2d) were divided into three weight-change stages: the
first stage involved the evaporation of adsorbed water below
150 °C; the second stage involved the pyrolysis of carbon
and the oxidation of CuySs to CuO-CuSO, after 300 °C;
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Fig.2 XRD patterns of HKUST-1, 40 wt% HKUST-1/PVP fibers, and PVP fibers (a); XRD patterns of the as-prepared samples (b); Raman
spectra of the Cu,Ss/C nanocomposite fibers (¢); TGA curves of the as-prepared samples (d); XPS high-resolution spectra of CuySs/C-40 (e—i)
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the third stage involved the pyrolysis of CuSO, to release
SO, and O, after 600 °C, ultimately forming CuO [10]. As
summarized in the Supporting Information (Table S1), the
carbon content decreased with increasing HKUST loading,
suggesting that the effect of carbon on the conductivity of
the composites was weakened. To further assess the influ-
ence of the structure and carbon content, the conductivity
was measured via the four-point probe method (Fig. S5d).
Although the carbon content decreased with increasing MOF
loading, the conductivity increased rapidly. This phenom-
enon confirmed the conductivity amplification effect of the
3D conductive network structure, which played a dominant
role. Experimentally, a higher conductivity can endow the
composites with more conductive loss, but also lead to
impedance mismatch [13]. Hence, in this work, a 3D con-
ductive network structure in conjunction with MOF content
regulation resulted in the convenient adjustment of the con-
ductivity of the as-prepared composites and thus optimized
the impedance matching.

XPS was applied to investigate the elemental composition
and chemical valence states of CugSs/C-40. The XPS survey
spectrum (Fig. 2e) verified the presence of C, N, O, Cu, and
S in the composites. The high-resolution C 1 s spectrum
was resolved into four peaks, as shown in Fig. 2f, which
were indexed to C—C/C=C (284.8 eV), C—N (2859 eV),
0O—-C=0 (288.0eV), and C—-S (289.6 V) [39, 40]. Because
of the suitable carbonization temperature, C—N and O—C=0
were preserved during pyrolysis, while C—S was generated
from doping with the H,S produced from the decomposition
of thiourea during the sulfurization process. The doped N,
O, and S atoms functioned as polarization centers due to
their high electronegativity and thus induced dipole polari-
zation, which was conductive to the dissipation of electro-
magnetic energy [41-44]. The N 1 s spectrum (Fig. 2g) was
deconvoluted into three peaks corresponding to different
types of nitrogen species: graphitic-N (400.9 eV), pyrrolic-
N (399.3 eV), and pyridinic-N (398.6 eV) [45]. Notably,
graphitic-N could contribute unpaired electrons to conju-
gate with the z conjugate ring of carbon, which could assist
electron transmission [46]. The Cu 2p spectrum was divided
into two spin—orbit doublets, as demonstrated in Fig. 2h,
the pair of peaks observed at 952.2 eV and 932.4 eV were
assigned to Cu 2p,,, and Cu 2p;,, of Cu?, and the other
pair centered at 954.1 eV and 934.3 eV were attributed to
Cu’*. Concurrently, typical satellite peaks were observed
at 963.1 eV, 943.9 eV, and 940.8 eV due to the presence of
Cu?* [47]. Figure 2i shows the XPS spectrum of S 2p, where
the spin—orbit doublets located at 164.7 eV/163.6 eV and
162.8 eV/161.6 eV were ascribed to Snz_ and S*°, respec-
tively, and the two distinct peaks at 168.6 eV and 162.3 eV
correspond to S—O and S—C species, respectively [47-51].
The observed S—O species presumably originated from the
oxidized S source during sample synthesis. Furthermore,

Snz_ was associated with sulfur vacancy, as described in a
previous report, which could induce dipole polarization [34].

Based on transmission line theory and the obtained elec-
tromagnetic parameters (¢,=&'—je" and u,=u'—ju"), the
EMW absorption capability can be directly investigated in
terms of the reflection loss (RL) value though Egs. S2-3.
Figure 3a—b and Fig. S6 display the 3D RL plots and the
corresponding vertical images of all the samples. Gener-
ally, an RL value less than — 10 dB is considered as efficient
absorption, and the frequency scope corresponding to a cer-
tain thickness is defined as the effective absorption band-
width (EAB). Apparently, CuySs/C-M scarcely exhibited
EMW absorption performance, whereas PVP-C exhibited a
minimum reflection loss (RL,;,) value of —20.3 dB by vir-
tue of natural structural advantage. After constructing the
conductive networks of MOF derivatives by means of carbo-
naceous fibers, the EMW absorption properties of the sam-
ples were considerably enhanced: the RL,;, of CuyS5/C-40
reached — 69.6 dB at 7.36 GHz in 3.18 mm, and the maxi-
mum EAB achieved 5.81 GHz (12.19—18.00 GHz) with
an extremely thin thickness of only 1.83 mm, which was
impressive since the corresponding thickness of traditional
nanocomposite fibers related to EABs is usually greater than
2 mm [24, 51]. In addition, the evaluation indices for EMW
absorption performance, including RL ;,, EAB, and match-
ing thickness, all displayed optimal values at the loading rate
of 40 wt%. This indicates that optimizing the components
allowed for effective performance adjustments. For an intui-
tive comparison, Fig. 3c—d shows the RL,;, values and EAB
of all the samples with typical thicknesses. Conspicuously,
CuySs/C-40 showed an absolute performance advantage,
which confirmed the practical application value of MOF-
derived conductive network engineering. In particular, one
of the bottlenecks demanding breakthroughs is achieving a
broader EAB with both a thin thickness and light weight,
which possesses practical application significance. There-
fore, a specific EAB (SEABy) value, normalized by filler
loading and matching thickness, is introduced to compare
the comprehensive EAB properties of CugSs/C-40 with rel-
evant previous reports. As displayed in Fig. 3e, CuySs/C-40
revealed an outstanding SEAB;, value of 15.87 GHz mm™,
far superior to almost all the reported CugSs-based compos-
ites, binary nanocomposite fibers, and binary MOF-derived
composites. Moreover, CuySs/C-40 was also compared with
other recently reported materials, in terms of their RL;,,
EAB, matching thickness of EAB, filling rate, and SEABy,
(Fig. 3f and Table S2) [9, 10, 13, 24, 25, 51-60]. Remark-
ably, CuySs/C-40 showed excellent integrated performance,
indicating its promising application in modern microwave
absorption.

The EMW absorption performance of different samples
was essentially determined by electromagnetic parameters,
such as the relative complex permittivity and the relative
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Fig.3 3D RL diagrams and vertical view diagrams of CuySs/C-40 (a—b); RL,;, values and EAB of as-prepared samples with typical thick-
nesses (c—d); SEABy, values and comprehensive indexes of CuySs/C-40 compared with relevant materials in previous reports (e—f)

complex permeability shown in Fig. 4a—b and Fig. S7a, b,
d, and e. Moreover, the magnetic loss tangent and dielectric
loss tangent (tan y=u"/u’ and tan e =¢"/¢") are important
factors for calculating the magnetic loss capacity and dielec-
tric loss capacity [61, 62]. In this work, only the relative
complex permittivity was considered in view of the lack of
a magnetic component (Egs. S4—5). Theoretically, the real
part and the imaginary part of the permittivity (¢’ and &)
denote the storage and dissipation capacities toward elec-
trical energy, respectively [63, 64]. CuySs/C-M was found
to possess unsatisfactory values of €' and &, which might
be attributed to inefficient charge mobility caused by the
noncontinuous conducting structure. Benefiting from the
construction of a conductive network, the permittivity of
the composites was significantly improved, far exceeding
that of the pure carbonaceous fibers as the MOF loading
increased to 40 wt% and 50 wt%, indicating that the favora-
ble synergy between MOF derivatives and carbonaceous fib-
ers could improve both the electrical energy storage and dis-
sipation capacities of the composites. More importantly, the
electromagnetic parameters were conveniently controllable
by simply adjusting the MOF loading, allowing the realiza-
tion of excellent EMW absorption performance. In addition,
the permittivity curves showed an overall downward trend,
which is the typical dispersion effect of conductive materials.
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This trend was observed to be enhanced as the MOF loading
increased, representing the intensified dominance of conduc-
tion loss [65]. The " curves of all the samples exhibited
multiple resonance peaks, implying the existence of multiple
polarization relaxations. The mechanism of dielectric loss
could be illustrated by Cole—Cole plots (Fig. 4c and Fig.
S7h). Based on the simplified Debye equation (Eq. S6), each
semicircle in the curve represents a polarization relaxation
process, while the slope of the tail corresponds to the con-
ductivity [26, 66]. Several semicircles were observed in the
curves for the CuySs/C nanocomposite fibers, indicating the
formation of multiple polarization processes, which were
relevant to not only the dipole polarization caused by the
doping atoms in the carbon matrix and the inherent defects
in the CuyS5 nanocrystals but also the interfacial polarization
that existed at the CuySs-carbon interfaces. In addition, due
to the establishment of the hierarchical structure, the com-
posite also experienced high interface polarization caused
by the hierarchical porous carbon skeleton. The establish-
ment of a 3D conductive network, coupled with an increased
proportion of MOF, resulted in an elevation of the tail slope,
signifying an enhancement in conductive loss. This observa-
tion is consistent with the escalating trend of conductivity
(Fig. S5d). In particular, the conductivities of CuyS5/C-40
and CuyS5/C-50 were much higher than those of CuySs/C-M
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Fig.4 The real parts (a) and imaginary parts (b) of the relative com-
plex permittivity, Cole—Cole plots (¢), and attenuation coefficient
curves (d) for CuySs/C-20, CuySs/C-40, and CuySs/C-50. The imped-

and pure carbonaceous fiber, which indicated that the con-
ductive network of the MOF-derived particles and carbona-
ceous fiber produced a synergistic effect of 1+1>2. Cor-
respondingly, the total dielectric loss capacity was verified
to increase in the tan e curves (Fig. S7c and g).

To explore the reasons for the excellent EMW absorp-
tion performance of CugSs/C-40, the direct factors, including
the attenuation coefficient (), impedance matching char-
acteristic and quarter-wavelength model were analyzed by
using Eqs. S7—9.a can be used to characterize the intrin-
sic dissipation capacity of an absorber to EMW, while the
quarter-wavelength model can verify the interference can-
cellation behavior generated by the geometric effect of the
absorber [67]. In addition, impedance matching is usually
applied to assess the penetration degree of EMWs, which
can be identified as perfect impedance matching and can

Power loss density (W/m?)

(x10%)

ance matching diagram (e), frequency-dependent RL ., , and Z val-
ues (f), quarter wavelength thickness matching (g), power loss density
(h), and electric field intensity distribution (i) of CuySs/C-40

enable all EMWs to enter the absorber when the Z value is
1 [68, 69]. The attenuation coefficient curves are shown in
Fig. 4d and Fig. S7i. The a value of CuyS<s/C-M was close
to 0, indicating negligible dissipative capability, which led
to the insufficient EMW absorption performance. Obvi-
ously, the a curves presented a progressive trend analogous
to the tan e curves, but were inconsistent with the EMW
absorption regularities, which was attributed to discrep-
ancies in the impedance matching characteristics (Fig. 4e
and Fig. S8). The impedance matching diagram of PVP-C
displayed two slender matching regions, which proved to
be unsatisfactory and resulted in inadequate EMW absorp-
tion performance. After the preparation of CuySs/C nano-
composite fibers, MOF-derived particles functioned as
impedance regulators by introducing a large number of
cavities into the carbonaceous fibers and cooperating with
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the carbonaceous fibers to regulate conductivity. As dis-
played in Fig. 4e, the impedance matching characteristic
of CuySs/C-40 was significantly optimized, resulting in a
wide matching region with the widest matching frequency
band at the same thickness, which was the reason for the
outstanding EAB performance. In addition, due to its
appropriate loading rate, CuyS5/C-40 achieved a balance of
impedance matching characteristic and attenuation capabil-
ity, which endowed it with extraordinary RL performance
(Fig. 4f, Z =1 and a=125). In contrast, CuySs/C-50 con-
veyed the strongest attenuation signal, but still had ineffec-
tive absorption, which could be attributed to the impedance
imbalance due to its excessive conductivity. In summary,
impedance matching can be regarded as a prerequisite while
the attenuation coefficient is the upper limit factor. A rea-
sonable balance between them can obtain excellent EMW
absorption performance. In addition, the experimental and

theoretical values of ¢, were well matched, therefore, the
interference cancellation effect was also expected to con-
tribute to EMW dissipation (Fig. 4g). Based on Eq. S10, the
power loss density was simulated to visibly illustrate the loss
behavior of each sample at a typical thickness [70, 71]. As
exhibited in Fig. 4h and Fig. S9, the thickness correspond-
ing to the highest loss density showed a decreasing trend
with the increase of samples’ electromagnetic parameters
(CugS5/C-50> CugySs/C-40> C > CuyS5/C-20> CugSs/C-M).
Combined with attenuation coefficient and impedance
matching analyses, this phenomenon provided us an enlight-
enment for reducing the matching thickness: improving the
electromagnetic parameters as much as possible on the
premise of ensuring impedance matching.

To verify the feasibility of practical application, CST
STUDIO SUITE 2019 (a 3D electromagnetic field simu-
lation software) was applied to simulate the electric field
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intensity distribution and the radar cross section (RCS) per-
formance of the samples [70, 72]. Simulation details are
provided in the Supporting Information. The electric field
distribution of CugySs/C-40 is shown in Fig. 4i. The EMW
irradiated from left to right on the absorber was located in
the middle of the rectangular waveguide, leaving only a
very weak electromagnetic signal on the right side, which
manifested that the absorbing material itself could achieve
effective absorption in the application scenario without a
metal backplate. Figure 5a—f reveals the 3D far-field RCS
simulation results of blank control perfect electric conductor
(PEC) and the main samples. CuyS5/C-40 showed the weak-
est reflected signal, demonstrating its superb electromag-
netic stealth capability. Specifically, the RCS values with
detection angles ranging from — 60° to 60° are provided in
Fig. 5g. The RCS value of CuyS5/C-40 generally remained
below — 20 dBm?, with the RCS reduction value reaching 27
dBm? at 0° (Fig. 5h), surpassing those of the other samples.
These characteristics significantly reduce the likelihood of
the target object being detected from multiple angles. To
refine the application field of CuySs/C-40, the simulation
results of each band at 3.18 mm and 1.83 mm (the match-
ing thickness of RL_;, and EAB) were taken into account

(Fig. 51 and Fig. S11). Obviously, CuyS5/C-40 displayed the
satisfactory application value in the ranges of 7.0—8.0 GHz
and 13.0—18.0 GHz, which proved its potential in radar
stealth and satellite communication, respectively.

Figure 6 summarizes the electromagnetic absorption
mechanism of hierarchical CuySs/C nanocomposite fibers.
First, the specific hierarchical structures and the rational
selection of MOF loading led to optimization of the elec-
tromagnetic parameters, and thus the optimal impedance
matching characteristics. Second, the doping atoms in car-
bon and the inherent defects in CuyS5 could serve as polari-
zation centers, trapping unpaired electrons and triggering
the dipole polarization effect. Third, the particular hierar-
chical carbon structure and abundant CugS5/C interfaces
contributed to the high interfacial polarization loss via the
construction of a capacitance-like structure. Finally, the 3D
conductive network provided a channel for the migration
and hopping of carriers in carbon and CuyS;, resulting in
the formation of a microcurrent amplifier to promote con-
ductive loss. In summary, the excellent EMW absorption
performance of CuyS5/C-40 was attributed to the synergistic
effect of the optimized impedance matching and the multiple
loss mechanisms.
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Fig.6 Schematic diagram of the EMW absorption mechanisms of hierarchical Cu,Ss/C nanocomposite fibers
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Conclusions

In this work, hierarchical CuySs/C nanocomposite fibers
derived from HKUST-1/PVP fibers were prepared by elec-
trospinning and subsequent carbonization-sulfurization
process. The MOF-derived octahedral CuySs/C particles
with an average sizes of approximately 550 nm were uni-
formly dispersed within carbonaceous fibers with an aver-
age diameter of 300 nm, creating a unique nano-micro
hierarchical structure. Mechanism analysis indicated that
the establishment of a 3D conductive network structure
was essential in the enhancement of conductive loss. The
unique hierarchical structure and the abundant lattice
defects resulted in powerful interfacial polarization loss
and dipole polarization loss. Based on the multiple loss
coupling effect, precise regulation of the MOF loading
rate enabled the coordinated balance of attenuation capac-
ity and impedance matching. The ingenious structural
design and reasonable composition regulation endowed
CuyS5/C-40 with excellent EMW absorption performance:
the RL,;, of CuySs/C-40 reached —69.6 dB at 7.36 GHz
with a filling rate of 20 wt%, and the maximum EAB
achieved 5.81 GHz (12.19 — 18 GHz) with an extremely
thin thickness of only 1.83 mm. Additionally, the electric
field intensity distribution and RCS simulation showed the
outstanding potential of the as-prepared composites for
various applications, including radar stealth and satellite
communication. This work highlights the bright prospects
of MOF-derived hierarchical CuySs/C nanocomposite fib-
ers for high-efficiency EMW absorber.
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tary material available at https://doi.org/10.1007/s42765-023-00362-9.
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