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Abstract
Driven by rapid advancement of modern electronic and wireless technologies, multifunctional
electromagnetic wave absorption (EMA) materials are urgently demanded in radar camouflage, 5G/6G
communications and energy utilization. However, traditional EMA absorbers face a critical challenge in
reconciling the inherent trade-off between high-efficiency absorption and multifunctional integration.
Inspired by bioinspired architecture, we construct a hollow bowl-like MXene/FeNi3 heterostructure that
enables precise modulation of interfacial charge distribution and band alignment, while simultaneously
triggering synergistic effects among interfacial charge transport, oxygen vacancy defects and magnetic
interactions. Benefiting from these merits, the optimized MXene/FeNi3 achieves extraordinarily EMA
performance with a minimum reflection loss (RL�iₙ) of − 77.90 dB, an effective absorption bandwidth

(EAB) of 6.31 GHz, and a Radar Cross section value of − 45.36 dB m2. Furthermore, MXene/FeNi3
exhibits outstanding photo-thermo-electric conversion performance, maintaining a stable surface
temperature of 56.7°C for over 6 hours, along with a superior open-circuit voltage of 225.8 mV and short-
circuit current of 38.9 mA under 1 sun illumination. More importantly, this architecture design strategy is
readily extendable to other magnetic systems such as Co, CoFe, CoNi, and FeCoNi, establishing a
versatile platform for the development of next-generation multifunctional integrated EMA materials.

1 Introduction
Driven by the rapid advances in electronic and wireless technologies, electromagnetic wave absorption
(EMA) materials have become increasingly critical across diverse fields, including stealth technology,
electromagnetic shielding, radar camouflage, 5G/6G communications and energy conversion [1–4]. To
meet the stringent requirements of these diverse fields, high-performance EMA materials must
simultaneously exhibit strong attenuation, broad effective bandwidth, minimal thickness and
multifunctional capability [5–7]. In recent years, various strategies, such as structural engineering,
component regulation and mixed dimension, have been proposed and implemented to enhance the EMA
performance [8–10]. While these approaches have significantly improved key performance metrics
including reflection loss, absorption bandwidth, and thickness reduction, most existing EMA materials
still struggle to perform reliably under complex and dynamic real-world environmental conditions,
primarily due to their limited functional integration [11, 12]. This functional gap becomes particularly
critical in light of pressing global energy challenges and China's dual-carbon strategy, which are driving
urgent demand for efficient solar energy harvesting technologies, such as photothermal and
photoelectric conversion [13]. Therefore, there is a growing and compelling need to develop
multifunctional EMA materials that not only exhibit outstanding electromagnetic attenuation but also
actively contribute to sustainable energy conversion processes.

As an emerging family of two-dimensional transition metal carbides/nitrides, MXene has attracted
significant attention in the field of multifunctional integrated materials due to its outstanding dielectric
properties, high specific surface area, and abundant surface functional groups [14, 15]. These
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characteristics synergistically contribute to pronounced polarization loss, conductive loss, and multiple
internal reflections [16], thereby significantly enhancing overall EMA performance. Beyond these intrinsic
electromagnetic attenuation capabilities, certain MXene, particularly Ti3C2Tx, exhibit a strong localized
surface plasmon resonance (LSPR) effect, arising from the collective oscillation of free electrons within
its highly conductive layered structure under optical excitation [17, 18]. This pronounced LSPR effect
endows Ti3C2Tx with outstanding photothermal conversion efficiency, rendering it highly suitable for
solar energy harvesting [19]. However, the practical performance of Ti3C2Tx is constrained by its intrinsic

limitations. First, the lack of magnetic loss hinders impedance matching, leading to a narrow effective
absorption bandwidth [20, 21]. Second, Ti3C2Tx MXene is prone to aggregation or restacking due to
strong van der Waals interactions, which reduce the interlayer spacing and accessible surface area,
thereby weakening electromagnetic attenuation [22]. Furthermore, such aggregation or restacking
diminishes the number of active sites and enhances plasmonic coupling [23], collectively degrading
LSPR effect and consequently lowering the photothermal conversion efficiency. To address these issues,
integrating magnetic components introduces complementary magnetic loss and balance impedance
matching, thereby enhancing EMA performance [24]. Meanwhile, the incorporation of magnetic
nanoparticles can also prevent MXene restacking, further broadening the effective absorption bandwidth
[25]. Notably, the intimate interfacial contact between MXene and magnetic particles creates numerous
heterogeneous junctions. Under alternating electromagnetic fields, significant charge accumulation
occurs at these interfaces, generating pronounced interfacial polarization that substantially augments
electromagnetic energy dissipation [26, 27]. Furthermore, this strong interfacial coupling facilitates the
delocalization of charge density and the generation of additional electronic states near the Fermi level
[28]. Such electronic structure modifications favor the rapid relaxation of photoexcited hot carriers,
which can amplify the LSPR effect and elevate the overall photothermal conversion efficiency. Therefore,
constructing MXene-based magnetic-dielectric composites and integrating hierarchical design is crucial
for achieving multifunctional EMA applications.

Nature’s hierarchical architecture provides valuable inspiration for the design of advanced
multifunctional EMA materials. Biomimetic strategies, particularly those leveraging microstructural
contributions, offer innovative approaches to enhance EMA. For instance, the bowl-like cavity structures
prevalent in biological spores and viral envelopes incorporate air media, which generates abundant
heterogeneous interfaces and facilitate favorable impedance matching [29, 30]. Meanwhile, this hollow
configuration enables low density and establishes continuous conductive networks conducive to
efficient electron transport [31, 32]. More importantly, hollow bowl-shaped configuration possess open
porous structures and reduced symmetry compared to symmetrical spherical analogues, which not only
promotes deeper penetration of incident electromagnetic wave but also enables diverse stacking
arrangements during assembly [33]. These adaptable packing states generate a greater number of
internal cavities and transmission channels, thereby further improving electromagnetic wave dissipation.

Drawing inspiration from the above biological architectures, herein we rationally design and fabricate a
hollow bowl-like MXene/FeNi3 heterostructure (B−MXene/FeNi3) with tunable interface transport
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properties via a facile template-assisted and in-situ growth strategy. The unique architecture
incorporates magnetic FeNi3 particles to provide pronounced magnetic loss and introduces
heterointerface resonance, along with enhanced multiple internal reflections, synergistically optimizing
impedance matching and overall attenuation capability. As a result, B−MXene/FeNi3 with an appropriate
FeNi3 loadings exhibits exceptional broadband EMA performance, achieving a minimum a RL of − 61.44

dB and an EAB of 6.31 GHz. Density functional theory (DFT) calculations were performed to elucidate
the underlying enhancement mechanism. The results reveal a clear directional electron transfer from
FeNi3 to MXene, establishing a robust built-in electric field (BIEF), which not only promotes interfacial
polarization but also strengthens conductive loss. Furthermore, this charge‑engineered BIEF also
imparts efficient photo-thermal-electric conversion capability, delivering excellent photothermal stability
for over 6 hours under 2 suns irradiation, along with a rapid output of 225.8 mV and 38.9 mA under 1 sun
irradiation. This architecture engineering can be readily extended to other magnetic systems including
Co, CoFe, CoNi, and FeCoNi alloys, providing a versatile platform for the rational design of
multifunctional electromagnetic wave absorption materials toward high-performance electromagnetic
protection and integrated solar energy utilization.

2 Results and Discussion

2.1 Constructing Hollow Bowl-Like Ti3C2Tx MXene/FeNi3
Architecture
Figure 1a illustrates the synthesis process of B−MXene/FeNi3 composites. Initially, MXene with ultrathin,
flexible, and wrinkled 2D sheet-like morphology (Fig. 1b) are prepared via a chemical removal of
aluminum from Ti3AlC2 MAX phase and subsequent ultrasonication-assisted exfoliation. The

corresponding XRD pattern confirms the Ti3AlC2 precursors are completely eliminated, and the
appearance of the (002) diffraction peak attests to the successful delamination into few-layered MXene
(Fig. S1) [34]. These few-layer MXene sheets are then assembled into three-dimensional bowl-like
architectures using PMMA microspheres as sacrificial templates, with subsequent calcination resulting
in hollow bowl-structured MXene frameworks. SEM image in Fig. 1c obviously reveals a hollow bowl-like
morphology of MXene skeleton. Driven by electrostatic interactions between the negatively charged
surface functional groups (e.g., −O, −OH, −F) of MXene and Fe2+/Ni2+ ions, the adsorption of the metal
ions onto the MXene with varying concentrations is achieved [35]. Then an in-situ reduction process is
employed to convert the adsorbed ions into FeNi3 particles, yielding a well-defined MXene/FeNi3
heterostructure with tunable interfacial properties. The resulting samples, corresponding to different
FeNi3 loadings, are denoted as B−MXene/FeNi3−1, B−MXene/FeNi3−2, and B−MXene/FeNi3−3,
respectively. As shown in Fig. 1d and Fig. S2, the spherical FeNi3 particles with a size of 100 − 200 nm

are uniformly anchored on both the inner and outer walls of the bowl-like MXene, establishing tight
interfacial contact with the MXene matrix. Under an alternating electromagnetic field, the formation of
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heterojunction interface can facilitate charge transfer, which not only gives rise to significant interfacial
polarization but also strengthens conduction loss [36].

TEM analysis corroborates the structural and morphological integrity of the B−MXene/FeNi3
composites. As shown in Fig. 2a, the bowl-like architecture of the MXene framework is clearly observed,
with spherical FeNi3 particles (evident as high-contrast spots) uniformly dispersed across both the inner
and outer surfaces. The pronounced contrast between bright matrix and dark FeNi3 particles indicates

the intrinsic transparency of the MXene sheets. High-resolution TEM further elucidates the intimate
interfacial contact. As illustrated in Fig. 2b, an enlarged view of FeNi3 particles reveals the lattice
spacings of 0.20 nm, consistent with its (110) plane. Adjacent MXene region exhibits well-defined lattice
fringes with a spacing of 0.213 nm, matching the (105) plane of MXene (Fig. 2c). Notably, discontinuous
lattice fringes and localized point defects are observed throughout both FeNi3 particles and MXene
network. Such a defect-rich architecture provides ample active sites to significantly enhance dipole
polarization. SAED pattern further confirms the coexistence of FeNi3 and MXene, where distinct
diffraction spots are indexed to the (110) and (200) planes of FeNi3 and the (103) and (112) planes of
MXene (Fig. 2d). Complementary HAADF-STEM image and EDS elemental mapping demonstrate a
homogeneous spatial distribution of C, Ti, O, and F throughout the framework, while the signals of Fe and
Ni are colocalized and precisely confined to the particle regions (Fig. 1e). Collectively, these results
confirm the successful fabrication of an intimately coupled B−MXene/FeNi3 heterostructure with well-

defined interfacial integration and defect-rich characteristics. The coexistence of C, Ti, O, F, Fe, and Ni
elements within B−MXene/FeNi3 composites is further confirmed by XPS spectra (Fig. 2f). The C 1s
spectrum typically shows characteristic contributions from O − C = O (289.5 eV), C − O (285.8 eV), C − C
(284.8 eV), and C − F (281.9 eV) species, consistent with surface terminations and possible oxidation of
MXene (Fig. S2) [37]. In the O 1s and Ti 2p spectra, signatures of Ti − C bonds from the MXene lattice
and Ti − O contributions from surface groups is evident [38], along with indications of partial oxidation to
TiO2 (Fig. S3, 4). Notably, binding energies of 707.7 (Fe0 2p3/2) and 719.9 eV (Fe0 2p1/2) are observed in
the Fe 2p spectra, confirming the presence of metallic Fe (Fig. 2g) [39]. Similarly, Ni 2p spectra display
binding energies at 852.3 and 869.6 eV, attributed to Ni0 2p3/2 and Ni0 2p1/2 of metallic Ni (Fig. 2h) [40].

Accompanying satellite features are also observed in both spectra. These results verify the co-existence
of metallic Fe and Ni, corroborating the successful formation of FeNi3 within the composite.

The XRD analysis confirms the successful formation of B−MXene/FeNi3 composites and reveals critical
structural evolution. As shown in Fig. 2i, the diffraction patterns show characteristic peaks of crystalline
FeNi3 at 44.3°, 51.5° and 75.9°, corresponding to the (111), (200) and (220) planes of FeNi3 (PDF#38–
0419), alongside the (002) and (110) peaks of Ti3C2Tx MXene. A notable structural change is observed at
the (002) peak of MXene. For pristine bowl-like MXene, this peak is located at 6.71°, corresponding to an
interlayer spacing of 13.18 Å. Upon construction of B−MXene/FeNi3 composites, the (002) peak

progressively shifts to lower angles of 6.47°, 5.71°, and 5.59° for B−MXene/FeNi3−1, B−MXene/FeNi3−2,
and B−MXene/FeNi3−3, respectively. This systematic shift indicates a continuous expansion of the
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interlayer distance, with calculated d‑spacings increasing to 13.70 Å, 15.51 Å, and 15.82 Å.
corresponding to interlayer expansions of 0.52 Å, 2.33 Å, and 2.64 Å relative to pristine MXene,
respectively. These results strongly suggest the intercalation of Fe and Ni species into the MXene
interlayers during the adsorption‑reduction process [25, 34]. Raman spectra reveal the structural integrity
and defect evolution of the synthesized B−MXene/FeNi3 composites. The spectra exhibit distinct A1g

and Eg vibrational modes at 152.8, 411.2, and 607.2, which involve the in-plane displacements of Ti, C,
and surface functional groups (Fig. 2j) [41, 42]. The characteristic structure of B−MXene also confirmed
by the two typical carbon-related bands. The D band at 1344 cm− 1, indicative of disordered carbon, and

the G band at 1581 cm− 1, attributed to graphitized carbon. Compared to the pristine bowl-like MXene, a
notable increase in the relative intensity between the D and the G bands (ID/IG) is observed for the
B−MXene/FeNi3 composites, indicating a higher density of structural defects within the carbon matrix
following the integration of FeNi3. EPR spectroscopy is employed to probe the defect states and
unpaired electron environment within the B−MXene/FeNi3 heterostructure. As shown in Fig. 2k, the

pristine bowl-like MXene exhibits a symmetric Lorentzian EPR signal centered at a g‑factor of
approximately 2.003, characteristic of unpaired electrons localized associated with structural defects in
the MXene carbon matrix. Upon formation of the B−MXene/FeNi3 composite, the EPR spectrum exhibits
a pronounced increase in signal intensity, clearly indicating that the introduction of FeNi3 nanoparticles
induces a higher concentration of paramagnetic centers at the heterointerface. These defects can act as
polarization centers to enhance polarization relaxation and boost electron transportation to improve
electrical conductivity, thereby ensuring competent dielectric loss for electromagnetic wave attenuation.
The surface functionality, primarily comprising = O, −F, and − OH, is further confirmed by the presence of
characteristic vibrational modes in the FT-IR spectrum (Fig. 2l). N2 adsorption-desorption analysis
reveals that B−MXene and B−MXene/FeNi3 exhibit a type IV curve with an H4-type hysteresis loop,
characteristic of micro-mesoporous structures. The measured BET surface areas decrease progressively
from 246.5 m2 g− 1 for pristine MXene to 30.4 m2 g− 1 for the composite with the highest FeNi3 loading

(B−MXene/FeNi3−3). This trend clearly indicates that the introduction of FeNi3 particles partially
occupies the MXene surface, leading to a moderate reduction in specific surface area while retaining the
essential porous framework. The micro-mesopores, together with larger BET surface area can optimize
impedance matching and extend propagation pathways for electromagnetic wave, thereby enhancing
overall absorption efficiency.

2.2 Electromagnetic Properties of B-MXene/FeNi3
Architecture
To investigate the EMA performances, the complex permittivity (ε' and ε'') and complex permeability (µ'
and µ'') of B−MXene and B−MXene/FeNi3 were systematically measured using a vector network analyzer
(VNA) within the frequency range of 2 − 18 GHz. As depicted in Fig. S5, ε' value of pristine few-layered
MXene decreases from 7.48 to 5.48, while ε'' value increases from 0.89 to 2.55. Upon reconstruction of
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few-layered MXene into 3D hollow bowl-like microspheres, both ε' and ε'' values are obviously enhanced,
with ε' ranges from 11.57 to 9.46 and ε'' from 2.42 to 1.91 (Fig. 3a). This reveals an increased capability
for electric field storage and dielectric loss. The significant increase in ε' for B−MXene is attributed to the
suppression of layer stacking, the construction of a continuous conductive network, and the formation of
hierarchical polarization interfaces, which synergically amplify the polarization effect [43]. Given the
direct correlation between ε'' and conductivity [44], the observed rise in ε'' stems primarily from
increased intrinsic defects and improved conductive network. Further analysis reveals that two peaks
observed at approximately 11.85 and 14.19 GHz in the permittivity spectra demonstrate the presence of
multiple relaxation processes in the bowl-like MXene. Subsequent interfacial engineering via the
decoration of B−MXene with FeNi3 spheres substantially increases the available interfacial area and
promotes local polarization. As a result, the ε' of B−MXene/FeNi3 exhibits a continuous upward trend, as
illustrated in Fig. 3b-d. Specifically, the ε' reaches approximately 12.64 for B−MXene/FeNi3−1, around

14.29 for B−MXene/FeNi3−2, and up to roughly 18.25 for B−MXene/FeNi3−3. Correspondingly, the ε'' of
B−MXene/FeNi3 also increases monotonically with increasing FeNi3 content, rising from approximately
1.23 to 2.12, and further to 2.97. The gradually enhanced resonance peaks observed in the spectra also
validate the strengthened polarization relaxation processes. The B−MXene exhibits moderate dielectric
loss tangent (tan δε = ε''/ε'), while the introduction of FeNi3 nanoparticles leads to pronounced
enhancements in tan 𝛿ε due to the synergistic contributions of interface, dipole, and conduction.
Cole−Cole curves are further plotted to gain in-depth insight into the dielectric loss mechanisms [45]. As
shown in Fig. 3i, the B−MXene presents only a single semicircle, corresponding to a single polarization
relaxation process. Whereas the B−MXene/FeNi3 display multiple distorted semicircles, indicative of

multiple polarization relaxation behaviors, mainly including interface and dipole polarizations. The
natural nonmagnetic properties of B−MXene makes it cannot provide magnetic loss mechanisms, with
its µ' and µ'' approaching 1 and 0, respectively. After incorporating FeNi3 nanospheres, both µ' and µ''
exhibit a gradual increase with rising FeNi3 loading, reaching values of 1.14, 1.17, and 1.34 for
B−MXene/FeNi3 − 1, − 2 and − 3, respectively. These results clearly verify the successful integration of
magnetic functionality, which originates from the intrinsic magnetic properties of FeNi3 component. This
is further supported by the magnetic hysteresis loops presented in Fig. 3f. With the FeNi3 content
increases, the Ms and coercivity gradually improve to 27.43 emu/g and 39.59 Oe for B−MXene/FeNi3 − 1,

38.37 emu/g and 40.22 Oe for B−MXene/FeNi3 − 2, and 42.36 emu/g and 40.61 Oe for B−MXene/FeNi3 − 
3. Furthermore, the dispersed FeNi3 nanospheres on the B−MXene surface induce strong magnetic
coupling effects. Such a unique component configuration, combined with enhanced magnetic coupling,
is responsible for the improved permeability [46, 47]. Accordingly, the magnetic loss tangent (tan δµ) is
significantly enhanced (Fig. 3g), unambiguously demonstrating that the rational design of a dielectric
matrix integrated with intimately anchored magnetic constituents can significantly boost magnetic loss.
The C0 curves in Fig. 3h illustrate that this enhanced magnetic loss is ascribed to the natural resonance,
exchange resonance, and eddy current effects [48, 49]. Analysis of electromagnetic parameters reveals
that FeNi3 incorporation significantly elevates both permittivity and permeability. To evaluate the overall
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electromagnetic wave attenuation capability, the attenuation constant (α) was calculated and displayed
in Fig. 3j. The sequence of the α follows the order of B−MXene/FeNi3 − 2 > B−MXene/FeNi3 − 1 > 
B−MXene/FeNi3 − 3 > B−MXene. Notably, the B−MXene/FeNi3 − 2 exhibits the highest α value among all
samples, signifying its best electromagnetic wave attenuation performance.

To elucidate the electronic configurations and underlying polarization-dominated dielectric loss
mechanism of MXene/FeNi3 composite, density functional theory (DFT) calculations were performed.

The optimized structure of pristine B−MXene, FeNi3 and B−MXene/FeNi3 are displayed in Fig. 4a-c. The
density of states (DOS) of B−MXene/FeNi3 exhibits a pronounced non-zero value at the Fermi level,
confirming its metallic conductive nature. Moreover, the DOS near the Fermi level is markedly enhanced
in B−MXene/FeNi3 composite compared to isolated components (Fig. 4e). Orbital-projected DOS
analysis (Fig. 4e1-e3) further reveals pronounced overlapping peaks between the Fe/Ni 3d orbitals and
the Ti 3d orbitals, as well as the O‑terminal 2p orbitals of the MXene surface, providing a theoretical
basis for the experimentally observed enhancement in conduction loss. To clarify the driving force for
heterojunction formation, the work functions (Φ) were evaluated (Fig. 4f, g). The lower work‑function of
FeNi3 indicates that its Fermi level resides higher than that of MXene. This thermodynamic imbalance

drives spontaneous electron transfer from FeNi3 to MXene, leading to the accumulation of positive
charges on FeNi3 and negative charges on MXene. Consequently, a robust built-in electric field is
established at the heterointerface [50, 51], which induces interfacial polarization and thereby enhancing
dielectric loss. Furthermore, associated charge redistribution leads to characteristic band bending, with
the MXene side shifting downward and the FeNi3 side shifting upward (Fig. 4h). Charge density
difference analysis clearly visualizes this interfacial charge dynamics, showing an electron depletion
region around MXene and a corresponding electron accumulation around the adjacent FeNi3 (Fig. 4d).
Quantitative Bader charge analysis further confirms an interfacial charge transfer of 2.53 e.

2.3 Microwave Absorption Performance of B−MXene/FeNi3
Architecture
The EMA performances of B−MXene/FeNi3 heterostructures were evaluated based on reflection loss
(RLmin) and effective absorption bandwidth (EAB). Few-layer MXene shows relatively poor EMA
performances, with a minimum RL (RLmin) of − 21.10 dB under 5.00 mm and a maximum EAB of 2.81

GHz at 2.11 mm (Fig. S7). Upon construction of a hollow bowl-like architecture, both RLmin and EAB are
significantly optimized with a reduced thickness. As shown in Fig. 5a, B−MXene presents a stronger
RLmin of − 60.61 dB at 4.47 mm and a broadened EAB of 3.41 GHz at 1.95 mm. The subsequent
introduction of FeNi3 nanospheres further enhanced the EMA performances, with B−MXene/FeNi3−1
achieving an RLmin of − 56.28 dB at 1.67 mm (Fig. 5b1) and B−MXene/FeNi3−2 showing an RLmin of − 
61.44 dB under 2.33 mm (Fig. 5c1). Strikingly, B−MXene/FeNi3−3 exhibits the most pronounced
absorption improvement, achieving a RLmin of − 77.90 dB (Fig. 5d1). The FeNi3 contents have a more
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pronounced effect on EAB (Fig. 5a2–d2). This influence is clearly reflected in the 2D RL mappings
(Fig. 3b2, c2), where B−MXene/FeNi3−1 and B−MXene/FeNi3−2 achieve broad EAB values of 5.87 GHz at
1.49 and 6.31 GHz at 1.91 mm, respectively. Additionally, Fig. 5e-h demonstrates that under thickness of
1.5, 2.0, and 2.5 mm, B−MXene/FeNi3−2 consistently delivers the broadest EAB among all samples.

Although B−MXene/FeNi3−3 shows the strongest RLmin, B−MXene/FeNi3−2 offers superior frequency
bandwidth. A comprehensive comparison of RLmin and EAB reveal B−MXene/FeNi3−2 exhibits the most
balanced and optimal EMA performances, positioning it as a promising candidate for lightweight,
broadband, and high-efficiency microwave absorption applications. Impedance matching plays a key role
in EMA performance, and this characteristic can be assessed using Zin/Z0. Typically, a Zin/Z0 value falls
in 0.8 − 1.2 signifies favorable electromagnetic wave penetration into absorbers. As illustrated in Fig. 5i 
− l, B−MXene/FeNi3−2 displays superior impedance matching compared to the other samples, which
directly contributes to its broadest EAB.

2.4 RCS Simulation, Photo-Thermal-Electric Conversion
and EMA Mechanism of B−MXene/FeNi3
A fundamental requirement for electromagnetic wave absorbers to counter radar detection is their ability
to maintain stealth. Under realistic far-field conditions, radar cross section (RCS) acts as a key indicator
to quantify the stealth capability [52]. To demonstrate this, 3D radars plane wave scattering signatures of
B−MXene and B−MXene/FeNi3 are presented in Fig. 6a. Compared to B−MXene, B−MXene/FeNi3 exhibit
substantially suppressed reflection signals, with B−MXene/FeNi3−2 showing the lowest intensity. This
suggests B−MXene/FeNi3−2 dissipates the highest amount of electromagnetic energy, corroborating its

superior EMA performances. To further evaluate this capability, Fig. 6b presents 2D RCS plots (− 60 − 
60°). The RCS of PEC plate is 11.78 dB m2 at normal incidence (Fig. S6). In contrast, B−MXene/FeNi3−2

maintains RCS signal below − 15.15 dB m2 across all detection angles, with a minimum RCS value of − 
45.36 dB m2. These results demonstrate that heterostructure not only enables tunable EMA
performances but also holds promise for designing stealth coating.

The photothermal conversion properties of B−MXene and B−MXene/FeNi3 composites were evaluated
under simulated solar illumination. All samples exhibited rapid temperature increases within 1 min of
irradiation. At a power density of 100 mW m− 2, MXene/FeNi3 samples reached temperatures of 52.6°C,
56.7°C and 53.2°C, respectively, significantly exceeding the 49.1°C attained by pristine B−MXene
(Fig. 6c). Upon cessation of irradiation, the temperature rapidly decreased to ambient temperature. When
the power density was increased to 125, 150, 175 and 200 mW m− 2, the corresponding equilibrium
temperatures increased progressively to 67.2°C, 77.4°C and 96.9°C, respectively, demonstrating a
distinct power-dependent photothermal response (Fig. 6d). The temporal temperature profile of
B−MXene/FeNi3−2 under a constant 200 mW m− 2 illumination is shown in Fig. 6e. This heterostructure
maintained a stable temperature of approximately 96°C for more than 6 hours, demonstrating
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exceptional photothermal durability. Corresponding infrared thermal images visually corroborate the
uniform and steady heat distribution across the surface, further validating its outstanding cycling
stability. The strong broadband absorption capability of MXene/FeNi3 renders it highly effective for solar-
driven thermoelectric conversion. To evaluate this functionality, the open-circuit voltage (VOC) and short-
circuit current (ISC) were systematically measured (Fig. 6f-g). Both electrical outputs rose rapidly within
1 min, stabilizing at their maximum value within about 2 min. Under 1 sun radiation, B−MXene/FeNi3−2
achieves a notably high VOC of 225.8 mV and a ISC of 38.9 mA, substantially outperforming the pure
B−MXene sample (174.2 mV and 30.7 mA). When the light intensity was elevated to 2 suns, the electrical
performance further improved to 322.6 mV and 56.9 mA, respectively. Such outstanding performance is
attributed to the balanced composition, optimized interfacial coupling, and 3D thermal transport network
of B−MXene/FeNi − 2, which collectively facilitate efficient photo-thermo-electric synergistic conversion.
These results not only confirm the critical role of electronic structure modulation, including charge
transfer and orbital hybridization as revealed by DFT calculations, in determining energy conversion
performance, both also provides a new direction for developing integrated solar-thermal-electrical energy
recovery systems based on MXene composites.

The proposed architectural design strategy is broadly applicable to other magnetic systems, including
Co, CoFe, CoNi, and FeCoNi alloys (Fig. S8-10). We demonstrate that by systematically tailoring the
metallic composition, particle size distribution, and interfacial contact architecture, the absorption
bandwidth, photothermal conversion efficiency, and photoresponsivity can be independently and
precisely modulated. Beyond providing a versatile structural engineering route, this work deepens the
fundamental understanding of dielectric–magnetic–optical coupling in MXene-based hybrids. It thus
establishes a robust materials-by-design framework for lightweight multifunctional composites, with
direct implications for aerospace stealth, infrared camouflage, solar-thermal harvesting, and wearable
optoelectronics.

3 Conclusion
A novel hollow bowl-like heterostructure, featuring magnetic FeNi3 particles growing on both interior and
exterior surfaces, was constructed through template-driven assembly followed by in-situ reduction
process. By precisely tuning FeNi3 particle concentration, the interfacial charge distribution and band
alignment were regulated, enabling modulation of interfacial coupling strength. This resulted in superior
interfacial transport properties, effectively boosting polarization and conduction loss characteristics.
Combined with strong magnetic coupling behavior of FeNi3, a synergistic enhancement of multiple loss

mechanisms is created in B−MXene/FeNi3, leading to superior EMA performances. Specifically, the
optimized B−MXene/FeNi3−2 sample achieves a RLmin of − 61.44 dB at 8.48 GHz under 2.33 mm, along

with a wide EAB of 6.31 GHz at 1.91 mm. Additionally, an RCS value reaches − 45.36 dB m2,
demonstrating significant potential for stealth-related fields. Furthermore, the electronic structure
modulation in B−MXene/FeNi3 directly strengthens the LSPR effect, and the hollow bowl-like

architectonics and continuous conductive network boost light absorption and thermal transport,
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collectively enabling efficient solar-to-heat conversion. This work demonstrates the effective regulation
of interfacial transport and magnetic properties by coupled structural and component engineering,
offering a valuable reference for the advancement of multifunctional EMA materials.
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Figures

Figure 1

Schematic illustration of the preparation process of (a) 3D bowl-like MXene/FeNi3 heterostructure. (b)

SEM image of few-layer MXene, (c) 3D bowl-like MXene, and (d) B−MXene/FeNi3 heterostructure.
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Figure 2

3D bowl-like MXene@FeNi3 heterostructure analysis. (a, b) TEM image. (b) HR-TEM of FeNi3 particles.
(c) HR-TEM of MXene. (d) SEAD pattern. (e) HAADF-STEM image and corresponding elements mapping.
(f) XPS spectra and corresponding high-resolution spectra of (g) Fe 2p and Ni 2p. (i) XRD patterns and
local enlargement of B−MXene/FeNi3−1 to B−MXene/FeNi3−3. (j) Raman spectra. (k) EPR spectra. (l) FT-

IR spectra. (m) Room-temperature magnetic hysteresis loops.
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Figure 3

Electromagnetic properties analysis of B−MXene and B−MXene@FeNi3 hybrids. Complex permittivity
and permittivity of (a) B−MXene, (b) B−MXene@FeNi3−1, (c) B−MXene@FeNi3−2, and (d)

B−MXene@FeNi3−3. (e) Dielectric loss tangent. (f) Magnetic hysteresis loops. (g) Magnetic loss tangent.
(h) C0 curves. (i) Cole-Cole curves. (k) Attenuation coefficient.

Figure 4
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Density Functional Theory (DFT) calculations of B−MXene/FeNi3 heterostructure. Optimized atomic
structure of (a) FeNi3, (b) B−MXene, and (c) B−MXene/FeNi3. (d) Differential charge density distribution
and Bader charge analysis of B−MXene/FeNi3 interface. (e) Calculated density of states and projected

density of states for (e1) FeNi3, (e2) B−MXene, and (e3) B−MXene/FeNi3. Work function of (f1) FeNi3, (f2)
B−MXene, and (f3) B−MXene/FeNi3. (g) Schematic illustration of energy band alignment before and after
contact in B−MXene/FeNi3.

Figure 5

EMA performance analysis of B−MXene and B−MXene/FeNi3 hybrids. (a-d) 3D and 2D RL diagrams. (e-h)

EAB at 1.5, 2.0 and 2.5 mm. (i-l) 3D Z values plots. (a, e, i) B−MXene, (b, f, j) B−MXene/FeNi3−1, (c, g, k)
B−MXene/FeNi3−2 and (d, h, l) B−MXene/FeNi3−3.
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Figure 6

(a) 3D RCS simulation results. (b) RCS curves from −60° to 60°. (c) Surface temperature curves of
B−MXene and B−MXene/FeNi3 under 100 mW m−2. (d) Photothermal temperature curves of

B−MXene/FeNi3−2 at various light power densities. (e) Long-time photothermal stability and infrared
thermal images of B−MXene/FeNi3−2 under 2 suns irradiation. (f) open-circuit voltage. (g) short-circuit
currents. (h) Schematic illustration of the EMA mechanisms in B−MXene/FeNi3 hybrids.
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