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Experimental section

Materials

2,5-dihydroxyterephthalic acid (DHTA, ≥ 99%), cobalt chloride hexahydrate 

(CoCl2·6H2O, ≥ 99%), nickel chloride hexahydrate(NiCl2·6H2O, ≥ 99%), sodium 

hydroxide (NaOH, ≥ 99%), ethanol (purity ≥ 99.7%), melamine (C3H6N6, ≥ 99%) were 

purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals are chemically 

pure without subsequent purification. Deionized water is acquired directly from our 

laboratory(electrical resistivity ~ 18.2 MΩ·cm).

Synthesis of CoNi-MOF-74 nanorods.

Co/Ni-MOF-74 nanorods were prepared according to the previous reported 

method with slight modifications 1, 2. 2 mmol CoCl2·6H2O and 2 mmol NiCl2·6H2O 

were dissolved in 10 ml of deionized water. Subsequently, 2mmol DHTA and 4.5 mmol 

NaOH (adjusting the pH of the solution to trap the protons in DHTA, enabling DHTA 

to form water-soluble ionic compounds) were dispersed into 90 ml deionized water. 

Afterward, the two solutions are mixed and continuously stirred at 100 ℃ for 1 h. 

Finally, the CoNi-MOF-74 was collected through centrifugation, washing by ethanol, 

and drying at 60 ℃ for 24 h. For comparison, the synthesis processes of Co-MOF-74 

(4 mmol CoCl2·6H2O) nanorods and Ni-MOF-74 (4 mmol NiCl2·6H2O) nanorods were 

conducted in a manner similar to that of CoNi-MOF-74.

Synthesis of CoNi@PC/CNTs composites.

CoNi@PC/CNTs was synthesized via pyrolysis. The CoNi-MOF-74 nanorods 

product was pyrolysis under Ar atmosphere in a tube furnace at 600 °C for 2 h with a 
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heating rate of 2 °C/min, ultimately resulting in the formation of CoNi@PC/CNTs. 

Following a procedure similar to that used for CoNi@PC/CNTs, the pyrolysis products 

of Co-MOF-74 and Ni-MOF-74 were denoted as Co@PC and Ni@PC/CNTs.

Synthesis of CoNi@NPC/NCNTs composites.

CoNi@NPC/NCNTs was fabricated by melamine-assisted chemical vapor 

deposition pyrolysis. Two quartz boats containing CoNi-MOF-74 and melamine 

powder, with a weight ratio of 1:5, were inserted into the tube furnace. Notably, the 

melamine powder was positioned upstream within the tube, while CoNi-MOF-74 was 

located downstream. Under the heating rate of 2 °C/min, CoNi-MOF-74 was pyrolysis 

at 700 °C for 2 h under an Ar atmosphere. The obtained black powder samples are 

designated as CoNi@NPC/NCNTs. Following a procedure similar to that used for 

CoNi@NPC/NCNTs, the pyrolysis products of Co-MOF-74 and Ni-MOF-74 are 

denoted as Co@NPC/NCNTs and Ni@NPC/NCNTs.

Characterization

The morphology, microstructure and elemental information of the as-prepared 

samples were characterized by field emission scanning electron microscopy (SEM, 

Regulus 8230), transmission electron microscopy (TEM, JEM-1400flash), field-

emission transmission electron microscopy (FETEM, JEM-2100F), and transmission 

electron microscopy (TEM, Talos F200X G2) with energy dispersive X-rays 

spectroscopy (EDX). The crystal structures of samples were analyzed via X-ray 

diffractometry with a scanning range of 5° < 2θ < 80° (XRD, Rigaku 

D/MAX2500VL/PC). Raman spectroscopy was employed to reveal the degree of 
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graphitization (LabRAM HR Evolution). Surface element valence states and chemical 

bonds were analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). 

The magnetic properties of samples were measured by vibrating sample magnetometer 

(VSM, LakeShore 7404). Physisorption analyzer. (Autosorb-IQ3) to obtain Brunauer-

Emmett-Teller (BET) surface areas and pore size distribution of samples.

Microwave Absorption Measurements

The as-prepared Co@PC, CoNi@PC/CNTs, Ni@PC/CNTs, Co@NPC/NCNTs, 

CoNi@NPC/NCNTs, and Ni@NPC/NCNTs composites were uniformly mixed with 

paraffin wax in a mass ratio of 1:3. Following the theory of coaxial line and waveguide 

methods to press them into toroidal-shaped samples (outer diameter: 7.00 mm, inner 

diameter: 3.04 mm, and thickness: 2.0 mm) and cuboid-shaped samples (length: 7.20 

mm, width: 3.60 mm, and thickness: 2.0 mm). The electromagnetic parameters of 

composites were analyzed in the ranges of 2–18 GHz and 26.5–40 GHz using a network 

vector analyzer (ROHDE&SCHWARZ ZNA43). 

Radar Cross Section (RCS) Simulation

The RCS distribution of CoNi@NPC/NCNTs was simulated using CST Studio 

Suite 2019. The solving frequency was selected as 14.16 and 32.81 GHz for the dual-

band. Build a composite double-layer board model (Figure S10) composed of an 

absorber layer and a perfect conductive layer with dimensions of 200 × 200 mm. The 

thickness of the absorber layer is 1.6 and 0.7 mm, corresponding to 14.16 and 32.81 

GHz, respectively. The double-layer board simulation model is placed on the x-o-y 

plane, and the planar electromagnetic wave is incident from the positive direction of 
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the Z-axis to the negative direction of the z-axis. Using the open (with space) boundary 

conditions in this direction, the scattering direction is determined by θ and φ. The value 

of RCS can be expressed using the following formula 3:

𝜎(𝑑𝐵 𝑚2) = 10log (4𝜋𝑆

𝜆2 |𝐸𝑠

𝐸𝑖
|2) = 10log (4𝜋𝑆

𝜆2 |𝐻𝑠

𝐻𝑖
|2)

where, S and λ represent the area of the simulation model and the wavelength of the 

incident EMW, Es and Ei represent the electric field intensity of the received scattered 

wave and the electric field intensity of incident wave, and Hs and Hi represent the 

magnetic field intensity of the received scattered wave and the magnetic field intensity 

of incident wave.

Equations

The reflection loss (RL) value can be calculated based on the transmission line 

theory by equation S1 and equation S2 4.

  (S1)𝑍𝑖𝑛 = 𝑍0
𝜇𝑟 𝜀𝑟tan [𝑗(2𝜋𝑓𝑑 𝑐) 𝜇𝑟𝜀𝑟 ]

  (S2)𝑅𝐿(𝑑𝐵) = 20log |(𝑍𝑖𝑛 ‒ 𝑍0)/(𝑍𝑖𝑛 + 𝑍0)|

where, Z0 and Zin denote the free-space impedance (Z0 ≈ 377 Ω) and the input 

impedance, εr and μr denote the negative permittivity and complex permeability, and f, 

d, and c represent frequency of EMW, thickness of absorber, and speed of light, 

respectively.

According to Debye theory, if the Cole–Cole curve (ε′′ vs. ε′) is a typical semicircle 

(equation S3), it indicates the existence of a Debye relaxation process within the 

material 5.
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  (S3)
(𝜀' ‒

𝜀𝑠 + 𝜀∞

2
)2 + (𝜀'')2 = (𝜀𝑠 ‒ 𝜀∞

2 )2

According to equation S4 and S5 , intrinsic magnetic permeability (μi, μ″) is closely 

related to magnetic properties 6.

  (S4)
𝜇𝑖 =

𝑀2
𝑠

𝑎𝑘𝐻𝑐𝑀𝑠 + 𝑏𝜆𝜉

  (S5)𝜇'' = 2𝜋𝜇0(𝜇')2𝜎𝑑2𝑓 3

where, Ms and Hc are the saturation magnetization and coercive force, a and b are two 

constants determined by material, λ is the magnetostriction constant, ξ is the elastic 

strain parameter of the crystal, and μ0 is the vacuum permeability.

As the frequency increases, if the C0 value remains stable, it means there is eddy current 

loss, might be described by equation S6 7：

  (S6)𝐶0 = 𝜇''(𝜇') ‒ 2𝑓 ‒ 1

The quarter-wavelength cancellation model is based on the interference theory, which 

is complementary to the impedance matching theory and has universal applicability. 

According to equation S7 8:

  (S7)
𝑡𝑚 =

𝑛𝜆
4

=
𝑛𝑐

4𝑓𝑚 |𝜇𝑟||𝜀𝑟|
 (𝑛 = 1, 3, 5, 7 ⋅⋅⋅ )

where c is the speed of light, tm is the thickness of the simulated absorber, and fm is the 

frequency corresponding to the lowest reflection loss.

Attenuation constant (α) is appointed to evaluate the attenuation capability (equation 

S8) 9.

  (S8)
𝛼 =

2𝜋𝑓
𝑐 (𝜇''𝜀'' ‒ 𝜇'𝜀') + (𝜇''𝜀'' ‒ 𝜇'𝜀')2 + (𝜇'𝜀'' + 𝜇''𝜀')2



S7



S8

Figure S1. a-f) TEM images of Co@PC, CoNi@PC/CNTs, Ni@PC/CNTs, 

Co@NPC/NCNTs, CoNi@NPC/NCNTs, and Ni@NPC/NCNTs.
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Figure S2. a) HAADF image, b) DF-S image, and c) EDX spectra of 

CoNi@NPC/NCNTs. Table in Figure S2c is the N element of atomic fraction and mass 

fraction.
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Figure S3. 3D RL curves of a, d) Co@PC, b, e) CoNi@PC/CNTs, and c, f) 

Ni@PC/CNTs in the ranges of 2–18 and 26.5–40 GHz, respectively. g-i) RLmin and 

EABmax comparison of Co@PC, CoNi@PC/CNTs, and Ni@PC/CNTs in the ranges of 

2–18 and 26.5–40 GHz, respectively.
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Figure S4. Comparison of the performance for previously reported materials with 

electromagnetic wave absorption properties : a) RL, b) EAB.
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Figure S5. a, b) ɛ′ and ɛ″ values, c, d) the Cole–Cole curves of Co@PC, 

CoNi@PC/CNTs, and Ni@PC/CNTs in the ranges of 2–18 and 26.5–40 GHz, 

respectively.
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Figure S6. a, b) 𝜇′ and 𝜇″ values of Co@PC, CoNi@PC/CNTs, and Ni@PC/CNTs in 

the ranges of 2–18 and 26.5–40 GHz.
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Figure S7. C0 curves of Co@PC, CoNi@PC/CNTs, and Ni@PC/CNTs in the ranges 

of 2–18 and 26.5–40 GHz.
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Figure S8. a-f) 2D contour maps |Zin/Z0| of Co@PC, CoNi@PC/CNTs, and 

Ni@PC/CNTs in the ranges of 2–18 and 26.5–40 GHz.
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Figure S9. a-f) 2D contour maps |Zin/Z0| of Co@NPC/NCNTs, CoNi@NPC/NCNTs, 

and Ni@NPC/NCNTs in the ranges of 2–18 and 26.5–40 GHz.
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Figure S10. Attenuation constant of Co@PC, CoNi@PC/CNTs, and Ni@PC/CNTs in 

the ranges of 2–18 and 26.5–40 GHz.
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Figure S11. The models of CoNi@NPC/NCNTs and PEC for RCS simulation at 14.16 

and 32.81 GHz, respectively.
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Figure S12. 3D RCS simulation plots of pure PEC at 14.16 and 32.81 GHz, 

respectively.
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