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Metal-organic framework (MOF) derivatives employed ,~~~
as electromagnetic wave (EMW) absorption materials have gained 1s i
considerable attention because of their plentiful coordination |
components and diverse nanomicrostructures. However, achieving ! e
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design remains challenging. Herein, a cross-scale structural | - e
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nanomicroscale, MOF-derived Co,Ni,@C nanorods were fabricated via g ; %40
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built-in electric field (BIEF) heterointerface achieved through adjusting ! 0 el B -

the Co/Ni atomic ratio significantly promotes electron-directed
migration, alters the spatial charge distribution, and ultimately
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enhances the polarization relaxation and magnetic resonance effects, resultlng in superior EMW absorptlon performance (the
effective absorption bandwidth of Co,Ni@C is 49 GHz at 1.75 mm). The geometric configuration of the electromagnetic
metastructures was subsequently optimized via CST software. Through cross-scale structural design, the simulated gradient
honeycomb structure metamaterial composed of Co,Ni@C achieves multiband compatibility, and the EAB reaches 38 GHz (covering
2-40 GHz) with a total thickness of 15 mm. This research elucidates the BIEF loss mechanism of MOF-derived Co,Ni,@C composites
by rationally controlling the Co/Ni atomic ratio and provides novel insights into the structural design of electromagnetic
nanomaterials.

metal-organic framework derivatives; Co,Ni,@C nanorods; structure engineering; electromagnetic synergistic;
electromagnetic wave absorption

[8-11]. To achieve ideal EMW absorption performance,
numerous preparation strategies have been developed, including

1 Introduction

With  the booming  development of fifth-generation precise component design (such as carbon materials, MXenes,
communication technology (5G) and the miniaturization of ferrites, and magnetic alloys) and diverse microstructure
electronic devices operating in the gigahertz (GHz) frequency  constructions (e.g, rod-like, cubic, flake-like, and foam

band, electromagnetic wave (EMW) pollution has emerged as a
critical global challenge, threatening information security, human
health, and the stability of precision equipment [1-4]. EMW
absorption materials, which can effectively convert EMW into
heat energy without secondary pollution, have become a hot

architectures) [12-14]. Studies have shown that composites
incorporating  dielectric and magnetic components can
synergistically satisfy impedance matching and attenuation
requirements [15-17]. Therefore, the construction of high-
performance EMW  absorption materials with strong

research topic in both civilian and military applications [5-7].
Conventional EMW absorption materials are constrained by high
density and narrow absorption bandwidths, failing to achieve the
urgent requirements for next-generation absorbers characterized
by “lightweight, thinness, broad bandwidth, and strong absorption”

electromagnetic coupling has become a key research focus
[18-20].

Metal-organic frameworks (MOFs) have become attractive
candidates for EMW absorption materials because of their large
specific surface area, designable pore structure, and

'Science and Technology on Thermostructural Composite Materials Laboratory, Northwestern Polytechnical University, Xi'an 710072, China. ?State Key
Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi'an 710072, China.

Corresponding author. E-mail: yefang511@nwpu.edu.cn
September 26, 2025; November 16, 2025;

http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.26599/JAC.2025.9221224

November 28, 2025

©The Author(s) 2026. This is an open access article under the terms of the Creative Commons Attribution

4.0 International License (CC BY 4.0,

(EZE

Tsinghua University Press

® | Sci®pen


mailto:yefang511@nwpu.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26599/JAC.2025.9221224

9221224-2

morphology/compositional diversity [21-23]. By pyrolyzing the
MOF precursor, a hierarchical structure with metal nanoparticles
embedded in the carbon matrix can be obtained, which effectively
regulates the electromagnetic properties and achieves coupling of
dielectric-magnetic ~ attenuation through the component
synergistic effect [24]. Owing to their excellent ferromagnetic
properties, high Curie temperature, and strong magnetic loss
capacity in the GHz band, cobalt nickel alloys (CoNi) have
received widespread attention [25]. Recently, various MOF-
derived CoNi@C composites with ingenious component
arrangements and versatile microstructures have been developed
for efficient EMW absorption materials [26—29]. For example,
Yu et al. [29] prepared cubic hollow CoNi@C composites in
which CoNi nanoparticles were distributed in a porous carbon
matrix. Liu et al. [30] synthesized CoNi@C composites with a
porous structure via the pyrolysis of bimetallic CoNi MOFs.
Combining optimized impedance matching and enhanced
attenuation capacity, the minimum reflection loss (RL,,;,) reaches
—74.7 dB at 1.8 mm. Similarly, Xie et al. [31] fabricated a series of
irregular rod-like MOF-derived CoNi@C composites. The results
demonstrate that when the Co/Ni atomic ratio is 1, CoNi@C
displays a maximum effective absorption bandwidth (EAB) of
4.77 GHz at 1.5 mm. Although controllable EAB and RL can be
achieved, most composites suffer from magnetic property
deterioration and interface area reduction owing to the
agglomeration of CoNi nanoparticles, constraining the
optimization of EMW absorption performance [32]. The latest
research indicates that the construction of a built-in electric field
(BIEF) within composites has emerged as a sophisticated and
effective strategy for further enhancing the EMW absorption
performance [33]. The BIEF can be actively engineered through
rational compositional design and interfacial control, typically
achieved by creating heterointerfaces between components with
distinct work functions [34]. However, few reports on BIEF-based
heterointerface engineering for efficient EMW absorption of MOF-
derived Co,Ni,@C composites are available. The effects of the
Co/Ni atomic ratio and interface structure on the BIEF effect and
EMW loss mechanisms are still unclear. Therefore, the fabrication
of MOF-derived Co,Ni,@C composites with strong BIEF effects
and the determination of the corresponding role of the Co/Ni
atomic ratio on the EMW absorption performance are highly
desirable yet challenging.

Typically, the plane structure (uniform coating or panel) of
EMW absorbers is difficult to apply in multiband compatible
scenarios, which are restricted by the inherent electromagnetic
parameters of the material [35-37]. Metamaterials can overcome
this dilemma by combining EMW absorbers with artificially
designed periodic unit structures (e.g., open resonance rings,
fractal geometries, or metastructures) to achieve broadband EMW
absorption at a certain thickness [38—40]. Wang et al. [41]
fabricated a vanadium nitride@hierarchical porous carbon/
cobalt@carbon nanotube (VN@HPC/Co@CNT) composite as an
EMW absorber. After that, a metamaterial comprising
VN@HPC/Co@CNT was designed and achieved a wide EAB of
12.55 GHz at a thickness of 2.77 mm. Zhang et al. [23] first
synthesized a series of carbon-coated iron-based composites and
systematically investigated their electromagnetic response
characteristics. A symmetric gradient honeycomb structure
(SGHS) coupled with a preferred carbon-coated iron-based
composite was then simulated to further extend the EAB. The
optimized SGHS achieves an EAB of 14.6 GHz and an RL;, of
—59 dB with a total thickness of 30 mm. Thus, the multiscale
structure design of the absorber can achieve broadband
absorption at a certain thickness. However, current research rarely
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focuses on the cross-scale structural engineering of MOF-derived
CoNi@C composites. Therefore, conducting an in-depth
investigation into the EMW absorption performance and
mechanism of a metamaterial composed of MOF-derived
CoNi@C composites is essential.

Herein, a cross-scale structural design of a MOF-derived
Co,Ni, composite metamaterial with broadband EMW absorption
was successfully achieved. First, bimetallic CoNi nitrilotriacetic
acid chelate (CoNi-NTAC) precursors with various aspect ratios
were synthesized by regulating the Co/Ni atomic ratio, followed
by in situ pyrolysis to obtain Co,Ni,@C composites. The work
function difference between Co,Ni, and C creates BIEFs and
enriches heterogeneous interfaces, enhancing the dielectric loss
capacity. Additionally, Co,Ni, nanoparticles confined within the
carbon matrix exhibit strong magnetic resonance. Thus, Co,Ni@C
has excellent EMW absorption performance, with an EAB
covering 4.9 GHz at 1.75 mm. The metamaterial was subsequently
designed to further broaden the EMW absorption performance of
Co,Ni@C. The simulated EAB of the gradient honeycomb
structure (GHCS) metamaterial reached 38 GHz (2-40 GHz) at a
total thickness of 15 mm. Moreover, the broadband absorption
mechanism of the proposed GHCS was investigated via CST
Microwave Studio. This study provides valuable insights into the
electromagnetic loss mechanisms of MOF-derived Co,Ni,@C
composites and achieves broadband EMW absorption through
innovative cross-scale structural design.

2 Experimental

2.1 Raw materials

Cobalt chloride hexahydrate (CoCl,-6H,0), nickel chloride
hexahydrate (NiCl,-6H,0), isopropyl alcohol, nitrilotriacetic acid,
and anhydrous ethanol were purchased from Sinopharm
Chemical Reagents Co., Ltd. All the chemicals and reagents were
of analytical grade and were used directly without further
purification.

2.2 Fabrication of MOF-derived Co,Ni,@C nanorods

MOF-derived CoNi@C nanorods were fabricated via
solvothermal methods and subsequent pyrolysis. Initially, 30 mL
of deionized water and 30 mL of isopropyl alcohol were stirred
magnetically for 2 h with 08 g of CoCl,6H,0, 0.8 g of
NiCl,-6H,0, and 0.6 g of nitrilotriacetic acid. The solution was
subsequently transferred into a 100 mL Teflon-lined stainless-steel
autoclave and kept at 160 °C for a duration of 6 h. The precipitate
was separated by centrifugation and dried in a vacuum oven at
60 °C overnight. Finally, the CoNi@C nanorods were obtained by
pyrolysis at a rate of 2 °C/min under an argon atmosphere. The
amounts of CoCl,,6H,0O used were 0.8, 1.6, and 2.4 g, and the
resulting samples were denoted as CN1, CN2, and CN3,
respectively.

2.3 Characterizations

The morphology and microstructure of the composites were
characterized via a field emission scanning electron microscope
(FESEM; Sigma 300, ZEISS) and a transmission electron
microscope (TEM; Themis Z, FEI). The crystal structure, phase
composition, and elemental valence of the composites were
analyzed via an X-ray diffractometer (XRD; D8-Advance, Bruker)
with Cu-Ka radiation and an X-ray photoelectron spectroscope
(XPS; Thermo Fisher Scientific). The graphitization degree of the
carbon in the composites was recorded via a Raman spectroscope
(Renishaw in Via plus, Renishaw). To determine the proper
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pyrolysis temperature, the thermogravimetric (TG) curves of the
precursors were investigated via an SDTQ600 analyzer (TA
Instruments). The magnetic properties of the composites were
obtained via a vibrating sample magnetometer (7404, Lakeshore).
The electromagnetic parameters in the 1-18 GHz range were
tested via the coaxial method by mixing the composites (20 wt%)
with paraffin wax.

2.4 CST simulation

The EMW absorption performance of the metamaterial was
simulated via CST Studio Suite software. First, a geometric model
of the metamaterial was constructed, incorporating an aluminum
plate as a metallic backplane at the bottom. The electromagnetic
parameters of the unit cell were assigned according to the tested
complex permittivity and permeability of the MOF-derived
CoNi@C composites within 2-18 GHz. According to the Debye
equation, the electromagnetic parameters were extrapolated from
2-18 GHz to cover 2-40 GHz, with the fitting error constrained
to within 1%. Periodic boundary conditions were applied along
the X and Y directions, whereas an open (free space) boundary
was set in the Z direction. Two waveguide ports were employed to
excite the unit cell with a transverse electromagnetic plane wave
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incident normally. The RL of the metamaterial was simulated via
the frequency domain solver, which also enabled the analysis of
electromagnetic characteristics (such as the electric field
distribution, magnetic field distribution, and power loss density) at
the absorption peak frequency.

The DFT calculations are presented in the Electronic
Supplementary Material (ESM).

3 Results and discussion

3.1 Fabrication and characterization of MOF-derived
Co,Ni,@C nanorods

The procedure for the preparation of MOF-derived Co,Ni,@C
nanorods is illustrated in Fig. 1(a). A series of CoNi-MOFs were
fabricated via the solvothermal method using nitrilotriacetic acid
as the organic ligand, and Co* and Ni** served as the main metal
species. To analyze the mass changes and chemical reactions of
the precursors, TG curves were measured under an argon
atmosphere from room temperature to 900 °C. The whole
pyrolysis reaction is organized into three stages (Fig. S1 in the
ESM). In stage I, a slight weight decrease of 3% before 209 °C was

Pyrolysis

700°C2 h

. Co,Ni,@C . Carbon shell

s
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Fig.1 (a) Flow chart for the preparation of MOF-derived Co,Ni,@C nanorods. The morphology and AR distribution of the precursors: (b) CN1; (c) CN2; (d) CN3.

SEM images of the derivatives: (e, h) CN1; (£, i) CN2; (g, j) CN3.
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observed was attributed to the volatilization of the crystalline
water in the composites. The weight loss of 23.5% in stage II
corresponds to the decomposition of organic ligands. The
significant weight decrease of 41.2% in stage III is attributed to the
carbonization of organic matter to form pyrolytic carbon while
reducing Co™ and Ni** to CoNi nanoparticles. The total mass
maintenance of the precursors is approximately 20%. The TG
results indicate that the pyrolysis process can be completed when
the temperature is above 420 °C. Thus, the Co,Ni,@C precursors
were pyrolyzed at 700 °C, and the corresponding phase
composition and microstructure were characterized.

Anisotropic growth leads to Co,Ni,@C precursors with a
hexagonal rod shape (Figs. 1(b)-1(d)). Interestingly, the content of
Co™ strongly affects the morphology of the Co,Ni,@C precursor.
The larger the Co™ amount is, the shorter the length of the
nanorod. The AR of the precursors decreased from 16.1 to 2.9.
Generally, the large AR of one-dimensional nanorod-like
structures facilitates the transportation and hopping of electrons
and the construction of three-dimensional conductive networks,
increasing the conductive loss capacity. After high-temperature
pyrolysis, the derivatives decreased in size and bent owing to the
decomposition of organic ligands but still preserved the basic
structure of the precursors. In addition, the surface of the
composites became rough, and many nanoparticles with variable
sizes were evenly distributed. Figures S2-54 in the ESM display
the element mapping and corresponding atomic percentages of
the composites. The C, Co, and Ni elements are uniformly
distributed, and the atomic percentages of Co/Ni are 1.04, 1.9, and
2.81, respectively. The energy dispersive spectroscopy (EDS)
results demonstrate that the precursors have successfully
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transformed into CoNi@C, Co,Ni@C, and Co;Ni@C, which is in
accordance with the expected experimental design.

The detailed microstructure of the CN2 precursor is shown in
Fig. S5 in the ESM. The TEM results demonstrate that the profile
of the precursor is a hexagonal nanorod, which is similar to the
SEM images (Fig. S5(a) in the ESM). The high-resolution TEM
(HRTEM) image shows that the precursor is composed of a
matrix and dispersed nanoparticles (Fig. S5(c) in the ESM). In the
solvothermal process, nitrilotriacetic acid acts as a linker to tightly
anchor Co* and Ni* via chelation; therefore, a distinct
hierarchical structure is formed. After high-temperature
calcination, the nanoparticles with various diameters and dense
structures were encapsulated in the carbon matrix (Figs. 2(a), 2(e),
and 2(i) in the ESM). Owing to Ostwald ripening, the emergence
of large particles comes at the expense of small particles. Figure 2(c)
shows that the lattice stripe of the nanoparticle is 0.12 nm,
corresponding to the (220) plane of CoNi. In addition, distinct
continuous graphitic carbon (GC) layers are homogeneously
wrapped around the CoNi. The measured lattice stripe of the GC
is 0.34 nm, belonging to the (002) plane. The emergence of the
GC is mainly attributed to the catalytic effect of the CoNi alloy at
high temperatures, whereas the region away from the CoNi
remains amorphous carbon. Bright diffraction circles in selected
area electron diffraction (SAED) correlate to the (111), (200), and
(220) planes of CoNi, indicating a polycrystalline structure. The
spatial distributions of C, Co, and Ni further demonstrate that the
CoNi nanoparticles are uniformly distributed in the carbon
matrix. In the HRTEM images of CN2 (Fig. 2(h)), the clear lattice
fringes with interlayer spacings of 0.12 and 0.21 nm correspond to
the (220) and (111) crystal planes of CoNi. Notably, there are

(d)

y MR
(111)

== (200)

pNi.'(zzo)'

S = e

Fig.2 TEM images of CN1: (a, b) TEM, (c) HRTEM, and (d) SAED and element mapping. (¢) TEM and (f~h) HRTEM images of CN2. (i) TEM and (j-1) HRTEM
images of CN3.
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some distortions and lattice defects in the CoNi nanoparticles,
which act as dipoles to trigger dipole polarization at high
frequencies. The microstructure of CN3 is similar to that of CN1
and CN2, consisting of CoNi, GC, and amorphous carbon.

The XRD results demonstrate that the Co,Ni,@C precursors
are composed of CoOOOH and NiOOH. In addition, the intensity
of the diffraction peaks decreases with increasing Co* content
(Fig. S6 in the ESM). The composition and phase information of
the derivatives after high-temperature pyrolysis are shown in
Fig. 3(a). Three pronounced diffraction peaks, located at 44.4°,
51.8°% and 76.2°, correspond to the (111), (200), and (220) crystal
planes of CoNi, respectively. Notably, the intensity of the
diffraction peaks varies with the concentration of Co”, revealing
that the crystallinity of CoNi can be adjusted by the Co content.
Figure 3(b) displays the Raman curves of the carbon matrix in the
composites. All the samples exhibited two peaks: the peaks at 1350
and 1580 cm™ represented the D band and G band, respectively
[42,43]. The intensity ratio of the D band to the G band (Ip/I;)
was used to characterize the level of graphitization of the carbon
matrix [44]. The I/I; values for CN1, CN2, and CN3 are 0.98,
0.79, and 0.86, respectively. CN2 has the lowest value of Ip/I,
demonstrating that more graphite carbon is generated under
CoNi catalysis, which is beneficial for increasing the conductivity.
XPS was conducted to analyze the element valence states of the
three samples. As shown in Fig. 3(c), all the samples contained C,
O, Co, and Ni. The C 1 s peak can be separated into two peaks,
and the peaks located at 284.8 and 286.2 eV represent C-C and
C-O, respectively (Fig. 3(d)). The Co element mainly consisted of
“0” and “+2” valence states, demonstrating that the surface mainly
contains Co and CoO. The presence of CoO is due to slight
oxidation (Fig. 3(e)). For Ni 2p, the valence states are similar to
those of Co 2p, and the spectra can be divided into eight peaks,
namely, Ni 2p;, (853.04 eV), Ni 2p,, (870.12 eV), Ni** 2p,,
(854.48 eV), Ni** 2p,,, (872.64 eV), and two satellite peaks (858.9
and 876.1 €V).

3.2 Tunable EMW absorption performance and
attenuation mechanism of composites

RL and EAB are two critical factors commonly used to assess a
material's EMW absorption performance. The values of RL and
EAB were calculated via Egs. (1) and (2):

j2
7 =7, \/E conh (% W) )
‘u C
_ Zn — Zo
RL = 20log| T Zo| (2)

where ¢, u, f, d, ¢, Z, and Z, are the complex permittivity,
complex permeability, EMW frequency, thickness of the material,
light speed, input impedance, and free space impedance,
respectively. Figures 4(a)-4(c) show two-dimensional (2D) images
of the RL versus thickness and frequency. The Co/Ni atomic ratio
clearly has a considerable influence on the EMW absorption
performance. CN1 has difficulty realizing effective absorption
when the thickness is less than 3 mm and exhibits dual-band
absorption at low and high frequencies for thicknesses greater
than 4.1 mm (Fig. 4(a)). In Fig. 4(b), CN2 possesses superior
EMW absorption performance, with the EAB reaching 4.9 GHz
(13.1-18 GHz) at 1.75 mm. As the Co/Ni atomic ratio further
increases, CN3 has the weakest EMW absorption performance:
the EAB and RL,;, decrease to 1.9 GHz and —11.2 dB, respectively
(Fig. 4(c)). In addition, the frequency corresponding to the
absorption peak progressively decreases with increasing thickness,
following the quarter-wavelength interference cancellation theory
(Figs. 4(d)-4(f)). According to the optimum EAB and RL,;, of the
composites illustrated in Fig. 4(g), the EAB and RL,,, of CN2 are
4.9 GHz and —46.9 dB, respectively, indicating the best EMW
absorption performance. Comparison of the EMW absorption
performance of fabricated CN2 with materials recently reported in
the literature (Fig. 4(h) and Table S2 in the ESM). Obviously, the
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Fig.3 (a) XRD spectra and (b) Raman curves of the composites. XPS spectra of the composites: (c) full spectra, (d) C 1, (e) Co 2p, and (f) Ni 2p.
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unique  hierarchical nanorod-structured and ingenious
component design endows CN2 with distinguished absorption
properties: the optimum EAB and the thinnest matching
thickness at the lowest fill level surpass the majority of reported
materials [45-54]. A radar cross-section (RCS) simulation of the
composites under the strongest absorption frequency was
conducted to further evaluate the potential for practical
application. As shown in Figs. 4(i) and 4(j), compared with that of
the PEC substrate, the scattering signal intensity of the PEC
substrate covered with CN2 is significantly lower. In addition, the
corresponding 1D curves indicate that CN2 exhibits exceptional
RCS reduction performance across all angles. Furthermore, the
RCS reduction effect at 0°, 30° 60°, and 90° was calculated by
subtracting the RCS value of the PEC. The fabricated composites
exhibit maximum RCS reduction at a direction angle of 0°, and
the corresponding reduction values of the three composites are
7.9, 15.8, and 4.6 dB-m”. Thus, the RCS calculation results indicate

that the CN2 composite can effectively suppress the scattering of
EMW, demonstrating that CN2 is a promising candidate EMW
absorption material.

By modulating the atomic ratio of Co/Ni, the MOF-derived
hexagonal nanorod-like Co,Ni@C composite with a moderate AR
exhibited outstanding EMW dissipation ability and broadband
absorption performance. Thus, the related dielectric and magnetic
properties were investigated to further analyze the corresponding
EMW absorption mechanism.

(i) Enhanced polarization and conductive losses by tuning the
Co/Ni atomic ratio. The dielectric constant of the composites was
measured to illustrate the dielectric loss mechanism, as shown in
Figs. 5(a) and 5(b). The &' decreases approximately with increasing
frequency, exhibiting frequency dispersion characteristics
(Fig. 5(a)), whereas €'’ first decreases and subsequently increases
with increasing frequency (Fig. 5(b)). Moreover, some resonance
peaks can be observed in CN2, which demonstrates the existence
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of strong EMW attenuation behavior. The resonant peaks can be
attributed to various polarization relaxations within CN2,
including dipole polarization generated by defects in the carbon
matrix and interfacial polarization arising from high-density
nanosized heterogeneous interfaces (Co,Ni/graphitic carbon,
Co,Ni/amorphous carbon, and graphitic carbon/amorphous
carbon interfaces). The tangent of dielectric loss (tand, = ¢''/¢’) is
calculated to evaluate the dielectric loss capability, and the order
of tand, is CN2 > CN1 > CN3 (Fig. 5(c)). The work function,
density charge density, and difference of states (DOS) at the
Co,Ni,/C heterogeneous interfaces were investigated via DFT
calculations to further analyze the dielectric loss mechanism of the
composites. Figure S7 in the ESM displays the modeling of the
Co,Ni,/C heterogeneous interfaces via DFT. Typically, the value of
work function (W) equals the difference between the vacuum
energy level (E,) and the Fermi energy level (E,;). Thus, the
calculated work functions of C, CoNi, Co,Ni, and Co;Ni are
4.6639, 4.5847, 4.8303, and 4.5847 eV, respectively (Figs. 5(d)-5(f),

Fig. S8 in the ESM). The work functions of Co,Ni and Co;Ni are
greater than that of C, which indicates that Co,Ni and Co;Ni
possess higher Fermi energy levels. The difference in work
function between C and Co,Ni and Co;Ni drives the directional
migration of electrons. Valence band bending occurs when C
contacts Co,Ni and Co;Ni, and electrons continuously migrate
from C to Co,Ni and Co;Ni, leading to the formation of BIEFs
[55]. The absolute values of the work function differences at the
Co,Ni,/C interfaces are 0.0792, 0.1664, and 0.0399 eV,
demonstrating the fastest charge migration and the stronger BIEF
effect at the Co,Ni/C interface. Figures 5(g)-5(i) display the
calculated DOS of the Co,Ni,/C interfaces. A large difference in
electronegativity increases electron cloud displacement, enhancing
dipole polarization. The large electronegativity between Co,Ni and
C results in the strongest dipole polarization at the Co,Ni/C
interface. In addition, the charge is redistributed at the Co,Ni,/C
interface, with electron accumulation at Co,Ni, and electron
depletion at C (Figs. 5(g)-5(i)). The yellow color represents
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electron enrichment, whereas the turquoise color represents
electron deficiency. Significant charge enrichment at the Co,Ni/C
interface can be observed, while the Co;Ni/C interface has the
lowest charge density (Figs. 5(k) and 5(1)) [56]. Overall, a strong
BIEF facilitates electron accumulation and migration, endowing
CN2 with enhanced polarization and conductive loss capacity.
Furthermore, the dielectric loss mechanism of the composites is
analyzed via the Debye equations, as shown in Egs. (3)-(5):

/ & — €

= € —_— 3
¢ Eoo t 14+ ?w? (3)
7" " " & — € [0}

= = —— R 4

€ & T 1+ 72w we (4)
r& =&\, & — €0 \?

_ = 5

(8 2 ) T ( 2 ) )

where ¢, ¢.., 0, w, and T are the static permittivity, permittivity at
infinite frequency, conductivity, angular frequency, and relaxation
time, respectively. According to Eq. (4), €” consists of polarization
loss (&, ) and conductive loss (& ). Polarization loss can be
divided into interface polarization and dipole polarization. When
the polarization loss originates solely from dipole polarization, the
curves of ¢ and ¢&” are normal semicircles, called Cole-Cole
semicircles, where each semicircle represents one type of
polarization relaxation. Several distorted semicircles can be
observed in CN1 and CN2, demonstrating the existence of
multiple polarization relaxations at high frequencies (Figs. 6(a)
and 6(b)). For CN3, there is a vague arc in Fig. 6(c) because of the
inferior dielectric loss capacity. In addition, a straight line appears
in Figs. 6(a) and 6(b), which represents the conductive loss,
implying that the conductive loss is the primary dissipation form
in the low-frequency range. Eq. (4) is simplified to facilitate
further discussion of & and ¢, . If €, is neglected, ¢’ is linearly
related to 1/f, and the slope is 0/(27e,) [57]. As shown in Fig. S6(a)
in the ESM, the relationship between &” and 1/f remains a straight
line when 02 < 1/f < 1, and the slope corresponds to the
conductivity. The order of conductivity inferred from the
magnitude of the slope is ooy, > 0cny > Ocns. In addition, the
intercept of the straight lines is constant, suggesting a weak
polarization loss in the 1-4.8 GHz range. However, &” vs. 1/f

Huang B, Ye F, Deng]J, et al.

cannot be linearly maintained in the 4.8-18 GHz range, indicating
that the contribution of polarization loss to dielectric loss is not
negligible.  When solely considering the contribution of
polarization loss, the equation can be converted to &’/f =
2nre’ —A, where €”/f has a linear relationship with &” [58].
Figures 6(e)-6(g) show that the slopes of the linear segments of
the & /f~¢' plots for CN1, CN2, and CN3 are 1.46, 1.58, and 1.32,
respectively. Thus, the calculated relaxation time (r) and
frequency (f) are 0.23x10™ s and 4.3 GHz, 0.27x10™" s and
3.9 GHz, and 0.21x10™ s and 4.7 GHz, respectively (Fig. S9(b) in
the ESM). The polarization frequencies of the composites fall
within the range of 1-5 GHz, indicating that this frequency band
exhibits slight polarization loss. When the electric field frequency
ranges from 1-5 GHz, the dipoles and heterointerfaces within the
composites can follow the variation in the EMW without any
hysteresis effect. As the frequency increases, the moment of the
dipoles fails to keep pace with the variation in the EMW,
exhibiting strong polarization loss, resulting in a nonlinear region
in Fig. S9(a) in the ESM. Consequently, tuning the Co/Ni atomic
ratio of composites can modulate the polarization loss and
conductive loss, realizing enhanced dielectric dissipation.

(ii) Superior magnetic loss can be achieved by constructing
multiple magnetic coupling networks. The magnetic loss capacity
of composites is closely related to their complex permeability. In
Fig. 7(a), ' of the composites decreases with increasing
frequency, which is in accordance with Snoek’s limit. Notably, "
is closely associated with the Co/Ni atomic ratio and gradually
increases with increasing Co/Ni ratio. Figure 7(b) displays two
resonance peaks: a natural resonance at 5 GHz and an exchange
resonance at 13 GHz. The negative values of CN1 in y'' may be
attributed to the release of magnetic energy from the conductive
network due to the induced alternating magnetic field generated
by the motion of free electrons in an alternating electric field. The
calculated tan §, values are shown in Fig. 7(c), where CN-2 and
CN-3 exhibit excellent magnetic loss capacities. CN-3 has the
strongest natural resonance at low and middle frequencies,
whereas both CN-2 and CN-3 have strong exchange resonances at
high frequencies. The saturation magnetization (M) and
coercivity (H,) in the hysteresis loops reflect the intrinsic magnetic
properties of the composites (Fig. 7(d)). The M, increased from
49.5 emu/g to 111.7 emu/g with increasing Co* content. This is
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because the atomic magnetic moment of Co is larger than that of
Ni; therefore, M, increases linearly when the content of Co atoms
gradually increases. The variation tendency of H, is consistent
with that of M, increasing from 2112 to 352.5 Oe. The
relationship between M,, H,, and y; is shown in Eq. (6) [59]:

MZ

M= GkH.M. + bAE )

where a and b are material constants, k is the proportionality
coefficient, A is the magnetostrictive coefficient, and & is the
internal strain. According to Eq. (6), the higher the M is, the
stronger the magnetic loss capability. Moreover, the eddy current
loss (Cy = u"'(u')*(f)") was calculated to analyze the magnetic loss
mechanism [60]. The values of C; vary throughout the 1-18 GHz;
thus, the contribution of eddy current loss can be excluded
(Fig. 7(f)). Notably, the peak that appears at approximately
12 GHz is attributed to the exchange resonance. On the basis of
the aforementioned results, the magnetic loss of composites is
caused mainly by resonance loss.

(iii) Excellent impedance matching and strong attenuation
characteristics. In general, superior impedance matching and
strong attenuation are two prerequisites for broadband
absorption. In Figs. 8(a)-8(c), the attenuation constant («) values
of the composites increase with increasing frequency, implying
strong EMW dissipation at high frequencies. CN2 has the
strongest EMW dissipation ability in the whole test frequency
band. The normalized impedance matching values (|Z,,|) of the
composites with various thicknesses and frequencies are calculated
via Eq. (1). The range of 0.8 < |Z,| < 1.2 is used to evaluate the
impedance matching, as shown in Figs. 8(d)-8(f) [61,62].
Typically, excellent impedance matching is indicated by large
areas of 0.8 < |Z;| < 1.2. The calculated area ratios of 0.8 < |Z;| <
1.2 are 8.3%, 12%, and 8.4%, respectively. CN2 has the largest area,
demonstrating its superior impedance-matching characteristics.
The superior impedance matching of CN2 is attributed to the
enhanced dielectric and magnetic loss capacity, which allows more
EMW to penetrate into the absorber.

On the basis of the above analysis, the superior EMW

9221224-9

absorption performance of Co,Ni@C primarily stems from the
synergistic effect of well-balanced electromagnetic properties
and rationally designed heterostructures. The potential EMW
attenuation mechanisms of CN2 are illustrated in Fig. 9.
(i) Enhanced polarization loss. The enrichment of nanosized CoNi
particles within the carbon matrix creates abundant
heterogeneous interfaces and Schottky junctions. Electrons
migrate from the low-work-function carbon matrix to Co,Ni with
a high work function, establishing a BIEF at the Co,Ni/C interface.
The constructed BIEF can restrict electron transfer and prolong
the electron relaxation time, thereby enhancing the polarization
loss effect. Moreover, defects (lattice distortion and atom defects)
in graphitic carbon and CoNi can act as dipole centers and induce
dipole polarization. (ii) Increased conductive loss. The joint
contribution of the d-orbital of Co,Ni increases the DOS,
enhancing the conductive loss capacity. The emergence of
graphite carbon layers around the Co,Ni nanoparticles increases
the conductivity. Furthermore, the 1D hierarchical nanorod
structure with a high AR establishes a conductive network,
prolonging the propagation path of the EMW. (iii) Considerable
magnetic loss. Uniformly dispersed CoNi nanoparticles contribute
to strong magnetic resonance and afford sufficient magnetic loss,
which improves the attenuation capability while reducing the
matching thickness of absorbers. (iv) Optimized impedance
matching. The hierarchical nanorod structure with a cooperative
dielectric/magnetic loss capability endows composites with
superior impedance matching.

3.3 Simulation results of the GHCS metamaterial

The variable EMW absorption performance of Co,Ni,@C can be
obtained at a certain thickness by regulating the Co/Ni atomic
ratio. However, the single-band narrowband absorption of
absorbers caused by inferior impedance matching at broadband
limits practical engineering applications. Owing to its excellent
attenuation capacity, CN2 is applied as a lossy component of the
metamaterial. Compared with other metastructures, the
honeycomb structure (HCS) displays significant advantages of
being lightweight, having high strength, having a bionic design,
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Fig.7 Complex permeability of the composites: (a) ', (b) 4", (c) tand,. (d, e) Hysteresis loops and (f) calculated eddy current loss of the composites.

https://doi.org/10.26599/JAC.2025.9221224

(& 72w | Sci@pen

Tsinghua University Press


https://doi.org/10.26599/JAC.2025.9221224

9221224-10 Huang B, Ye F, Deng]J, et al.
@ _ (©) _ 100
01 SN 200 0 N |
100 2 180
= 51 150 =
== 7 8 2 160
=-10{ [\ A7 q = 3
. 50 100 = -6 L 40
== _154 = -8
5 50
> 25 00 ~10 20
8 F0.0 1 i 3 5 0.0 1 0
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) Frequency (GHz)
e)) |Z:,| 12| ® |Z:l
5 15 5
M '
4 4
L2
EE " Es
é é 1.5
<7 tos 2 M1
11 1 L 0.5
- L. 0 L. 0

) e —
2 4 6 81012141618
Frequency (GHz)

o
2 4 6 81012141618
Frequency (GHz)

0
2 4 6 81012141618
Frequency (GHz)

Fig.8 Frequency dependence of RL, «, and optical impedance matching of (a) CN1; (b) CN2; (c) CN3. Calculated 2D plots of |Z,,|: (d) CN1; (e) CN2; (f) CN3.

P e e e T R e e ]

Transmitted
waves

e

‘
|
|
|
|
'R L
I "’IeW - : |320 O
cyy; J— |C02Nl )
: ”/ﬂ y, ey 0” | R 9-819, (a)rhon
I Interface polarization
..................................... |
| I
|
I ]
: VN R R
1 . 1 M :
| Incident . |
! \ waves :
\ . |
R ! |
1 | ©0 Dipole | I
| ; . . "::' Defects | 5 II
\ . Dipole polarization . Magnetic loss P

—— e e e e e e o e e e e

Fig.9 Schematic diagram of the EMW attenuation mechanisms of CN2.

and having optimized impedance matching. Specifically, the
diameter and wall thickness of the gradient honeycomb structure
(GHCS) vary along the EMW incidence direction, creating a
continuous transition of the equivalent permittivity and
permeability, which effectively reduces the interfacial reflection of
the incident EMW. Thus, the EMW absorption performance and
corresponding  attenuation mechanism of the GHCS
metastructure coupled with CN2 were simulated. In addition, the
flat structure (FS) and honeycomb structure (HCS) without a
gradient structure at the same thickness were also calculated. The
geometric parameters of the HCS and GHCS are optimized via
CST Microwave Studio (Fig. 10(a)). Figure 10(b) displays the
simulated RL of the FS, HCS, and GHCS with optimal
parameters. Inadequate impedance matching results in inferior
EMW absorption performance of the FS: the RL value of the FS is
almost greater than —10 dB at 2-40 GHz. For HCSs, the EAB
covers 2.6-4 and 8-30.3 GHz; however, the absorption intensity is
significantly reduced in the C and Ka bands. Compared with the
FS and HCSs, the GHCSs exhibit broadband and strong EMW
absorption performance, the EAB reaches 38 GHz (2-40 GHz),
and the RL_;, is —50.7 dB at 26.3 GHz. In addition, the EMW

747w | Sci@pen

absorption performance of the GHCSs under oblique incidence
angles from 5° to 60° was calculated to broaden the application
scenario. As shown in Fig. 10(c), the EMW absorption
performance of the GHCSs remains stable within 5°-20° and
slightly decreases with increasing incident angle. Notably, the EAB
still remains at 31.5 GHz when the incident angle reaches 60°,
indicating superior oblique incidence stabilization. The power loss
distributions of the GHCSs at four absorption peak frequencies
were simulated via CST to analyze the ultrabroadband absorption
mechanism. At the lowest frequency (3 GHz), the power loss is
distributed mainly in the inner wall and edges of the upper surface
of the honeycomb structure, demonstrating that the GHCSs
facilitate incident EMW propagation into the interior, effectively
dissipating low-frequency EMW through multiple reflections and
edge diffraction. At 142 GHz, the distribution of power loss is
consistent with that at 3 GHz, whereas the absorption intensity
gradually increases. For high frequencies (26.3 and 39.5 GHz),
owing to the shorter wavelengths of the EMW, the power loss is
primarily concentrated in the middle and upper regions of the
honeycomb wall. Thus, the gradient structure originated from the
GHCS, which endows the metamaterial with superior impedance

J Adv Ceram 2026, 15(2): 9221224
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Fig. 10 (a) Schematic and structural parameters of the HCS and GHCS. (b) Simulated reflectivities of the three structures. (c) Calculated RL of the GHCSs under oblique
incidence (with incident angles ranging from 5° to 60°). (d) Power loss distributions of the GHCSs at four absorption peak frequencies. Smith circle diagrams of single-
layer Co,Ni,@C and GHCSs with equal thicknesses: (e) CN1, (f) CN2, (g) CN3, and (h) GHCSs.

matching over a wide frequency range, as evidenced by the Smith
circle diagram. As shown in Figs. 10(e)-10(h), the input
impedance curves of a layered MOF-derived Co,Ni,@C absorber
with equal thickness are far from the perfect impedance matching
region (orange area) over the entire 2-40 GHz range. In contrast,
the majority input impedance curve of the GHCSs with rational
structural design falls in the orange region, exhibiting
approximately perfect impedance matching with free space. Thus,
the simulated GHCS metamaterial is expected to be applied in
lightweight and broadband EMW absorption applications.

4 Conclusions

In this study, Co,Ni,@C composites with various Co/Ni atomic
ratios were successfully fabricated via a straightforward MOF-
derived strategy. The difference in work function between Co,Ni,
and C can induce a BIEF at the interface, which facilitates electron
migration and leads to spatial charge separation, thereby
enhancing dielectric loss through intense nanoscale interfacial
polarization relaxation. Additionally, the highly dispersed CoNi
nanoparticles within the nanorods strengthened the magnetic
response and significantly contributed to magnetic loss. Owing to
its rational 1D hierarchical nanorod architecture and synergistic
electromagnetic attenuation, Co,Ni@C exhibited superior EMW
absorption performance, with an EAB of 49 GHz at 1.75 mm.
Furthermore, by implementing a cross-scale structural design, a
GHCS incorporating Co,Ni@C realizes effective EMW absorption
across 2-40 GHz at a total thickness of 15 mm. This work not
only clarifies the role of the Co/Ni atomic ratio in regulating the
EMW absorption performance of MOF-derived Co,Ni,@C
composites but also provides direct guidance for the cross-scale

https://doi.org/10.26599/JAC.2025.9221224

structural engineering of EMW absorption powders for practical
applications.
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