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Abstract
The rapid development of information technology has given rise to an urgent demand for
high-efficiency  electromagnetic  wave  absorbing  materials.  It  is  a  challenge  for  wave-
absorbing materials that address the electro-magnetic synergistic effect to develop high-
efficiency  electromagnetic  wave  (EMW)  materials  that  can  not  only  reduce  the
electromagnetic interference generated by electronic devices in daily use but also exhibit a
certain degree of stealth in the military field. To study and prepare high-efficiency EMW
materials,  this  paper  uses  the  solvothermal  method  to  prepare  NiCo-HHTP,  and
systematically  investigates  their  electromagnetic  wave  absorption  performance  and
absorption mechanism. The research shows that the composite material NCH1 obtained in
this  experiment  achieves  a  minimum  reflection  loss  (RLmin)  value  of  -56.99  dB  and  an

effective  absorption  bandwidth  of  6.51  GHz  at  a  relatively  thin  matching  thickness  of
2.9 mm. The polarization effect  endows it  with good conductive loss,  and the magnetic
central metal gives it a certain degree of magnetic loss. The synergistic effect of dielectric
loss  and  magnetic  loss  makes  the  material  exhibit  a  good  wave-absorbing  effect.  This
simple and efficient preparation method provides a new strategy for the preparation and
                                                                                         application of metal-organic framework materials in EMW absorption.
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INTRODUCTION
With the advancement of the information age, electronic devices and information technology have

experienced rapid development, leading to an increasing prevalence of electromagnetic (EM) pollution

issues
[1-3]

. On the one hand, electromagnetic waves (EMW) are steadily eroding human health and posing a

potential threat to the safety of our living environment
[4-6]

, The harm of EMW to the human body primarily

depends on its frequency and intensity
[2]

. On the other hand, in the military domain, electromagnetic

interference can disrupt the normal operation of radar systems and communication equipment
[7]

. Traditional

electromagnetic wave absorbers include magnetic materials such as ferrites
[8]

 and magnetic metals
[9]

, carbon-

based materials like graphene
[10]

 and carbon nanotubes
[11]

, ceramics
[12]

, as well as conductive polymers and

their composites. However, their application scope is limited by shortcomings such as restricted absorption

bandwidth, weak energy dissipation, and difficulty in precise tuning
[13]

.

MOFs and their derivatives have the advantages of high specific surface area, porous structure, and precise

controllability of components and morphology, making them a core research direction for lightweight,

broadband, and high-loss wave-absorbing materials. Geng et al.
[14]

 reported the introduction of ZIF-67

nanoparticles into a polysilazane precursor via a physical mixing method, followed by high-temperature

pyrolysis to synthesise silicon-containing polymer-derived Si-C-N ceramics (Co-SiCN). The results indicate

that the incorporation of ZIF-67 promotes the formation of dielectric loss phases such as SiC nanocrystals,

CoSi nanocrystals, and free carbon, resulting in a maximum effective absorption bandwidth of 3.0 GHz at an

ultra-low thickness of 1.05 mm, with a minimum reflection loss of -46.4 dB at a low frequency of 6 GHz. Xu

and colleagues
[15]

 reported a polymer-based EVA-Fe
3
O

4
-GO (EFG) aerogel, prepared using a direct heating

cross-linking process and pore modulation engineering. The synergistic combination of Fe
3
O

4
 nanoparticles

and GO sheets enhanced the magnetic medium loss, while the porous structure promoted multiple

microwave scattering. The material exhibited a minimum reflection loss (RL
min

) of -34.3 dB at 2.0 mm and an

effective absorption bandwidth (EAB) of 4.56 GHz in the high-frequency range. Ma et al.
[16]

 introduced

heteroatoms (N and S) co-doped graphene (N, through the co-doping of nitrogen and sulfur, graphene is

endowed with abundant defects and disordered sites, which effectively enhances interfacial polarization and

dipole polarization, that is, effectively enhances the dielectric loss of the material. The RL
min

 of the composite

material reaches -47.7 dB at EAB 4.24 GHz. This demonstrates the broad range of applications of MOF in the

field of wave-absorbing materials.

Conductive metal-organic frameworks (cMOFs) possess the characteristics of MOFs, including a high

surface area, a porous structure, high density of active sites, and adjustable formulation. In addition, due 

to their unique π-π conjugated structure, they exhibit excellent electrical conductivity and adjustable 

central metals (which can adjust the magnetic loss constant to achieve the effect of electrical-magnetic 

balance)
[17,18]

. These characteristics suggest that cMOFs have broad application prospects in the field of 

electromagnetic wave absorbing materials. In recent years, a series of representative monometallic MOFs 

research systems have been extensively studied. For example, Shan et al.
[19]

 (2022) systematically 

investigated their electromagnetic wave absorption performance and absorption mechanisms by 

constructing monometallic M3(HHTP)2 MOFs of Cu, Zn and Ni; Zhang et al.
[20]

 (2023) synthesized 

rod-shaped conductive MOFs (cMOFs) composed of tunable metal ions such as Zn, Cu, Co or Ni and 

hexahydroxytriphenylene (HHTP) ligands to obtain adjustable dielectric properties and thereby realize 

electromagnetic wave absorption. Although these single-metal MOFs have laid a foundation for 

material design, a single component cannot simultaneously meet the comprehensive requirements of 

strong absorption, broadband performance and light weight. To balance the attenuation effects of 

dielectric loss and magnetic loss, the bimetallic modulation
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strategy is widely applied in the research and development of metal-organic framework microwave absorbing

materials. For example, Chen et al.
[21]

 constructed a series of pristine MOFs with precise and controllable

electrical conductivity through a doping and alloying strategy, and synthesized the bimetallic

Cu
1.3

Ni
1.7

(HITP)
2
. The controllability is attributed to the changes in free carrier concentration and subtle

differences in interlayer displacement or spacing, both of which originate from the atomic tuning of

heterogeneous metals. Zhang et al.
[22]

 synthesized bimetallic NiCu-HHTP cMOFs with precisely controllable

interlayer spacing. The coexisting structure of nickel ions and copper ions can fine-tune charge transport,

electronic band structure and dielectric properties. Therefore, the bimetallic HHTP structure can achieve

stronger electromagnetic wave attenuation capability and a wider effective absorption bandwidth, providing

a feasible design strategy for the research and development of high-performance conductive metal-organic

framework electromagnetic wave absorbing materials.

In this paper, NiCo-HHTP was prepared by the solvothermal method using HHTP as the ligand. Conductive

MOFs have received little attention from researchers in the domain of electromagnetic wave absorption.

Starting from the composition and morphology, HHTP is selected as the ligand. By changing the proportion

of the central metal, the morphology and structure of the material are regulated, and the magnetic loss

constant is changed to form a dielectric loss and magnetic loss. The complementary/synergistic effect of loss

has been demonstrated to optimise the impedance matching of the material, thereby ensuring the material

achieves a satisfactory electromagnetic synergistic effect
[19]

. The composite material NCH1 prepared in this

experiment achieved a RL
min

 value of -56.99 dB and an EAB of 6.51 GHz at a matching thickness of 2.9 mm.

cMOFs materials can simultaneously achieve the synergistic effect of multiple loss mechanisms such as

conduction loss, dielectric loss, magnetic loss, and interfacial polarization. In-depth study of its

electromagnetic response laws helps to reveal the contributions of heterogeneous interfaces, defects, and

dielectric losses to electromagnetic wave attenuation, and provides theoretical support for the mechanism

research of a new generation of high-performance wave-absorbing materials.

EXPERIMENTAL
Experimental materials and preparation methods

The chemical reagents used in this study, including hexahydroxytriphenylene (HHTP), cobalt(II) acetate

tetrahydrate [Co(CH
3
COO)

2
·4H

2
O], nickel(II) acetate tetrahydrate [Ni(CH

3
COO)

2
·4H

2
O], isopropanol

(IPA), and anhydrous ethanol, were all purchased from Aladdin Reagent Co., Ltd. (Aladdin, Shanghai,

China). The chemicals utilised in this study were all commercially available and employed without further

purification.

Preparation method of M-HHTP (M = Ni, Co)

Dissolve 0.5 mmol of HHTP in 12 mL of isopropanol, then centrifuge and stir at 80 revolutions per minute at

room temperature for 20 min. Dissolve 0.7 mmol of acetate in 15 mL of deionized water and stir at 60

revolutions per minute for 10 min at room temperature. Then slowly add the acetate aqueous solution to the

isopropanol dispersion containing HHTP and stir at 80 revolutions per minute at room temperature for

20 min to ensure thorough mixing of the two solutions. Subsequently, react in a reactor at 80 °C for 20 h.

Subsequent to cooling to ambient temperature, collection of the precipitate by centrifugation should be

undertaken, along with thorough washing with deionised water and ethanol. The final stage of the process is

to dry the product in a vacuum oven at 60 °C for 15 h, which will result in the target product being obtained.

Under a fixed ligand HHTP concentration of 0.5 mmol, five M-HHTPs were synthesised by altering the

acetate ratio: when Ni
2+

:Co
2+

 = 1:0, it was designated as NH; when Ni
2+

:Co
2+

 = 0:1, as CH; when Ni
2+

:Co
2+

 =

1:3, as NCH1; when Ni
2+

:Co
2+

 = 3:1, as NCH2; and when Ni
2+

:Co
2+

 = 1:1, as NCH3.
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Characterisation

The microscopic morphology and elemental distribution of the samples were observed by scanning electron

microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX). Powder X-ray diffraction

(PXRD) was used to analyze the crystal structure and chemical bonding characteristics of the as-prepared

materials.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface elemental composition and

chemical valence states. During data collection, the pass energy was set to 20 eV, and the energy resolution

was maintained at 0.05 eV. All binding energies were calibrated using the C 1s peak at 284.8 eV as the

reference standard. The Shirley background was adopted for background subtraction. All XPS spectra were

fitted and deconvoluted using standard Doniach-Sunjic functions to achieve quantitative analysis. The real

and imaginary parts of dielectric loss and magnetic loss of composite materials were measured by using a

Vector Network Analyzer (VNA, KeysightN5225B, USA).

RESULTS AND DISCUSSION
The flow chart for the synthesis of M-HHTP (M = Ni, Co) coordinated metal-organic framework materials

by the solvothermal method in this study is shown in Figure 1A. In the solvothermal synthesis reaction,

metal ions coordinate with the oxygen atoms on the HHTP ligand to form parallel structural units, and after

crystal growth, the target M-HHTP cMOFs are formed
[19,23,24]

. From Figure 1B-G, it can be observed that

there are rod-like structures and irregular crystals growing on the surface of these rod-like structures in the

samples, and the rods and crystals in the images are clearly visible. Figure 1H-K and 1L-O show the energy

dispersive X-ray spectroscopy (EDS) images of materials NCH1 and NCH3, and energy spectrum analysis of

O, Co, and Ni elements was performed on samples NCH1 and NCH3, Confirming the existence of O, Co,

and Ni elements in the materials. The distribution of the three elements can be observed in Figure 1K and O.

The crystallinity of cMOF can be further analysed by scanning M-HHTP using X-ray diffraction (PXRD). As

can be seen in Figure 2A, the diffraction patterns at 2θ = 9.22° and 13.94° correspond to the (200) and (210)

crystal planes of Co-HHTP, confirming the successful synthesis of M-HHTP
[25]

. The XRD pattern of Ni-

HHTP shows clear diffraction peaks at 9.22°, 13.94°, 16.1°, 21.3°, and 26.8°, which correspond to the (200),

(210), (220), (221), and (004) crystal planes of Ni-HHTP
[19,22]

. It indicates that NCH1, NCH2 and NCH3

mainly maintain the crystal structure of Ni-HHTP. Only trace amounts of Co
3
O

4
 exist in the composite,

which cannot be clearly observed in XRD patterns but leads to the obvious fluctuations of electromagnetic

parameters of NCH2 as shown in Figure 2A. At the same time, characteristic peaks corresponding to metallic

Ni, Co, or Ni-containing and Co-containing compounds were detected, indicating the samples have been

synthesized successfully
[26]

. The elemental composition, chemical bonds, and chemical states of M-HHTP

were examined by XPS. Figure 2B shows that the NCH1 sample exhibits peaks characteristic of C 1s, O 1s, Ni

2p and Co 2p, when taking NCH1 as an example. Figure 2C-F present the XPS spectra of sample NCH1,

from which it can be seen that various diffraction peaks of C, O, Ni and Co exist in the bimetallic NCH1,

confirming the presence of these elements. The C 1s XPS spectrum of sample NCH1 shows three peaks at

284.8, 286 and 288.5 eV, which correspond to C–C sp
3
, C–O and O=C–O bonds, respectively

[27]
. The

C–C/C=C sp
3
 peaks are a result of the π-π conjugated benzene ring

[28,29]
. The O 1s XPS measurement displays

two characteristic peaks, with the maximum peaks at 531.5 and 533.2 eV, respectively, correlating to the C–O

and O=C–O groups
[30,31]

. Four characteristic peaks are observed in the Ni 2p XPS measurement spectrum.

The absorption peaks observed at 853.7 and 873 eV are attributed to Ni 2p
3/2

 and Ni 2p
1/2

, indicating the

presence of nickel in the compound. The peaks detected at 858 and 879 eV are consistent with the satellite

peaks of Ni 2p
3/2

 and Ni 2p
1/2

, respectively
[32,33]

. The XPS spectroscopic analysis of Co 2p reveals the presence

of five discernible peaks. The peaks at 778.2, 782 and 797.32 eV correspond to Co 2p
3/2

, Co-O and Co 2p
1/2

,

respectively. The observed peaks at 785.7 and 803 eV correspond to the satellite peaks that have been

                                                                                          previously identified.
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Figure 1. (A) shows a flow chart of how to prepare M-HHTP; (B-D) are the 100 nm SEM images of NCH1, NCH2 and NCH3, respectively;
(E-G) are the 200 nm SEM images of NH, CH and NCH1, respectively; (H-K) are the EDS scans of O, Ni, Co and the three components in
the material NCH1, respectively, and (L-O) are the EDS scans of O, Ni, Co and the three components in the material NCH3, respectively.
HHTP: Hexahydroxytriphenylene; M-HHTP: metal-hexahydroxytriphenylene (M = Ni, Co); SEM: scanning electron microscopy; NCH1:
nickel-cobalt hybrid material (Ni2+:Co2+ = 1:3); NCH2: nickel-cobalt hybrid material (Ni2+:Co2+ = 3:1); NCH3: nickel-cobalt hybrid material
(Ni2+:Co2+ = 1:1); EDS: energy dispersive X-ray spectroscopy; IPA: isopropanol; NH: nickel-only material; CH: cobalt-only material.

In accordance with the transmission line theory, the reflection loss (RL) parameters of the samples were

calculated for the frequency band spanning 2 to 18 GHz, utilising the Equations (1) and (2)
[34-36]

. The

outcomes of this calculation are presented in Figure 3. The microwave absorbing performance of the
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Figure 2. (A) shows the comparison of XRD patterns for NH, CH, NCH1, NCH2 and NCH3 samples; (B-F) show the XPS spectra
measurements of C 1s, O 1s, Ni 2p and Co 2p for NCH1, respectively. XRD: X-ray diffraction; NH: nickel-only material; CH: cobalt-only
material; NCH1: nickel-cobalt hybrid material (Ni2+:Co2+ = 1:3); NCH2: nickel-cobalt hybrid material (Ni2+:Co2+ = 3:1); NCH3: nickel-cobalt
hybrid material (Ni2+:Co2+ = 1:1); XPS: X-ray photoelectron spectroscopy.

prepared material samples was evaluated through RL and EAB (the frequencies covered when RL

≤ -10 dB)
[37]

.

Here, Z
in
 is representative of the input impedance of the absorber, while Z0 denotes the impedance in free

space. The relative complex permittivity is denoted by ε
r
, the relative complex permeability by μ

r
, the variable

f is the frequency of the incident EMW, d is the thickness, and c is the propagation speed of EMW in free

space. Through the formula, we can understand the parameter relationships between Z
in
, Z0, εr

, μ
r
, f, d, and c.

Figure 3A1, B1 and C1 illustrate the 3D RL variation curves of the respective samples. At the given matching

thickness and frequency, the RL value of sample NCH3 is below the delineated contour line of -10 dB but

always above -20 dB, indicating that the EWA of the bimetallic ions in material NCH3 under this ratio is

insufficient. This makes the sample unable to effectively adjust the electromagnetic properties of the

composite material, thereby leading to impedance mismatch. When incident electromagnetic waves occur,

the presence of impedance mismatch leads to an increased number of reflections. This, in turn, reduces the

energy absorbed inside the material, ultimately resulting in a more negative value of RL (i.e., stronger

microwave absorption). As shown in Figure 3A1-A3 and B1-B3, when the thicknesses of samples NCH1 and

NCH2 are 2.9 mm and 2.68 mm respectively, the RL
min

 values are -56.99 and -55.11 dB; when their

thicknesses are 2.38 and 3.15 mm, the EAB reaches 6.51 and 6.16 GHz. This is due to the fact that, when

the ratio of the bimetallic ions is Ni
2+

:Co
2+

 = 1:3 and 3:1, composite material M-HHTP can effectively

adjust the dielectric constant parameters and magnetic permeability parameters (ε
r
 and μ

r
). This can

(1)

(2)

RL = 20 lg
���Zin −Z0
Zin +Z0

���
/in = /0

√
`A
YA

tanh
[
9

(
2c 5 3

2

) √
`AYA

]
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Figure 3. Analysis of the microwave absorption performance of M-HHTP; (A1-A3) are NCH1; (B1-B3) are NCH2; (C1-C3) are NCH3 3D
and 2D RL value diagrams. M-HHTP: Metal-hexahydroxytriphenylene (M = Ni, Co); NCH1: nickel-cobalt hybrid material (Ni2+:Co2+ = 1:3);
NCH2: nickel-cobalt hybrid material (Ni2+:Co2+ = 3:1); NCH3: nickel-cobalt hybrid material (Ni2+:Co2+ = 1:1); 3D: three-dimensional; 2D: two-
dimensional; RL: reflection loss; EABmax: maximum effective absorption bandwidth; RLmin: minimum reflection loss.

therefore optimise impedance matching, reduce electromagnetic wave reflection, and improve energy 

absorption. Concurrently, the synergistic effect of both dipole polarization and interfacial polarization 

enhances energy conduction loss and facilitates optimised electron transport pathways, thereby achieving 

a lower RL value. M-HHTP, with the requisite thickness, can be utilised to optimise the electromagnetic 

characteristics of the constituent materials through the processes of polarization and dipole 

polarization, which are generated at the heterogeneous interface. This enhancement of impedance 

matching is achieved through a synergistic effect with mechanisms such as magnetic loss, thereby 

constructing a multiple loss system that encompasses “dielectric loss”, “interface polarization”, and 

“magnetic loss”. This, in turn, results in a further reduction in the RL value.

Further studies were conducted on both the dielectric properties and magnetic permeability of sample M-

HHTP, with EWA performance tests being carried out at elevated frequencies ranging from 2 to 18 GHz.

Specifically, ε″ signifies the dissipative nature of the material under an applied electric field, whereas ε′
represents its inherent capacity for energy storage. The specific expressions of ε′ and ε″ are as follows

[38,39]
:

Here, ε
s
 represents the static dielectric constant, ε∞ represents the relative dielectric constant, and τ represents

the dielectric relaxation time. Dielectric loss is a form of manifestation of electromagnetic wave attenuation.

                                                                                          

(3)

(4)

Y′ = Y∞ + YB−Y∞
1+(2c 5 )2g2

Y′′ = 2c 5 g (YB−Y∞ )
1+(2c 5 )2g2
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Conduction loss and dielectric polarization are the decisive factors of dielectric loss. In the electromagnetic

wave frequency band, dielectric polarization includes interfacial polarization and dipole polarization. As

illustrated in Figure 4A and B, the dielectric constant of NCH3 remains approximately constant at

approximately 4 and 1.5 for the real and imaginary parts, respectively. In contrast, the real and imaginary

parts of the dielectric constant of samples NCH1 and NCH2 exhibit a decrease with increasing frequency.

The real part of the complex dielectric constant of NCH1 decreases from 8.5 to 5, and the imaginary part

decreases from 2.5 to 1.5. However, the real part of the dielectric constant of NCH2 declines with rising

frequency within the range of 2-14, and rises with increasing frequency within the range of 14-18. The

imaginary component of the dielectric constant increases with rising frequency, within the 10-13 range,

thereby signifying that polarization relaxation occurs within the samples at these specific frequencies. In

addition, the ε′ and ε″ values of NCH1 are greater than those of NCH2 and NCH3, indicating that NCH1 has

a higher ability to store and dissipate electric field energy than the other two bimetallic materials. In Figure

4C, it has been established that the dielectric loss tangent value of sample NCH1 is considerably higher than

those of the two other samples, thus indicating that the dielectric loss of NCH1 is more significant in relation

to that of the other samples. As shown in Figure 4D, NCH2 exhibits an obvious peak at approximately

10-14 GHz, with its μ′ rapidly rising to 1.45, indicating that the electromagnetic energy storage capacity of the

material is significantly enhanced at this frequency. In contrast, the μ′ of NCH1 displays a gentle fluctuation

within the range of 0.95-1.2 without the presence of discernible peaks, suggesting that its magnetic energy

storage capacity remains relatively stable as the frequency increases, thus avoiding significant fluctuations. It

is evident that the observed phenomenon is attributable to the natural resonance effect caused by Ni
2+

 and

Co
2+

 within a distinct high-frequency range, specifically between 10 and 14 GHz
[24]

. The μ′ value of NCH2

shows obvious fluctuations at frequency 12, which is attributed to the coexistence of Co
3
O

4
 in the Co/C

matrix. The different magnetic permeabilities and response frequencies of different magnetic phases cause

specific phases to alternately dominate the magnetic response under different frequency bands, thereby

inducing μ′ oscillations during the phase transition. It can be seen from Figure 4E that the μ″ values of NCH1

and NCH2 have large peaks at a frequency of 10-14 GHz, indicating that the samples have an enhanced

magnetic loss effect in this frequency band
[19,21]

. However, at frequencies of 10-16, the μ″ values of NCH1 and

NCH2 significantly increase from 0 to 0.3 and 0.5, indicating the appearance of obvious resonance peaks in

these two frequency bands. The observation of this occurrence suggests that the magnetic dissipation is

attributable to a combination of exchange and natural resonance. Figure 3F illustrates the magnetic loss

(tanδμ = μ′/μ″) value, which fluctuates between 0 and 0.4. It is evident that the tanδε value is considerably

larger than the tanδμ value. This finding suggests that dielectric loss is a primary factor in the reduction of

microwave energy
[22,25,40]

. Therefore, it can be concluded that the microwave energy attenuation of this sample

is dominated by dielectric loss.

It is widely accepted that dielectric loss in microwave-absorbing materials (MAMs) can be categorised into

two primary mechanisms: conductive and polarisation loss. The Debye theoretical model can further

characterise the potential loss mechanisms in the sample
[41,42]

:

In this equation, ε′ represents the real part of the dielectric constant, ε″ represents the imaginary part of the

dielectric constant, ε
s
 stands for the static dielectric constant, and ε∞ denotes the dielectric constant at the

high-frequency limit. The Cole-Cole semicircle clearly characterises the polarisation relaxation process, with

each distinct semicircle representing a separate polarisation relaxation mechanism, while the low-frequency

linear tail region mainly arises from the contribution of conductive loss
[43]

. From the XRD pattern of sample

A in Figure 2, it can be seen that, compared with other samples, NCH1 exhibits a higher degree of

crystallinity, indicating the presence of more polarisation losses, including dipole polarisation of functional

                                                                                              

(5)

(
Y′ − Ys−Y∞

2
)2 + (Y′′)2 =

( Ys−Y∞
2

)2
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Figure 4. (A-F) are the analysis diagrams of the bimetallic electromagnetic loss mechanism of the samples; (A-C) are respectively the real
part of the dielectric constant, the imaginary part of the dielectric constant, and the tangent of the dielectric loss angle corresponding to
the frequency of the bimetal; (D-F) are the real part of permeability, the imaginary part of permeability, and the magnetic loss tangent
corresponding to the frequency of the bimetal, respectively. NCH1: Nickel-cobalt hybrid material (Ni2+:Co2+ = 1:3); NCH2: nickel-cobalt
hybrid material (Ni2+:Co2+ = 3:1); NCH3: nickel-cobalt hybrid material (Ni2+:Co2+ = 1:1).

groups and unsaturated bonds, as well as bimetallic ions. The data in Figure 5A and B show that CH exhibits

more Cole-Cole semicircles compared with NH. This research result confirms the following

hypothesis: CH possesses stronger Debye dipole relaxation properties. Under the action of electromagnetic

radiation, the polarization relaxation effect formed by electric dipoles composed of cobalt ions and oxygen

atoms is stronger than that formed by electric dipoles composed of nickel ions and oxygen atoms. In

addition, the data in Figure 5C-E indicates that NCH1 exhibits a greater number of Cole-Cole semicircles

compared to NCH2 and NCH3. This finding points to the hypothesis that NCH1 displays stronger Debye

dipole relaxation, attributable to the enhanced polarisation relaxation of the electric dipoles comprising

nickel ions, cobalt ions, and oxygen atoms when exposed to electromagnetic wave radiation. To understand

the relationship between NCH1 and thickness, RL, and frequency, we applied the quarter-wavelength theory,

with the formula as follows:

The thickness is represented by t
m
 and the frequency by f

m
. If the values of t

m
 and f

m
 satisfy Equation (6), 

then the interference of the incident and reflected waves cancels them out. At this point, the 

microwaves are absorbed by the material significantly more efficiently. Figure 5F shows the quarter-

wavelength matching curve of NCH1. As can be seen, the peak of RL
min

 shifts towards the lower frequency 

range. This shift, caused by an increase in thickness, indicates that EMW at different frequency bands can 

be achieved by adjusting the material thickness. The red curve in the figure shows the t
m
 values that 

were calculated using the t theoretical model of a quarter wavelength. The intersection of the extended 

line of the RL
min

 peak with the extended line of the t
m
 value aligns well with the 1/4 λ curve, indicating 

that the interference effect also contributes to the absorption performance of NCH1. Furthermore, filler 

loading and sample thickness jointly determine the final microwave absorption performance. In this work, 

under a fixed filler loading of 50 wt%, the composite possesses suitable conductivity and moderate 

dielectric loss, avoiding impedance mismatch caused by excessively high or low filling content. When the 

matching thickness reaches 2.9 mm, it satisfies

(6)C< = nc
4 5< Re

(√
`A YA

) (= = 1, 3, 5, 7 · · · )
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Figure 5. (A-E) shows the Cole-Cole curves of NH, CH, NCH1, NCH2 and NCH3; (F) shows the RL values of NCH1 related to frequency and
thickness, the pentagrams indicate that the frequencies corresponding to the RL values of different thicknesses exactly fall on the λ/4
frequency curve; (G) represents conductive loss (εc″); (H) represents polarisation loss (εp″). NH: Nickel-only material; CH: cobalt-only
material; NCH1: nickel-cobalt hybrid material (Ni2+:Co2+ = 1:3); NCH2: nickel-cobalt hybrid material (Ni2+:Co2+ = 3:1); NCH3: nickel-cobalt
hybrid material (Ni2+:Co2+ = 1:1); RL: reflection loss.

the quarter-wavelength attenuation principle and realizes optimal impedance matching with free space.

Consequently, the NiCo-HHTP composite delivers an excellent reflection loss value of -56.99 dB at this

condition.

Using the Debye relaxation formula in conjunction with nonlinear fitting via the least squares method,

Equations (7) and (8) can be used to calculate ε
p
″ and ε

c
″[43]

:

As shown in Figure 5G and H, the two types of losses exhibit opposite trends with frequency: ε
c
 gradually

decreases, while ε
p
 increases with increasing frequency. This indicates that the concentration of ε

c
 is primarily

observed within the low-frequency range, while the predominance of ε
p
 is seen in the high-frequency range.

Furthermore, as the amount of Co
2+

 decreases and Ni
2+

 increases, both ε
p
 and ε

c
 decrease. In NCHX

composites, the conductivity effect of Co–C bonds formed by Co
2+

 with semiconductor characteristics

                                                                                           

(7)

(8)

Y′′2 = f
2c 5 Y0

Y′′? = (YB − Y∞) 2c 5 g

1+(2c 5 )2g2
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combining with C atoms is inferior to that of Ni-C bonds formed by Ni
2+

 combining with C atoms, which

hinders the effective transmission of active electrons, resulting in low conductivity. However, this does not

affect the EMW absorption of composites with other proportions (such as NCH2). NCH2 forms numerous

heterojunction surfaces where heterocharges accumulate to create dipole polarisation, which, through

interaction with interfacial polarisation, weakens EMW
[44]

.

The parameters of impedance matching |Z| and attenuation constant α are fundamental to the classification

of effective wave-absorbing materials, as evidenced by the following formulae
[19]

:

Here, c is the speed of light in a vacuum. The absorbing material’s attenuation capability is directly

proportional to the size of the attenuation constant. Impedance matching value of 1 means more

electromagnetic waves are absorbed, leading to larger α values and stronger dissipation. As illustrated in

Figure 6A and B, within the 2-8 frequency range, the highest impedance matching is evident in NCH1,

indicating its capacity to absorb a significant volume of low-frequency electromagnetic energy. Its

attenuation capability for low-frequency electromagnetic waves is notably efficacious. However, the NCH1

sample exhibits the poorest impedance matching for electromagnetic waves within the 10-18 GHz frequency

range. The NCH1 sample absorbs more mid-frequency electromagnetic waves (8-13) and exhibits higher

attenuation capability than the NCH2 and NCH3 samples, converting them into other forms of energy. In

the frequency region spanning from 8 to 12, the highest observed impedance matching is exhibited by

NCH2, suggesting its capacity to absorb and convert a substantial proportion of mid-frequency

electromagnetic waves. Furthermore, its attenuation capability for electromagnetic waves within the 12-14

mid-frequency range is particularly pronounced, indicating its optimal performance in this spectral domain.

In summary, achieving high electromagnetic wave absorption performance requires a good balance between

the material’s impedance matching |Z| and the attenuation constant α. To further highlight the advantages of

NiCo-HHTP, its absorption mechanisms are systematically compared with classic representative 2D

materials such as graphene, MXenes, and other 2D conductive MOFs. Compared with graphene and MXene,

which usually exhibit excessively high conductivity and poor impedance matching
[45,46]

, the 2D NiCo-HHTP

framework optimally balances dielectric loss and magnetic loss through bimetallic modulation
[22,47]

. Different

from single-component 2D MOF materials with limited loss sources, the prepared NiCo-HHTP

simultaneously integrates interfacial polarization relaxation, magnetic resonance loss, and thermal

conversion effects. Such a multi-mechanism collaborative system endows NiCo-HHTP with more superior

impedance matching characteristics and stronger electromagnetic attenuation capability, thereby

demonstrating obvious competitive advantages over conventional 2D wave-absorbing materials.

To further investigate the mechanism of magnetic loss, we introduce the eddy current loss C0 for analysis,

which is expressed as follows
[48]

:

When identified as the primary cause of magnetic loss, eddy current loss is expected to exhibit relatively

stable C0 values across different frequencies. Conversely, deviations in C0 can be ascribed to natural

resonance or exchange resonance phenomenon. For samples NCH1 and NCH2 in the 5-12 GHz frequency

range, the curves show minimal oscillation, indicating that magnetic loss is primarily governed by eddy

current effects in this region [Figure 6C]. In accordance with Aharoni’s theory, it is acknowledged that

                                                                                            

(9)

(10)

|/ | = (`A/YA )1/2

U =

√
2c 5

2

√
(`′′Y′′ − `′Y′)2 +

√
(`′′Y′′ − `′Y′)2 + (`′Y′′ + `′′Y′)2

(11)�0 = `′′ (`′)2 5 −1
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Figure 6. (A) shows the impedance matching |Z| value and (B) shows the attenuation constant ɑ value; (C) Eddy current loss; (D) Wave
impedance (η); (E) Reflection coefficient (R); (F) Comparison with other similar absorbing materials (data source Table 1); (G) The
electromagnetic wave absorption mechanism of M-HHTP is explained here. NH: Nickel-only material; CH: cobalt-only material; NCH1:
nickel-cobalt hybrid material (Ni2+:Co2+ = 1:3); NCH2: nickel-cobalt hybrid material (Ni2+:Co2+ = 3:1); NCH3: nickel-cobalt hybrid material
(Ni2+:Co2+ = 1:1).

exchange resonance manifests at frequencies that surpass those of natural resonance
[49]

. It is evident that

natural resonance is predominantly exhibited within the lower frequency range of 2-5 GHz, while exchange

resonance assumes a principal role within the higher frequency range of 12-18 GHz.

Under normal circumstances, impedance is determined by frequency, wavelength and thickness. The fixed

impedance matching characteristics of the material can be represented by the wave impedance (η). As shown

in Figure 6D, η varies with the ratio of Ni
2+

 and Co
2+

, increasing from 0.42 for NCH1 (Ni
2+

:Co
2+

 = 1:3) to 0.47

for NCH2 (Ni
2+

:Co
2+

 = 3:1) and 0.48 for NCH3 (Ni
2+

:Co
2+

 = 1:1). This indicates that composites modified with

different ratios can enhance η. The reflection coefficient (R) of the material is shown in Figure 6E. The

reflection coefficient R shows an opposite trend to the impedance matching coefficient η. Although NCH1

exhibits the largest real part of R, the magnitude of its reflection coefficient |R| is only 0.18. The |R| values of

all composites are less than 0.2, indicating that the reflection of EMW by the composites is weak and well

within an acceptable range. It has been clarified that NCH1 exhibits the magnitude of the reflection

coefficient |R| only 0.18, which is fully consistent with its optimum RL
min

 =-56.99 dB and superior microwave
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Table 1. Comparison of EMW absorption properties

Sample RLmin (dB) tm (mm) EAB (GHz) tm (mm) References

Ti/C -49.7 1.93 4.16 2.2 [50]

MWCNTs@Co/C@PANI -50.6 2.5 7.09 / [40]

MFTC -24.83 1.3 4.72 1.5 [51]

FeCu/MWCNT -39.82 2.4 9.63 1.8 [52]

SNZC -47.43 2.20 14.8 / [53]

Ni0.85Se-Fe7Se8@CFs -52.93 2.2 7.12 2.0 [54]

FeMoS-SWCNTs -53.01 1.63 5.20 1.72 [55]

Ni1Co1/NPC -50.8 2 4.56 / [56]

2D-Co@C-C -22.87 2.46 6.41 1.82 [57]

NCH1 -56.99 2.9 6.51 2.38 This work

NCH2 -55.11 2.68 6.16 3.15 This work

EMW: Electromagnetic waves; RLmin: minimum reflection loss; EAB: effective absorption bandwidth; MWCNTs: multi-walled carbon nanotubes;
PANI: polyaniline; MFTC: multiple interfacial magnetic carbon foams; MWCNT: multi-walled carbon nanotube; SNZC: SiO2@C@void@Ni3ZnC0.7/C;
CFs: carbon fibers; FeMoS-SWCNTs: FeS/MoS2@N-doped carbon sandwich-walled nanotubes; NPC: porous carbon/magnetic metal particle
composites; 2D: two-dimensional; NCH1: nickel-cobalt hybrid material (Ni2+:Co2+ = 1:3); NCH2: nickel-cobalt hybrid material (Ni2+:Co2+ = 3:1).

absorption performance. Surprisingly, although NCH3 has the lowest reflection coefficient, its minimal

reflection loss is less than the minimal reflection losses of NCH1 and NCH2. This is because excellent wave-

absorbing materials are determined by the interaction of impedance matching and attenuation intensity. To

highlight the superiority of NCH1 and NCH2 in wave absorption and energy absorption, NCH1 and NCH2

were compared with previously reported similar wave-absorbing materials, as shown in Figure 6F. The

prepared NCH1 and NCH2 materials exhibit a strong reflection absorption effect, and their performance is

significantly superior to other similar wave-absorbing materials.

Figure 6F compares the cMOF of this study with other previously reported wave-absorbing materials of the

same type (the data are shown in Table 1), thereby highlighting the superiority of the MOF prepared in this

research. In Table 1, the left t
m
 corresponds to the thickness at RL

min
 (dB), and the right t

m
 corresponds to the

matching thickness at EAB (GHz). Both the RL value and EAB are comparable to those of MOF derivatives

and typical dielectric materials. This excellent performance is contributed by the conjugation effect,

abundant end groups and shape anisotropy, which can enhance conductive loss and promote polarization

loss. Figure 6G illustrates in detail the electromagnetic wave absorption mechanism of NCHx. The optimal

ratio between Ni
2+

 and Co
2+

 can adjust the electromagnetic parameters, thereby achieving excellent

impedance matching performance. This allows electromagnetic waves to effectively penetrate the absorber.

The rod-like morphology and surface-grown unit cells promote multiple scattering and reflection of

electromagnetic waves within the absorber, increasing their attenuation path. Although Co
2+

 and Ni
2+

 with

semiconductor characteristics can hinder the transport of active electrons in the sample, NH and CH with

high dielectric performance, after co-doping with Co
2+

 and Ni
2+

, can provide better dielectric loss. In an

alternating electric field environment, the abundant heterojunction surfaces and numerous defect dipoles

present in the bimetallic rod-like NCH1 and NCH2 play a positive role in enhancing ε
p
″. Finally, magnetic

loss is generated on electromagnetic waves through natural resonance, exchange resonance, and eddy current

loss. Under the combined effect of these abundant electromagnetic wave absorption mechanisms, NCH1

exhibits the most outstanding wave absorption performance.

Based on the excellent wave-absorbing performance obtained from electromagnetic parameter tests, the

radar cross section (RCS) of metal substrates coated with NH, CH and NCH1, NCH2, NCH3 absorbing

materials, as well as that of an ideal square conductor, was simulated using computer simulation technology
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Figure 7. (A) CST simulation model; (B-F) RCS simulation results of PEC, NH, CH, NCH1, NCH2, and NCH3 at different scanning angles;
(G) RCS simulation curves; (H and I) Comparative analysis of the RCS recovery values of each sample. CST: Computer simulation
technology; RCS: radar cross section; PEC: perfect electric conductor; NH: nickel-only material; CH: cobalt-only material; NCH1: nickel-
cobalt hybrid material (Ni2+:Co2+ = 1:3); NCH2: nickel-cobalt hybrid material (Ni2+:Co2+ = 3:1); NCH3: nickel-cobalt hybrid material
(Ni2+:Co2+ = 1:1).

(CST) Studio Suite 2024 [Figure 7A]. This simulation verified the actual stealth performance of the absorbing

materials
[43,58]

. Figure 7B-F show the simulation results used to visualise the sample’s attenuation capability.

The perfect electric conductor (PEC) plate coated with NCH1 exhibits an extremely weak RCS signal,

confirming its excellent absorption performance. Figure 7G shows that this PEC plate has the strongest

signal scattering characteristics. Compared with PEC plates coated with NCH1, NCH2, and NCH3

absorptive materials, its RCS values are reduced to varying degrees. This indicates that the absorptive

coatings have good EMW attenuation capabilities, with the PEC plate coated with NCH2 having the lowest

RCS value, corresponding to its optimal reflection loss. Furthermore, the signal attenuation of each

absorptive material relative to the PEC plate was calculated. As shown in Figure 7H and I, when EMW is

incident vertically, the attenuation value of NCH2 reaches 25.298 dB·m
2
, indicating that this material has a

significant attenuation effect on electromagnetic waves at this angle of incidence.

CONCLUSION
This research system explores the effects of the ratio of different magnetic central metals in Metal-organic

Frameworks on the morphology, structure and electromagnetic parameters of materials, and further

investigates the mechanism of electromagnetic synergism on wave absorption performance. The study finds

that reasonable regulation of asymmetric central metals in the bimetallic structure can induce intrinsic
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electromagnetic synergistic effects of the materials. That is, a synergistic interaction occurs between dielectric

loss and magnetic loss to enhance energy dissipation, thereby achieving lower reflection loss values. This

research provides a novel approach for the design of high-efficiency electromagnetic wave absorbing

materials. Follow-up research will focus on microstructure regulation and composite system expansion to

promote the research and development progress of bimetallic organic framework-based wave absorbing

materials.
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