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Abstract: Carbonaceous materials derived from metal-organic frameworks (MOFs) have attracted significant attention
as potential electromagnetic wave absorbers due to their tunable structures, high porosity, and large specific surface
areas. In this study, a facile strategy was developed to control the morphology of NicFei.<-MOFs by adjusting the Ni/Fe
molar ratio in the precursors. Specifically, a near-octahedral NixFe1.<-MOF structure was successfully synthesized at a
Ni/Fe molar ratio of 0.5:0.5. Following pyrolysis at 600°C in a nitrogen atmosphere, porous NixFeix@C composites
were obtained. The NigsFeos@C composite exhibited significantly enhanced microwave absorption performance. At a
matching thickness of 1.94 mm, the maximum reflection loss (RL) reached -81.35 dB at 13.8 GHz, with a
corresponding effective absorption bandwidth (EAB, RL < -10 dB) of 5.3 GHz (ranging from 11.7 to 17.0 GHz). The
superior microwave absorption properties are attributed to the improved impedance matching, multiple polarization
relaxations, and conduction losses facilitated by the unique octahedral structure. This research provides a novel
approach for the fabrication of high-performance electromagnetic wave absorbing materials through the compositional
regulation of bimetallic MOF precursors.
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1 INTRODUCTION

Over the past few decades, the continuous advancement of information technology and the ubiquitous use of electronic
devices have led to severe electromagnetic pollution [1-5]. Microwave absorption (MA) materials are capable of
absorbing and attenuating unwanted electromagnetic waves by converting them into heat energy that is then dissipated.
Consequently, there is an ever-increasing demand for high-performance microwave absorbing materials. To satisfy the
spatial constraints of practical applications and achieve effective electromagnetic wave absorption across various
electronic platforms, materials characterized by thin thickness and strong absorption capacity have emerged as a
primary research focus [6-8].

Metal-organic frameworks (MOFs), composed of metal ions and organic ligands, are considered among the most
promising candidates for electromagnetic wave (EMW) absorption materials due to their tunable structures, high
porosity, and large specific surface areas [9-14]. Benefiting from these advantages, MOF-derived EMW absorption
materials exhibit excellent electrical conductivity, favorable magnetic properties, and abundant interfacial defects,
which contribute to optimized impedance matching and enhanced electromagnetic loss [15-19]. Generally, MOFs can
be categorized into monometallic and bimetallic MOFs based on their metallic composition. Compared with
monometallic MOFs, bimetallic MOFs offer greater flexibility and effectiveness in modulating their morphology and
resultant magnetic properties by varying the metal molar ratios. This tunability and the synergistic effect of multiple
loss mechanisms provide significant potential for tailoring electromagnetic parameters to achieve superior impedance
matching and high EMW attenuation, thereby enhancing microwave absorption performance [20-22]. For instance,
Wang et al. synthesized CoFe-MOF nanocomposites with diverse structures by adjusting the Co/Fe molar ratio [23].
The integration of multicomponents, abundant defects, and unique crystalline structures significantly improved their
performance, demonstrating the vast potential of bimetallic MOF derivatives in the field of EMW absorption [24].
Herein, we report a facile approach to control the morphology of porous NiFei.«@C composites by simply adjusting
the Ni/Fe molar ratio in the NixFeix-MOF precursors. Following pyrolysis at 600°C in a nitrogen atmosphere, the
resulting NixFeix@C composites were obtained. Notably, the composite with a Ni/Fe molar ratio of 0.5:0.5 exhibited
significantly enhanced comprehensive microwave absorption performance, which is primarily attributed to the
optimized impedance matching and superior attenuation capacity facilitated by its unique structure. This work
undoubtedly provides a valuable reference for the design and fabrication of novel electromagnetic wave absorbing
materials.

2 EXPERIMENTAL

2.1 Materials
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Nickel nitrate hexahydrate (Ni(NOs)2:6H20), ferric nitrate nonahydrate (Fe(NOs);-9H.0), DMF, and HsBTC were
purchased from Shanghai Aladdin Bio-Chem Technology Co. Ltd. All chemicals were used as received without further
purification.

2.2 Preparation of NiFe-MOF

NixFe1x-MOF were synthesized via a solvothermal method. To investigate the influence of different Ni/Fe ratios on the
structure and morphology of the MOFs, the molar ratios of Ni to Fe in the initial salt solutions were set at
0.2:0.8(x=0.2), 0.4:0.6(x=0.4), 0.5:0.5(x=0.5), 0.6:0.4(x=0.6), and 0.8:0.2(x=0.8). The detailed procedure is as follows:
First, specified molar amounts of Ni(NOs).:6H-0, Fe(NOs);-9H-0, and 210 mg of H;BTC were dissolved in 30 mL of
DMF and stirred for 30 min to obtain a homogeneous solution. The resulting mixture was then transferred into a
Teflon-lined stainless steel autoclave and placed in an electric thermostatic drying oven. After being maintained at 170
°C for 24 h, the product was washed three times with absolute ethanol and dried in a vacuum oven at 60 °C for 12 h to
yield the NixFeix-MOF.

2.3 Preparation of NixFe1x@C composites

To transform the NixFe1.x-MOF precursors into NixFe1.x@C composites, the dried precursors were heated to 600 °C at a
heating rate of 2 °C/min and maintained for 2 h under a nitrogen atmosphere. The resulting black powder derivatives of
NixFe1x-MOF(x=0.2, 0.4, 0.5, 0.6, and 0.8) were obtained and denoted as Nig2Feos@C, NipsFeos@C, NigsFeos@C,
Nio.sFeo4@C, and NigsFeo2@C, respectively.

2.4 Characterization

The morphology of the samples was observed using a field-emission scanning electron microscope (FESEM) equipped
with an energy-dispersive X-ray spectrometer (EDS). The phase structures of the NicFe.x@C composites were analyzed
by X-ray diffraction (XRD) using Cu Ko radiation in the 26 range of 30-100° and Raman spectroscopy. The elemental
distribution and chemical valence states of the resulting products were investigated via X-ray photoelectron
spectroscopy (XPS). The electromagnetic parameters of the NixFei«@C composites were measured using a vector
network analyzer (VNA) via the coaxial method. The reflection loss (RL) of the samples was calculated based on the
transmission line theory [25-26]:
0
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where Zo and Zi, represent the characteristic impedance of free space and the input impedance of the absorber,
respectively.

3 RESULT AND DISCUSSION

In this study, NixFeix-MOFs with various structures and their corresponding NixFe: x@C composites were controllably
synthesized by simply adjusting the Ni/Fe molar ratio. The micromorphologies of the NixFe1x-MOF and NixFe1x«@C
samples were characterized using SEM. Figures 1(a—e) present the SEM images of the NixFei1.<-MOF before annealing,
corresponding to Nio2Feos-MOF, NigsFeos-MOF, NigsFeos-MOF, NiosFeos-MOF, and NiosFeo2-MOF, respectively.
Figures 2(f—j) show the results for the corresponding NiFeix@C composites. As observed, the particles exhibit
irregular spherical shapes at high Fe content. With the decrease in Fe content, the morphology evolves into polyhedral
structures, followed by near-octahedral structures, and finally transitions into complex polyhedral structures, and at the
same time, the particle size also decreases. Specifically, Nig2Feos-MOF and Nig4Feos-MOF displays a polyhedral
structure with a size of approximately 15 pm and 10 pm. Samples NiosFeos-MOF and NigsFeos-MOF exhibit
octahedral structures, with average sizes of approximately 7 um and 5 pm, respectively. NiosFeo2-MOF shows a
complex polyhedral structure with a smaller particle size of about 1.5 um. After annealing, the particle morphology
remains largely unchanged, although the surfaces become noticeably rougher due to the formation of crystalline grains
during the high-temperature heat treatment. Figure 2 displays the SEM elemental mapping results for the Nig.sFeos@C
sample, confirming the uniform distribution of Ni, Fe, and C elements within the composite.
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Figure 1 The SEM Images of (a-¢) Correspond to Nio2Feos-MOF, Nig4Feos-MOF, Nig sFeos-MOF, NigsFeos-MOF | and
Nio.sFeo2-MOF, (f-)) correspond to Nio.2Feos@C, Nio.aFeos@C, Nio.sFeos@C, Nio.sFeos@C, and NiosFeo2@C
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Figure 2 The Elemental Mapping Image of the NiosFeos@C

The phase structures of the samples were analyzed using XRD. Figure 3(a) displays the XRD patterns of the
NixFe1x@C composites (x = 0.2, 0.4, 0.5, 0.6, and 0.8). Three distinct diffraction peaks are observed at 20 values of
43.8°, 51.2°, and 75.3°, which correspond to the (111), (200), and (220) crystal planes of the NiFe alloy (JCPDS No.
12-0736), respectively. Furthermore, the relative intensities of these diffraction peaks are consistent with the standard
card. These results indicate that the NiFe alloy composites were successfully obtained following the pyrolysis of the
NixFe1x-MOF precursors. Notably, a slight shift of the diffraction peaks toward higher angles is observed with
increasing Ni content. This shift suggests the occurrence of lattice distortion and a decrease in the interplanar spacing,
which can be attributed to the smaller atomic radius of Ni compared to that of Fe.
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Raman shifttem™')

Figure 3 (a)XRD Pattern of NixFeix@C Composites, (b)Raman Spectra of NiFe;x@C Composites

MOF derivatives possess a carbon skeleton structure similar to that of carbon-based materials. Their microwave
absorption capacity is closely related to the characteristic structure of carbon, which can be analyzed via Raman
spectroscopy[27]. As shown in Figure 3(b), all samples exhibit two distinct peaks in the range of 10002000 cm™: a
broad peak at approximately 1350 cm™ (D-band) and a relatively sharp peak at approximately 1590 cm™ (G-band).
Generally, the D-band represents the vibration of sp® atoms in disordered graphite, while the G-band corresponds to the
in-plane vibration of sp? atoms in a two-dimensional hexagonal lattice. The Ip / I intensity ratio indicates the degree of
graphitization of the material. The Ip / Ig values for Nig2Feos@C, Nig4Feos@C, NiosFeos@C, NiosFeos@C and
Nio.sFeo@C are 0.94, 1.05, 0.972, 0.89, and 1.06, respectively. It can be inferred that the carbon skeleton gradually
transforms from amorphous carbon to graphitic crystals during the sintering process. The enhanced Ip/ I ratios suggest
the presence of defects and disordered carbon. These carbon defects, induced by doping, contribute to microwave
absorption through defect polarization. Furthermore, the results indicate that all samples exhibit a favorable degree of
graphitization, containing sufficient graphitic carbon to facilitate electron transport. This characteristic enhances the
conduction loss capacity of the microwave absorbing materials, thereby improving their overall microwave absorption
performance.

The surface chemical states of the NigsFeos@C material were investigated using XPS. The survey spectrum in Figure
4(a) confirms the presence of C, N, O, Ni, and Fe elements. The sample primarily consists of Ni, Fe, and C. The N
element originates from surface-adsorbed nitrogen, while the O element is attributed to adsorbed oxygen, carbon
dioxide, or the natural oxidation of the metal surface. Figure 4(b) presents the high-resolution C 1s spectrum and its
deconvolution results, revealing the presence of C=0 (285.95 ¢V) and C—C/C=C (283.59 ¢V) bonds. The dominance of
C—C/C=C bonds is consistent with previous reports [28], along with some adsorbed carbon oxides on the surface. In the
Fe 2p spectrum (Figure 4(c)), the peak at 706.5 eV represents metallic Fe (Fe°), the peak at 710.7 eV represents
oxidized Fe on the surface, while the remaining peaks correspond to Fe 2pi. or satellite peaks. Similarly, the Ni 2p
spectrum (Figure 4(d)) shows a peak at 851.89 eV corresponding to metallic Ni (Ni°), with the other peaks attributed to
Ni?*, likely resulting from surface oxidation in air. These findings are in good agreement with the XRD results,
confirming that the obtained samples are NiFe alloys. Combined with the carbon analysis, these results demonstrate the
successful synthesis of the NixFe1 x@C composite.
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Figure 4 XPS Spectra of Nig.sFeos@C

The microwave absorption capacity of the NixFe1 x@C composites was evaluated by calculating the reflection loss
(RL) values based on the transmission line theory. The RL values were determined according to Equation (1). Figures
5(a—e) illustrate the microwave absorption results for samples Nio2Feos@C, NiosFeos@C, NiosFeos@C, NiosFeos@C,
and NiosFeo2@C, respectively. For each sample, the results are presented as three-dimensional (3D) RL surfaces,
two-dimensional (2D) RL contour maps, and RL curves. Notably, the NigsFeos@C composite exhibited a maximum RL
value of -81.35 dB at 13.8 GHz with a matching thickness of 1.94 mm, and the corresponding effective absorption
bandwidth (EAB, RL < -10 dB) reached 5.3 GHz (11.7-17.0 GHz). For the NogFeo2@C sample, a maximum RL of
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-50.2 dB was achieved at 14.2 GHz with a thickness of 2.0 mm, yielding an EAB of 5.3 GHz (12.7-18.0 GHz). In
contrast, the other samples did not exhibit significant microwave absorption capabilities.
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Figure 5 Digital (1)3D RL curves, (2) 2D contour maps and (3) RL-d curves of (a)Nio.2Feos@C, (b)Nig4Feos@C,
(¢)Nig sFeos@C, (d)NiocFeos@C, and (e)NigsFeo@C

Figures 6(a), (b), and (c) present the results for the complex permittivity, complex permeability, and loss tangents of the
samples. The frequency-dependent trends of the real part (¢') and imaginary part (¢”) of the permittivity are shown in
Figures 6(a) and 6(b). Overall, both &' and &" values exhibit a gradual decline with increasing frequency, which is
consistent with the frequency-dependent dielectric dispersion behavior [29-30]. The ¢’ values for NixFe: x@C (x = 0.2,
0.4, 0.5, 0.6, 0.8) range from 58.8-17.2, 18.4-10.5, 12.8-6.8, 17.0-8.3, and 11.4-7.1, respectively. This downward
trend indicates that dipoles struggle to respond rapidly to the alternating electric field at higher frequencies, leading to a
decrease in permittivity. Minor fluctuations observed in the &’ and &” curves reflect heterogeneous polarization effects
caused by local inhomogeneities within the material. In the 12—-18 GHz range, multiple resonance peaks appear in the
dielectric loss tangent (tandc) curves for all samples. These peaks are primarily attributed to the synergistic effects of the
carbon layers, alloy particles, and multiple interfaces, which enhance interfacial polarization, conduction loss, and
dipole polarization. Notably, the dielectric loss of NigsFeos@C is significantly higher than that of the other samples.

Figures 6(d) and 6(e) illustrate the variations in the real part (i) and imaginary part (") of the permeability. Due to the
ferromagnetic characteristics of NixFe1.x@C, both p’ and p” exhibit fluctuating trends within the 2—18 GHz range. The
p' values for NixFer x@C (x = 0.2, 0.4, 0.5, 0.6, 0.8) range from 1.23-1.22, 1.40-1.08, 1.41-1.27, 1.43—-1.00, and
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1.43-0.97, respectively. As a magnetic material, NiFe generates magnetic loss under the influence of electromagnetic
waves.
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Figure 6 Electromagnetic Parameters of the NiFei«@C Composites: €'(a), £"(b), tande(c), p'(d), n"(e) and tandu(f)

The p' values exhibit a trend of initially decreasing and then increasing with frequency, with distinct resonance peaks
observed around 11 GHz and 16 GHz. This indicates that both natural resonance and exchange resonance contribute to
the magnetic loss mechanism. The p” values of the five samples show minimal differences, with the magnetic loss
capacity following the order: NipgFeo2@C > NigecFeo4@C > Nig2Feos@C > NigsFeos@C =~ NigsFeos@C. Notably,
negative 1" values are observed for some samples, a phenomenon commonly reported in highly conductive materials.
These negative values primarily reflect eddy current losses and magnetic resonance effects, serving as a manifestation
of magnetic loss. The underlying mechanism involves induced currents within the material generating a reverse
magnetic field that partially offsets the external field, resulting in a negative effective permeability [31]. Figures 6(c)
and 6(f) depict the frequency dependence of tand. and tand,, respectively. For all samples, the tand. values are
significantly higher than the tand, values, indicating that microwave absorption is predominantly governed by dielectric
loss [32-33]. This is mainly attributed to the introduction of multiple interfaces, which significantly enhances
conduction loss, dipole polarization, and interfacial polarization. Furthermore, the dielectric loss becomes more
prominent in the high-frequency range, confirming the role of multiple interfaces in promoting high-frequency
polarization. The appearance of negative magnetic loss tangent values at high frequencies may be due to the eddy
current effect induced by the external electromagnetic field, leading to an increase in magnetic energy. According to the
law of conservation of energy, an increase in magnetic energy must be accompanied by a decrease in electric field
energy, implying an enhancement of dielectric loss in this frequency band. This is consistent with the previous analysis
of permittivity and permeability. The samples exhibit significantly higher tand. values, which is closely related to their
abundant multi-interface structures that induce strong conduction loss and polarization effects, demonstrating superior
dielectric loss performance.

Generally, Debye relaxation can be represented by Cole—Cole semicircles, which explain the dielectric behavior of
samples across different frequencies [34]. According to Debye theory, the relative complex permittivity (e) can be

derived as follows: ) 2
(55 705 ®

To investigate the polarization loss mechanisms, the Cole—Cole plots of the NixFei1.x@C composites are presented in
Figure 7, where each semicircle corresponds to a Debye polarization relaxation process. All five samples exhibit
multiple irregular semicircles, indicating the occurrence of multiple polarization relaxation processes and diverse
dielectric loss mechanisms. The charge accumulation at the heterogeneous interfaces between the NiFe particles and the
carbon matrix likely leads to interfacial polarization. Furthermore, oxygen-containing functional groups in the carbon
material (e.g., C=O and C-O) can serve as polarization centers to induce dipole polarization. The straight lines observed
at the end of the Cole—Cole plots for all five samples indicate that conduction loss also contributes to the
electromagnetic wave attenuation. Specifically, the NiFe nanoparticles, as metallic components, possess inherent
electrical conductivity that manifests as conduction loss. Additionally, the micro-conductive networks within the carbon
framework further contribute to the overall conduction loss.
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Figure 7 Cole-Cole Semicircles of P1 (a)Nig2Feos@C, (b)Nio4Feo.s@C, (¢)Nio.sFeos@C, (d)NiosFeos@C, and
(¢)NiosFeo@C

Impedance matching determines the absorption capacity of microwave absorbing materials for electromagnetic waves.
The evaluation of the electromagnetic impedance matching degree is expressed by Equation (3) [35]:

A = sinh2(  )-— 3)
Where K and M are determined by the complex permittivity (e:) and complex permeability («). A smaller |A| value
(especially a larger area satisfying |A| < 0.4) indicates better impedance matching of the material. According to this
criterion, when the |A| value is significantly greater than zero, the electromagnetic wave absorption performance will
decrease markedly. Figures 8(a)—(e) illustrate the impedance matching degrees of the five samples under various
frequency and thickness conditions. It can be observed that for Nio2Feos@C, NiosFeos@C, and NiosFeos@C, the |A|
values are significantly greater than 0.4 over most of the range, indicating unsatisfactory impedance matching, which is
consistent with their low reflection loss. In contrast, Nig.sFeo s@C and NiogFeo2@C exhibit larger areas where |A| < 0.4.
Specifically, NiosFeos@C shows favorable impedance matching in the thickness range of 1.5-3 mm and frequency
range of 5-18 GHz, which is in good agreement with its microwave absorption results. Additionally, NigsFeo@C
demonstrates good impedance matching in the thickness range of 1-4 mm and frequency range of 5-12 GHz. These
findings align with the microwave absorption results, where Nio.sFo.s@C achieves the strongest absorption at 13.8 GHz
with a thickness of 1.94 mm, and NiosFeo2@C shows the strongest absorption near 11 GHz with a thickness of 2.5 mm.
This indicates that impedance matching plays a dominant role in the microwave absorption of these samples.
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Figure 8 The Impedance Matching Degree Diagram of the Composite Material, (a)Nio.2Feos@C, (b)Nig.4Feos@C,
(¢)NigsFeos@C, (d)Nio.cFeos@C, and (¢)NigsFeo@C
Furthermore, according to electromagnetic wave transmission theory, the attenuation constant (o) is commonly
employed to characterize the electromagnetic loss per unit length of electromagnetic waves within a material [36],
which can be expressed by Equation (4):

=—j( — e ey @

Where  represents the frequency and ¢ denotes the speed of light. A higher attenuation constant value indicates a
stronger attenuation capability of the material for electromagnetic waves. Figure 9 displays the frequency-dependent
attenuation constant curves for the samples. It can be observed that all samples exhibit relatively high attenuation
constant values, suggesting strong electromagnetic wave dissipation capabilities. Furthermore, the attenuation constant
increases with frequency, indicating enhanced loss capacity in the high-frequency range. Within the 2—18 GHz range,
the attenuation capacity of the five samples follows the order:
Nig.2Feos@C>Nio.4Feo.s@C>Nio.sFeos@C >Nio.sFeos@C >NiosFeo2@C. Notably, although the NigsFeos@C composite
exhibits the best microwave absorption performance, its attenuation constant is relatively small. This is primarily
because NigsFeos@C possesses the optimal impedance matching in the high-frequency range. In contrast, while
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Nio.sFeo4@C and Nig4Feos@C have larger attenuation constants, their poor impedance matching prevents them from
achieving superior microwave absorption performance. This underscores the critical role of impedance matching in this
system. The optimal microwave absorption performance of a sample is the result of the synergistic effect between
impedance matching and attenuation loss.
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Figure 9 The Attenuation Constant of the NiyFe:«@C Composites

4 CONCLUSION

In summary, the Ni\Fe:«@C composites with diverse morphologies were successfully fabricated from NixFei.<-MOF
precursors by simply adjusting the Ni/Fe molar ratios (0.2:0.8, 0.4:0.6, 0.5:0.5, 0.6:0.4, and 0.8:0.2). Among the
obtained NiFei«@C composites, the octahedral NipsFeos@C structure exhibited superior microwave absorption
performance in terms of both maximum reflection loss intensity and the corresponding effective absorption bandwidth
(EAB). Specifically, the composite achieved a minimum reflection loss (RLmin) of -81.35 dB and an EAB (RL < -10
dB) of 5.3 GHz. The optimal microwave absorption performance of the sample is the result of the synergistic effect
between impedance matching and attenuation loss. Both the optimized composition and the porous hollow structure
contributed to these exceptional microwave absorption properties. Consequently, the as-prepared NiFei~@C
composites hold great promise for practical applications in the field of microwave absorbing materials.
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