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ABSTRACT: Rational design of hierarchical structures and a dual-interface built-
in electric field (BIEF) are vital for enhancing dielectric loss and directional
charge transport in microwave absorption materials (MAMs). Herein, we propose
a dual-interface BIEF engineering strategy to construct a multifunctional
MoS,@C/CoS, composites. Inspired by the spiderweb hunting mechanism,
magnetic Co-based Prussian blue (PB) is electro spun with polyacrylonitrile to
form Co@CoO/C nanofibers, followed by sulfidation to induce ordered array
architectures. The structural evolution enables the formation of heterogeneous
MoS,-CoS,-C interfaces and modulates the interfacial electric field intensity to
enhance dielectric polarization. Density functional theory (DFT) calculations
confirm that the work function difference (A®) of C/CoS,/MoS, is 6.179 eV, which
indicates that the differences A® among MoS,, CoS, and C components drive
the spontaneous formation of dual-interface BIEF. This facilitates directional
charge migration and strong dipolar/interface polarization, significantly improving
the microwave attenuation capability. Benefiting from this design, the composite
achieves a minimum reflection loss (RL,;,) of —63.83 dB and a maximum
effective absorption bandwidth (EAB,,,) of 6.96 GHz, covering both C and Ku
bands. In addition, the material reveals excellent infrared stealth performance
due to its unique spiderweb-inspired ordered array structure. This study provides
new insights into interfacial electric field modulation and a generalizable
approach for designing multi-band and tunable microwave absorbers with
synergistic electromagnetic and thermal stealth functions.
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1 Introduction

Currently, the electromagnetic wave (EMW) attenuation capability

of microwave absorption materials (MAMs) is largely governed by
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charge transport behaviors at heterogeneous interfaces [1-3].
Tailoring the nanoscale architecture of multiphase interfaces offers
an effective approach to modulating interfacial charge distribution
and local electronic states, thereby enhancing interfacial polarization
and boosting dielectric loss mechanisms [4]. Consequently, the
construction of heterostructures with tunable interfacial electric
fields has emerged as a key strategy to enable directional charge
migration and improve energy dissipation efficiency.
Heterojunctions formed based on work function differences
(AD) can induce built-in electric fields (BIEF), which facilitate
efficient charge separation and drive their directional movement
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across the interface, causing localized interfacial polarization [5, 6].
The incorporation of BIEF enhances dipolar polarization and
suppresses energy loss, making it a compelling strategy to improve
the microwave absorption (MA) performance of MAMs [7, 8]. The
AD between constituent components governs both the
directionality and efficiency of interfacial charge transfer, playing a
decisive role in modulating charge dynamics. Moreover, the extent
of charge polarization determines the strength of interfacial dipole
formation, which is critical for efficient energy dissipation.
Therefore, strategic design of BIEF at heterointerfaces can induce
spatial redistribution of charges and establish interfacial potential
gradients, ultimately improving EMW attenuation. For example,
Martin C. Koo et al. synthesized a C/TiO,/NiNW composite by
combining MXene (C/TiO,) with nickel nanowires (NiNWs) via
ultrasonic dispersion. The resulting interface between NiNW and
TiO, formed a strong BIEF that significantly enhanced interfacial
charge transport, leading to an increase in a minimum reflection
loss (RL,;;,) from —31.93 to =72.77 dB [9]. Similarly, Zhai et al.
designed a multidimensional heterostructure of V,05/VO/
C@Ti;C,T./TiO, via electrostatic self-assembly, enabling concurrent
modulation of dielectric properties and BIEF strength. The
optimized composite achieved an RL;, of —-50.10 dB with a
maximum effective absorption bandwidth (EAB, ) of 6.16 GHz
[10]. These examples collectively underscore the effectiveness of
BIEF engineering, driven by interfacial charge transfer, to
significantly enhance MA properties.

Electrospinning, with its capacity to fabricate interconnected
three-dimensional (3D) carbon nanofiber networks, has become a
powerful technique for the fabrication of advanced MAMs [11, 12].
Carbon nanofibers (CNFs), owing to their high aspect ratio, excellent
electrical conductivity, and low density, have been extensively
explored to improve microwave attenuation. Their integration with
Prussian blue (PB) has been widely demonstrated as a practical
strategy to optimize MA absorption [13, 14]. To illustrate, Wang et
al. reported a Co/Mn bimetallic PB carbon fiber composite
prepared via electrospinning, which delivered a notable RL,;, of
—58.15 dB at 2.3 mm thickness [15]. Likewise, Han et al. synthesized
flexible magnetic CoFe@CNFs by incorporating 1D CNFs with
core-shell PB structures through electrospinning and subsequent
pyrolysis. Impressively, at a low filler loading of 7.5 wt.%, the
composite achieved an RL;, of —47.9 dB and an EAB_, of 6.5
GHz [16]. However, the collapse of the cubic architecture of PB
during high-temperature treatment limits the effectiveness of
interfacial polarization and the magneto-dielectric synergism.

Chalcogenide compounds have been widely recognized as
promising candidates for BIEF construction [17-19]. Among them,
molybdenum disulfide (MoS,), a representative layered transition
metal dichalcogenide, possesses excellent electrical conductivity,
chemical stability and substantial dielectric loss, rendering it highly
effective in EMW attenuation. For instance, Wang et al. utilized the
layer-stacking characteristics of MoS, to induce surface charge
transfer and localized electric fields, achieving an RL,;, of —41.9 dB
and an EAB,,, of 3 GHz [20]. Another noteworthy chalcogenide,
cobalt sulfide (CoS,), is a semiconductor with high electron
mobility and robust thermal stability [21, 22]. Zhang et al
demonstrated that CoS, enriched with sulfur vacancies, combined
with CNFs, can serve as effective dielectric polarization centers,
yielding an RL;, of —59.84 dB and an EAB,_,, of 4.9 GHz [23].
Furthermore, Yang et al. revealed that a CoS,/Co;0,@MoS,
heterostructure could regulate interfacial BIEF, enabling guided
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charge transfer and enhancing electrocatalytic activity for the
oxygen evolution reaction [24].

In this work, we developed a multifunctional MoS,@C/CoS;
composites incorporating dual-interface BIEF to achieve broadband
MA performance and infrared stealth. The composite is produced
by electrospinning followed by thermal annealing to generate a
bioinspired spiderweb-like Co@CoO/C framework. A subsequent
sulfidation process facilitated the formation of well-ordered
heterostructures and modulated the interfacial electric fields
between MoS,, CoS, and the carbon framework. This sulfidation
not merely promoted the formation of heterogeneous interfaces but
also induced spontaneous development of dual-interface BIEF at
CoS,/MoS, and C/CoS,/MoS, junctions. The synergistic dual-field
effect enhanced interfacial polarization and dielectric dissipation,
significantly broadening the absorption bandwidth. Consequently,
the MoS,@C/CoS, composite achieved an RL;, of -63.83 dB and
an EAB,_,, of 6.96 GHz at a thickness of 2.44 mm. Benefiting from
the ordered spiderweb-inspired architecture, the material exhibited
full-band absorption across both C and Ku bands, along with
excellent infrared stealth capability. This study provides new
insights into interface field engineering through dual-interface BIEF
construction and offers a promising route toward the design of
broadband and high-efficiency MAMs with multifunctional
capabilities.

2 Results and discussion

21 Morphology and chemical

MoS,@C/CoS, composites

A dual-interface BIEF MoS,@C/CoS; composites with an ordered
array structure are successfully fabricated through a multistep
process involving electrospinning, carbonization and sulfidation, as
illustrated in Fig. 1(a). The structural design is inspired by the
natural predatory behavior of spiders. Initially, Co-Prussian blue
(CPB) particles are incorporated into polyacrylonitrile (PAN)
nanofibers via electrospinning, leading to a biomimetic spiderweb-
like structure. In this design, the PAN nanofibers mimic spider silk,
while the CPB platonic solid serve as the "prey’, forming a
CPB@PAN fibrous membranes (inset of Fig. 1(b)). Subsequently,
the membranes are subjected to carbonization at 600 °C in a
nitrogen atmosphere, causing Co@CoO/C composite. Scanning
electron microscopy (SEM) (Fig. 1(b)) revealed that the PAN
nanofibers contracted during carbonization, forming curved and
entangled structures that resemble spiderwebs. Meanwhile, the CPB
"prey" decomposed into cobalt particles with roughened surfaces,
which became tightly encapsulated within the carbon nanofiber
network. Further transmission electron microscopy (TEM) (Figs.
S1(a) and S1(b) in the Electronic Supplementary Material (ESM))
and energy-dispersive X-ray spectroscopy (EDS) analysis (Figs.
S1(c) and S1(d) in the ESM) confirmed that these particles mainly
consisted of cobalt oxides.

Following sulfidation in the presence of sulfur and molybdenum
precursors, partial conversion of Co nanoparticles and CoO into
cobalt sulfides (CoS;) is achieved. By tuning the molybdenum
precursor content, heterogeneous interfaces are successfully
constructed within the MoS,@C/CoS, composites, resulting in an
ordered array structure along with a continuous conductive
network (Figs. S2-S4 in the ESM). The morphology of the
optimized MoS,@C/CoS,-1.0 is examined using SEM and TEM

composition  of
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Figure1 (a) Schematic diagram of preparation process of Co@CoO/C and MoS,@C/CoS,. (b)—(c;) SEM images of Co@CoO/C and MoS,@C/CoS,-1.0. (c,)-(c,) TEM

images, (d) modelling chart, and (e) EDS elemental mapping of MoS,@C/CoS,-1.0.

(Figs. 1(c) and 1(c))), revealing that the composite retained the
biomimetic spiderweb-like structure nanofiber morphology formed
during carbonization. Also, the Co nanoparticles and carbon
nanofibers were tightly encapsulated by needle-like MoS,/CoS,
structures, leading to the formation of well-defined heterogeneous
interfaces (Fig.1(d)). TEM images (Figs. 1(c))-1(cy) further
revealed structural details. The original CPB particles are
transformed into Co particles while preserving their platonic solid
morphology (Figs. 1(c,) and 1(c;)). The inset of Fig. 1(c,) clearly
displays the typical layered structure of MoS, In the high-
magnification TEM image (Fig. 1(c,)), distinct lattice spacings (d) of
0.30 and 0.27 nm are identified, corresponding to MoS,, along with
bent and distorted lattice fringes indicative of edge defects, stacking
(& 27w | Sci@pen
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faults, and point defects. Additional spacings of 0.17 and 0.14 nm
are observed, attributed to CoS, and Co,S, respectively, confirming
the coexistence of multiple CoS, phases in agreement with XRD
analysis. Clear and well-defined interfaces are observed between
MoS,, CoS, and CosS, components. As illustrated by the EDS
elemental mapping (Fig. 1(e) and Fig. S3 in the ESM), C and O
elements exhibit a typical biomimetic spiderweb-like distribution,
while Mo and S elements showed highly overlapping regions,
indicating that MoS, uniformly coated the surface of the
Co@CoO/C framework.

To further elucidate the phase composition of the Co@CoO/C
and MoS,@C/CoS, composites, X-ray diffraction (XRD) analysis is
conducted. According to Fig. 2(a), the diffraction peak observed at
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20 = 24° corresponds to the (002) plane of graphitic carbon,
confirming the presence of an ordered graphitized carbon structure
within the material [25]. For the Co@CoO/C sample, distinct
reflection at 26 = 36.6° 42.5° and 61.7° are assigned to the (111),
(200) and (220) planes of CoO (PDF #75-0533), implying the
successful formation of CoO within the composite [26]. In the
MoS,@C/CoS. composites, characteristic diffraction peaks at 26 =
14.3°, 32.9°, 33.6° and 39.8° are ascribed to the (002), (100), (101)
and (103) planes of MoS, (PDF #73-1508), confirming the
incorporation of layered MoS, structures. The characteristic peaks
at 32.87° and 33.6° reveal the coexistence of 1T and 2H phases in
the MoS,@C/CoS, composites [27], which corroborates well with
the XPS analysis. Additionally, peaks observed at 20 = 32.2°, 39.8°,
54.9° and 57.6° correspond to the (200), (211), (311) and (222)
planes of CoS, (PDF #41-1407), while peaks at 26 = 26.8° 31.8°,
38.2° and 55.1° are attributed to the (220), (311), and (400) planes of
Co,S, (PDF #47-1738). Notably, the overlapping peak at 26 = 39.8°
arises from the superposition of MoS, and CoS, signals, while the
overlapping peak at 20 = 55.1° results from the superposition of
CoS, and Cos,S,. These overlapping peaks indicate the coexistence
of Co;S, and CoS, in the MoS,@C/CoS, composites, leading to the
formation of a multiphase cobalt sulfide structure (CoS;). The
formation of such CoS; structures is likely induced by sulfur
vacancies or structural defects introduced during the sulfurization
process, which destabilize the single-phase CoS; lattice and promote
heterogeneous phase formation [28]. As a result, structural defects
lead to charge accumulation and the formation of polarization

centers, which not only enhance dielectric and polarization losses
but also improve impedance matching, thereby strengthening the
conversion of electromagnetic energy into thermal energy.

The surface chemical composition of the C@CoO/C and
MoS,@C/CoS,  composites is  investigated using X-ray
photoelectron spectroscopy (XPS). The survey spectra (Fig. 2(b))
confirmed the presence of Co, Mo, S, C and O elements in all
composites. High-resolution C 1s and O 1s spectra are shown in
Figs. S5(a) and S5(b) in the ESM. In the high-resolution Co 2p
spectra (Fig. 2(c) and Fig. S5(c) in the ESM), two typical spin-orbit
doublets are observed. The peaks at 779.1 (Co 2p;,) and
794.1 eV (Co 2p,,) are attributed to Co*, while those at 780.9 (Co
2p3p,) and 796.5 eV (Co 2p,,) correspond to Co™. Additionally, two
Co* peaks are observed at 786.2 and 803.7 eV, further confirming
the presence of cobalt species. The high-resolution Mo 3d spectrum
(Fig. 2(d)) exhibits two characteristic peaks at 228.6 and 229.7 eV,
with the former and the latter assigned to Mo 3ds/, and Mo 3ds/, of
Mo*. Importantly, the higher binding energy components can be
ascribed to the 1T phase of MoS,, while the lower ones are
associated with the 2H phase [29]. In addition, the peak at 235.8 eV
is assigned to the Mo-O bond of oxidized Mo® species, which likely
arises from partial surface oxidation in air, leading to the formation
of MoOx [30]. The peaks at 225.7 and 226.9 €V are attributable to
the S 2s spectrum (S-Mo and S-Co) [31]. The S 2p spectrum
(Fig. 2(e)) possesses peaks at 161.7 and 162.8 eV, assigned to the S
2psp, and S 2py;, of S-Co bonds in CoS,, while the peaks at 161.5
and 163.7 eV are attributed to the S 2p;, and S 2p,,, of Mo-S bonds
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Figure2 (a) XRD patterns of Co@CoO/C and MoS,@C/CoS, composites. (b) XPS survey spectra, (c) Co 2p XPS high-resolution spectra, (d) Mo 2d XPS high-resolution
spectra, (e) S 2p XPS high-resolution spectra, and (f) EPR spectra of MoS,@C/CoS, composites.
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in MoS, [32]. Furthermore, the atomic percentage ratios for each
state in the MoS,@C/CoS; composites are listed in Table S1 in the
ESM. These results confirm the successful incorporation of both
CoS, and MoS, components in the composite materials.

Electron paramagnetic resonance (EPR) spectra of the
MoS,@C/CoS; composites (Fig. 2(f)) presents a symmetric signal
centered at g = 2.003, which is typically associated with sulfur
vacancies and indicates the presence of abundant surface defects
and unpaired electrons in the material [33]. The formation of these
defects is caused by the anion-exchange reactions occurring during
the sulfidation process. Such reactions readily induce lattice
distortions and sulfur vacancies, which significantly alter the
electronic structure of the MoS,@C/CoS, composites and facilitate
the construction of the dual-interface BIEF. This observation is
consistent with the defect-related features identified in the Raman
spectra, further confirming the presence of structural defects within
the MoS,@C/CoS. composites material.

Raman spectroscopy analysis reveals (Fig. S5(d) in the ESM) that
the degree of graphitization of the materials is evaluated by the
intensity ratio of the D and G bands (Ip/I;). Compared with the
C@CoO/C, the Ip/I; ratio of the MoS,@C/CoS: composites
gradually decreased from 0.847 to 0.840, signifying a reduced
degree of carbon disorder and a decline in lattice defects and
vacancy concentrations with increasing sodium molybdate
dihydrate content. Remarkably, MoS,@C/CoS;-1.0 exhibited the
lowest Ip/I; value, suggesting a higher density of lattice distortions
and defect sites, consistent with TEM observations, thereby
synergistically strengthening the BIEF effect at heterointerfaces. The
effective modulation of BIEF plays a pivotal role in boosting
polarization loss and overall MA performance.

2.2 Electromagnetic parameters analysis and microwave
absorption ability

Matching thickness is a crucial parameter that governs both the
absorption efficiency and practical application of MAMs. Based on
transmission line theory, the RL,;, and EAB,_,, of Co@CoO/C and
MoS,@C/CoS. composites are evaluated across a low thickness
range (1-5 mm), as presented in Figs. 3(a;)-3(c;). Compared with
Co@CoO/C, which exhibits a limited EAB of 1.08 GHz at a 5.0 mm
thickness (Fig. S6 in the ESM), the MoS,@C/CoS,-1.0 composite
delivers a significantly broaden absorption bandwidth of 6.96 GHz
at just 244 mm thickness. These MoS,/CoS, and CoS,/C two-
electron directional migrations act synergistically to induce the
generation of dual-interface BIEF and the formation of an
electronically closed loop, which exacerbates the dipole polarization
and interfacial relaxation processes. Additionally, MoS,@C/CoS.-
0.5 and MoS,@C/CoS,-1.5 show strong absorption in the frequency
ranges of 12.92-17.40 and 10.96-16.20 GHz, respectively, at a
thickness of only 1.84 mm (Figs. 3(a,) and 3(c,)). More importantly,
the introduction of a sulfurized ordered array especially enhances
the absorption intensity. A remarkable RL,;, of -63.83 dB is
achieved by MoS,@C/CoS,-1.0 at 2.44 mm (Figs. 3(a,)-3(c,) and
Fig. S7 in the ESM), validating the significant impact of the
sulfurization strategy on EMW attenuation capability.

The 2D contour plots of EAB, .. (Figs. 3(as)-3(c;)) reveal the
presence of multiple strong absorption zones across various
frequency bands, reflecting a robust thickness-dependent MA
response. This offers a rational basis for designing thickness-tunable
devices targeting C (4-8 GHz), X (8-12 GHz) and Ku (12-18 GHz)
bands. The MoS,@C/CoS,-1.0 achieves complete absorption
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(100%) in the X-Ku band at thicknesses ranging from 1.84 to
3.04 mm (Fig. 3(bs)). Furthermore, to address absorption issues at
lower frequencies (C band), MoS,@C/CoS;-0.5 and MoS,@C/CoS;-
1.0 achieve over 50% effective coverage of the C band at 4.24 and
3.64 mm, respectively. Among these, MoS,@C/CoS,-1.5 achieves
75% C band coverage at a thickness of 3.22 mm. This enhanced low-
frequency and mid-frequency performance is attributed to
intensified polarization relaxation processes, which are promoted
by the presence of multi-interfaces and dual-interface BIEF. These
findings highlight the critical contribution of interfacial polarization
and dipolar loss mechanisms to total EMW attenuation.

Collectively, these results demonstrate that efficient, multiband
and tunable MA can be achieved through simple thickness
optimization. As presented in Fig. 3(d) and 3(e), the continuous
increase in Mo precursor concentration further promotes MA
performance, owing to the formation of more robust MoS, crystal
structure and intensified dual-interface BIEF effects. This is
attributed to the synergistic regulation by Mo content, high-defect
carbon frameworks and lattice distortion, which collectively
influence the RL, EAB and matching thickness. These findings
validate the effectiveness of the sulfurized ordered-array strategy in
enhancing dielectric loss via dual-interface BIEF construction,
offering a promising approach toward the development of
broadband, tunable, and high-efficiency MAMs.

The influence of dual-interface BIEF on the electromagnetic
response of MoS,@C/CoS; composites is further elucidated by
analyzing their complex permittivity (e, = &’ — j¢") and permeability
(4, = 4’ — ju") behaviors [34, 35]. As illustrated in Fig. 4(a), the
MoS,@C/CoS, composites benefits from an ordered array structure
formed during the sulfidation process. Compared to the
biomimetic spiderweb-like structure of C@CoO/C, this ordered
architecture leads to a significant enhancement in both the real part
(¢') and the imaginary part (¢”) of the complex permittivity. This
enhanced dielectric response demonstrates that the ordered
architecture both promotes more efficient charge transport and
provides abundant polarization sites, thereby boosting the MA
performance. Nevertheless, in comparison with the C@CoO/C, the
MoS,@C/CoS: composites does not exhibit a significant
enhancement in y, (Fig. 4(b)). Within the 2-18 GHz frequency
range, multiple resonance peaks arise from the combined effects of
natural resonance, exchange resonance and eddy current loss
mechanisms [36]. Figure 4(c) compares the dielectric loss tangent
(tand, = €'/¢") and magnetic loss tangent (tand, =p'/u"),
revealing that dielectric loss predominantly governs the attenuation
mechanism of the composite. With the gradual formation of the
ordered sulfide array structure, the tand, value continuously
increases, further confirming that sulfidation enhances dielectric
loss by constructing heterogeneous ordered interfaces.

Polarization relaxation, a key dielectric loss mechanism
(Fig. 4(d)), is further analyzed through the construction of
Cole-Cole plots (Fig. 4(e) and Figs. S8(a)-S8(c) in the ESM). For
the MoS,@C/CoS,-1.0 material, multiple irregular semicircles and
straight tails are observed in the mid-to-high frequency range,
indicating the presence of various relaxation processes associated
with abundant structural defects, vacancies and lattice distortions.
Particularly, the relatively small of the straight tail for
MoS,@C/CoS;-1.0 suggests that this response is primarily related to
conduction loss. It is generally acknowledged that defects and
functional groups contribute mainly to low-frequency polarization,
whereas interfacial polarization dominates at higher frequencies

Nano Research, 2025, 18, 94908070
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[37]. These results underscore the critical role of interfacial
polarization in the MoS,@C/CoS. composites. Furthermore, the
sulfidation  process  induces  notable  microstructural
transformations. The carbonized CPB blocks shrink considerably,
reducing the encapsulation degree of Co particles and enabling the
formation of abundant heterogeneous interfaces. Meanwhile,
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sulfidation-induced lattice distortions promote enhanced electron
hopping and migration within the spiderweb-like network,
collectively contributing to stronger polarization responses.

To further elucidate the dielectric relaxation mechanism, the
e-¢"lf correlation is analyzed (Fig. S9 in the ESM) [38]. The
observed linear relationship further supports the dominance of
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1-5mm.

dielectric relaxation, as indicated by the variations in slopes in Figs.
S9(b)-S9(e) in the ESM. Furthermore, the conduction loss (¢.") and
polarization loss (e,") are calculated via nonlinear least-squares
fitting to distinguish their respective contributions (Fig. 4(f) and Fig.
S8(d)-S8(f) in the ESM). As shown in Fig. 4(f), ¢ and g," of the
MoS,@C/CoS,-1.0 sample are relatively close, yet &,” is clearly
higher than ¢ within the 4-18 GHz range. This observation is
consistent with the Cole-Cole plots presented in Fig. 4(e). These
results confirm that the sulfidation-induced ordered array
effectively amplifies the dielectric polarization pathways and
intensifies polarization strength, thereby enabling precise tuning of
dielectric properties.

In terms of magnetic loss mechanisms, the MoS,@C/CoS;
composites exhibit a transition from natural resonance at low

(8) 427w | Sci@pen
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frequencies to eddy current-dominated loss at high frequencies
(Fig. 4(f)). The fluctuation of the eddy current coefficient (C,) in the
2-8 GHz region supports this transition [39]. Meanwhile, the
attenuation constant («), in Fig. S10 in the ESM increases with
frequency, with MoS,@C/CoS,-1.5 exhibiting the highest a values,
attributed to intensified conductive and polarization losses
facilitated by BIEF across multi-interfaces.

The impedance matching behavior further highlights the impact
of dual-interface BIEF on MA performance. As presented in
Figs. 4(h) and 4(i), when the input impedance (Z,,) falls within the
purple matching circle in the Smith chart, it indicates effective MA
with RL < -10 dB. In the low-frequency region, Z, displays an
inductive characteristic, which gradually shifts to capacitive
behavior as the frequency increases, consistent with observations
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[40]. The relatively high dielectric constant of the Co@CoO/C
sample causes a marked deviation of its Z, trajectory from the
matching circle, suggesting suboptimal impedance matching.
Sulfurization serves to effectively reduce the dielectric constant of
Co@CoO/C, thereby enhancing its impedance matching capability.
As a result, more Z; points fall within the matching circle,
corresponding to a broader effective absorption bandwidth.
However, with increasing Mo precursor content, the dielectric
constant of the MoS,@C/CoS,-1.5 composite increases, which
significantly enhances conduction loss. This increase leads to
greater reflection of incidental EMW at the material surface, driving
the Z,, trajectory further away from the matching region and
ultimately deteriorating the impedance matching and absorption
performance. Furthermore, Fig. 4(i) reveals that the Z;, points of the
MoS,@C/CoS.:-1.0 composite at a thickness of 2.44 mm are most
densely distributed within the purple circle, suggesting that this
thickness condition achieves the best impedance matching and thus
the most favorable MA performance.

Additionally, Fig. S11 in the ESM illustrates the relationship
between thickness, frequency, and impedance matching (|Z,/Z|)
values. The MoS,@C/CoS,-1.0 composite displays the widest
impedance matching window, marked by the largest green region
near the ideal matching line (|Z,,/Z| = 1), underscoring the optimal
balance between permittivity and permeability achieved through
dual-interface BIEF construction. These observations align well
with Smith chart results and further validate that the dual-interface
strategy not only enhances polarization strength but also enables
precise impedance regulation over a broad frequency range.

2.3 Constructing dual-interface BIEF heterointerfaces and
MA mechanism

Figure 5 presents a theoretical elucidation of how dual-interface
BIEF regulate the EMW attenuation mechanism of MoS,@C/CoS;
composites, based on density functional theory (DFT) calculations.
To reveal the underlying interfacial charge dynamics, the work
function, Fermi level, differential charge density and density of
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Figure5 The working function (a), density of states (a,), and charge density distributions (a,) of CoS,/MoS, interfaces. The working function (b), density of states (b,),
and charge density distributions (b,) of C/CoS,/MoS, interface. (c) Dual-interface BIEF heterointerfaces model.
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states (DOS) of representative heterointerfaces (CoS,/MoS, and
C/CoS,/MoS,) are systematically analyzed. The work function
reflects the minimum energy needed for electrons to escape from
the Fermi level into vacuum and variations in AQ between adjacent
components drive interfacial charge redistribution [41]. Differential
charge density maps visualize the redistribution of electrons at the
interface, where yellow and green regions indicate charge
accumulation and depletion [42].

For the CoS,/MoS, and C/CoS,/MoS, interfaces, the calculated
work functions are 5.606 and 6.179 eV, respectively (Figs. 5(a) and
5(b)). The difference in work function drives the spontaneous
formation of BIEF. The higher work function at the C/CoS,/MoS,
interface suggests a stronger driving force for electron migration
from CoS,/MoS, toward the C layer, leading to the development of
a dual-interface BIEF. This built-in potential facilitates interfacial
charge migration, promotes interface polarization and enhances
polarization loss.

The DOS results (Figs. 5(a;) and 5(b,)) reveal that the density of
states near the Fermi level is significantly higher for C/CoS,/MoS,
compared to CoS,/MoS,, mainly due to the contribution from the
C matrix. A higher DOS implies enhanced charge carrier mobility
and superior dielectric loss ability, suggesting that the incorporation
of C not only contributes to conductivity-driven loss, but also
amplifies interfacial polarization through electronic coupling at the
MoS,-CoS,-C junction.

The average charge density difference (Ap) reflects the variation
of charge along the direction perpendicular to the interface [43]. As
illustrated in Figs. 5(a,) and 5(b,), the CoS,/MoS, interface shows
weak charge separation (Fig. 5(a;)), indicating a negligible BIEF
effect. In contrast, the C/CoS,/MoS, interface reveals clear charge
depletion at the CoS, surface and charge accumulation on the C layer
(Fig. 5(b,)). This asymmetrical charge redistribution is a signature
of a Schottky-type heterojunction formed between metallic C and
semiconductive CoS,/MoS,, which significantly boosts dipolar
polarization intensity.

The work functions of MoS,, CoS, and C are —5.5, —5.5 and
-6.2 eV, respectively. This energy alignment favors spontaneous
electron transfer from MoS, and CoS, to the more electronegative
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Figure 6 The microwave absorption mechanism of the MoS,@C/CoS, samples.
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C phase, resulting in dual charge-transfer pathways. The synergistic
electron migration across both CoS,/MoS, and CoS,/C interfaces
leads to the formation of dual-interface BIEF, as schematically
illustrated in Fig. 5(c) [44]. These dual internal fields synergistically
couple conduction and polarization losses: while one interface
(CoSy/MoS,) initiates dipole formation and charge trapping, the
other (CoS,/C) sustains long-range directional transport across the
conductive network. Under high-frequency EMW excitation, the
dual-interface BIEF triggers rapid, directional polarization
relaxation and localized dipole oscillations, thus efficiently
dissipating incident energy. This multi-interface coupling
mechanism enables simultaneous optimization of impedance
matching and dielectric loss. Therefore, the construction of dual-
interface BIEF heterointerfaces not only amplifies interfacial
polarization intensity but also promotes effective EMW attenuation
via a dual-pathway polarization-conduction mechanism.

Figure 6 presents the MA mechanism of the MoS,@C/CoS:
composites. This composite material exhibits abundant
heterogeneous interfaces, primarily originating from the double-
interface BIEF heterostructure formed between MoS,, CoS, and the
C phase. This architecture markedly reinforces the interfacial
polarization effect and extends the polarization relaxation time,
thereby yielding an enhanced dielectric loss. Meanwhile, the
biomimetic ~ spiderweb-like  structure  constructed  via
electrospinning and carbonization serves as a robust conductive
framework, enabling continuous electron transport pathways
throughout the network [45]. This architecture promotes both axial
electron migration and inter-fiber hopping conduction, which in
turn enhances conduction loss under alternating electromagnetic
fields. Meanwhile, as a result, strengthens interfacial polarization
and prolongs polarization time, synergistically improving the
dielectric loss efficiency. In addition, oxygen-containing functional
groups, lattice defects and sulfur vacancies generated during the
carbonization and sulfidation processes act as localized dipole
centers within the composite. Under the influence of the external
electric field, these centers induce dipole polarization and further
promoting the dielectric response [46]. Besides, the eddy current
loss and exchange resonance effects arising from the magnetic Co
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particles complement the dielectric loss mechanism and contribute
to improved impedance matching, ultimately enabling broadband
and efficient MA performance.

24 Thermal insulation capacities

Excellent thermal infrared stealth performance is also of great
significance for MAMs, as it can effectively suppress the leakage of
infrared radiation signals, thereby ensuring the safe operation of
electronic devices in complex thermal environments [47]. To
evaluate the thermal management performance of the materials,
C@CoO/C and MoS,@C/CoS,-1.0 composites are placed on a
heating platform maintained at 80 °C for 10 min, and their real-
time infrared images and surface temperature profiles are recorded
using an infrared thermal imaging device. As shown in Figs. 7(a)
and 7(b), MoS,@C/CoS;-1.0 exhibits a substantially lower surface
temperature than C@CoO/C, with a temperature drop exceeding
45 °C compared to the heating platform. This remarkable thermal
insulation behavior is primarily attributed to its unique biomimetic
spiderweb-like structure, which creates a tortuous path for phonon
conduction and delays heat transfer. Meanwhile, the abundant air
voids within the structure further hinder heat flow, thus playing a
critical role in maintaining a lower surface temperature [48]. In
parallel the infrared thermal image (Fig. 7(c)) further confirms the
material's infrared stealth capability. The MoS,@C/CoS;-1.0 sample
appears uniformly dark in the thermal image and blends well with
the surrounding environment, demonstrating excellent thermal
camouflage potential and highlighting its application prospects in
the field of infrared stealth.

To assess the material's thermal stability, thermogravimetric
analysis (TGA) is conducted under an inert argon atmosphere from

80.0 °C

()

EI1 Max:
Min:
Average:

18.5°C

100 to 800 °C (Fig. 7(d)). The total weight losses for C@CoO/C,
MoS,@C/CoS:-0.5, MoS,@C/CoS;-1.0, and MoS,@C/CoS,-1.5 were
21.22%, 20.1%, 14.6%, and 24.0%, respectively. The biomimetic
spiderweb-like structure endows MoS,@C/CoS;-1.0 with more than
just excellent thermal insulation additionally outstanding infrared
stealth and thermal stability, making it a promising candidate for
applications in high-temperature or harsh environments.

3 Conclusion

In summary, a dual-functional MoS,@C/CoS, composites with dual-
interface BIEF at heterogeneous interfaces is successfully fabricated
by a combination of electrospinning, thermal treatment and
sulfidation strategies. The ordered array architecture inspired by
spiderweb-like structures enabled the construction of multiple
heterogeneous interfaces and the spontaneous formation of dual-
interface BIEF by regulating interfacial work function differences.
The presence of dual-interface BIEF induced asymmetric charge
redistribution and facilitated directional electron transfer, which
enhanced dipolar and interfacial polarization and significantly
improved dielectric loss behavior. As a result, the composite
achieved an outstanding minimum reflection loss of -63.83 dB and
a broad effective absorption bandwidth of 6.96 GHz, with full-band
absorption performance in both C and Ku bands at various
thicknesses (1.84-3.04 mm). DFT calculations further confirmed
the strong internal electric field (~ 6.179 eV) at the C/CoS,/MoS,
heterointerface, validating the crucial role of dual-interface BIEF in
promoting interfacial polarization and enhancing dielectric
response. This study provides a rational design strategy for
engineering dual-interface BIEF at heterogeneous interfaces and
offers valuable insights into the development of advanced MAMs
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Figure7 Infrared thermal images of (a) C@CoO/C and (b) MoS,@C/CoS,-1.0 taken within 10 min. (c) Infrared thermal image of MoS,@C/CoS,-1.0 placed on the hand.

(d) TGA curves of C@CoO/C and MoS,@C/CoS, composites.
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with broadband absorption and thermal camouflage capabilities.

Electronic Supplementary Material: Supplementary material
(experimental section and characterization of MoS,@C/CoS,
samples) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94908070.
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