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1. Experimental Section 

1.1. Synthesis of E-MTF 

First, ZnCl2 (5.0 g) was dissolved in a solvent mixture of ethanol (50 mL), water (75 mL), 

ammonium hydroxide (25%-28%, 20 mL) and N, N-dimethylformamide (DMF, 50 mL), and then 

kept stirring for 10 min. Next, 1H-1,2,3-triazole (6.26 mL) was slowly dripped in the solution during 

stirring. After 24 h stirring at room temperature, the white product was washed with by ethanol, 

collected by filtration and dried at 80 ℃ for 8 h with a yield of 90 %. 

1.2. Synthesis of CoFe@E-MTF 

For synthesizing CoFe@E-MTF, Co(CH3COO)2·6H2O (0.72 g) and FeCl2 (0.49 g) in a 

molar ratio of 1:1 were first dissolved in 200 mL methanol. Next, E-MTF (2.0 g) powder was 

immersed into above solution, and then stirred at room temperature for 6 h. The pink powder 

was filtered out and washed by ethanol for three times. After the vacuum drying at 100 ℃ for 

8 h, the CoFe@E-MTF was collected with a yield of 62%. 

1.3. Synthesis of CoFe@HPCx (x=400, 600, 800, 1000) 

The as-prepared 2.0 g CoFe@E-MTF was put into the ceramic boat and then placed in the 

programmed tube furnace. It was heated up to 1000 ℃ at a heating rate of 5
 
℃/min

-1
 under the 

nitrogen atmosphere. After that, the furnace was kept at 1000
 
℃ for 2 h and then naturally cooled to 

room temperature. The ultra-light black powder of CoFe@HPC-1000 (0.16 g) was successfully 

synthesized, It was heated up to 400, 600, 800 ℃ at a heating rate of 5
 
℃/min

-1
 under the nitrogen 

atmosphere, synthesized CoFe@HPC-400, CoFe@HPC-600, CoFe@HPC-800. 
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2. Characterizations 

D8 DAVANCI X-ray powder diffractometer equipped with graphite monochromatized Cu Kα 

radiation (λ = 0.1542 nm) was used to record powder X-ray diffraction (PXRD) patterns in the 2θ 

range of 5
o
-80

o
 with a scanning rate of 1 

o
/min. Scanning electron microscopy (SEM) images were 

collected by a Hitachi S4800 apparatus with an acceleration voltage of 2 kV. The transmission 

electron microscopy (TEM) images were recorded on a JEM-2010HR apparatus working at an 

accelerating voltage of 200 kV and X-ray energy-dispersive spectroscopy (EDS) was taken on a 

JEM-2010HR-Vantage typed energy spectrometer. X-ray photoelectron spectroscopy (XPS) was 

implemented on Thermo ESCA Lab250XI. The surface area (BET) of the samples was measured by 

N2 adsorption and desorption at 77K using an ASAP 2020 sorption system. Raman spectroscopy of 

the samples was obtained by a Renishaw in Via Raman Microscope. The electromagnetic parameters 

were analyzed using a HP8753D vector network analyzer in the frequency range of 2-18 GHz. The 

measured samples were dispersed in paraffin homogeneously with a sample-to-paraffin weight ratio 

of 3:17, and then the mixture was pressed into a toroidal shape with an inner diameter of 3.04 mm 

and an outer diameter of 7.0 mm. The hysteresis loop of the materials was tested by superconducting 

quantum interference device MPMS(SQUID) VSM magnetometer. Off-axis electron holography was 

performed on a Lorentz transmission electron microscope (JEOL JEM-2100F). The absorption 

spectra of Mo-edge were collected in a transmission mode at room temperature using a Si (111) 

double crystal monochromator at the 1W1B station of Beijing Synchrotron Radiation Facility (BSRF, 

Beijing). 

 



 3 

3. Data analysis 

The reflection loss (RL) values of the absorbers are calculated according to transmission line theory 

by the following equation S1-2:
 
 

𝑅𝐿(𝑑𝐵) = 20𝑙𝑔 ∣
𝑍𝑖𝑛 − 𝑍0

𝑍𝑖𝑛 + 𝑍0
∣                                                                                 (Equation S1) 

𝑍𝑖𝑛 = 𝑍0√
𝜇𝑟

𝜀𝑟
tanh [𝑗 (

2𝜋𝑓𝑑

𝑐
) √𝜇𝑟𝜀𝑟]                                                              (Equation S2) 

Where Z0 is the characteristic impedance of free space, Zin is the normalized input impedance of 

absorber, 
r  and 

r  are the relative complex permittivity and permeability, d is the layer 

thickness, c is the speed of light in free space and f is the frequency. 

The absorption peak shifts toward low frequency with increasing the thickness, which can be 

explained by Equation S3 according to quarter-wavelength matching model:  

𝑑𝑚 =
𝑛𝜆

4
=

𝑛𝑐

4𝑓𝑚√|𝜀𝑟||𝜇𝑟|
       (𝑛 = 1,3,5, … )                                               (Equation S3) 

The dm and fm in the equation represent the matching thickness and the matching frequency, 

respectively. The interference effect between the reflected and incident microwave will result in the 

microwave energy dissipation when the dm and fm value accords with Equation S3. 

The practical application of absorbing materials is calculated by Equation S4. 

𝑆𝑅𝐿 =
𝑅𝐿min

Thickness × Loading
                                                                           (Equation S4) 

Cole–Cole semicircle model (Equation S5): 

(𝜀′ −
𝜀𝑠+𝜀∞

2
)2 + (𝜀′′)2 = (

𝜀𝑠−𝜀∞

2
)2                                                                (Equation S5) 
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Each semicircle in the ε′–ε″ curve stands for a polarization relaxation process. The εs and ε∞ represent 

the static dielectric constant, the dielectric constant at infinite frequency, respectively. The high 

number of semicircles means the strong dipole polarization process. 

Debye relaxation correction formula (Equation S6-7): 

𝜀𝑟 = 𝜀𝑟∞ +
𝜀𝑟𝑠 − 𝜀𝑟∞

1 + (𝑖𝜔𝜏)1−𝐴
  (0 < 𝐴 < 1)                                                         (Equation S6) 

𝜀𝑟
′ = 𝜀𝑟∞ + (𝜀𝑟𝑠 − 𝜀𝑟∞)

1 + (𝜔𝜏)(1−𝐴)𝑠𝑖𝑛
𝜋𝐴
2

1 + 2(𝜔𝜏)1−𝐴𝑠𝑖𝑛
𝜋𝐴
2 + (𝜔𝜏)2(1−𝐴)

             (Equation S7) 

𝜀𝑝
′′  and 𝜀𝑐

′′  are the dielectric loss contributed by polarization relaxation and charge transport, 

respectively, which can be obtained according to Debye theory (Equation S8-10). 

𝜀𝑐
′′ =

𝜎

2𝜋𝑓𝜀0
                                                                                                (Equation S8) 

𝜀𝑝
′′ =

𝜀𝑠 − 𝜀∞

1 + (2𝜋𝑓)2𝜏2
𝜔𝜏 = 𝜀′′ − 𝜀𝑐

′′                                                           (Equation S9) 

𝜀" =
𝜀𝑠 − 𝜀∞

1 + (2𝜋𝑓)2𝜏2
𝜔𝜏 +

𝜎

2𝜋𝑓𝜀0
= 𝜀𝑝

′′ +  𝜀𝑐
′′                                        (Equation S10) 

Where 𝜀𝑠 is the relative permittivity at static, and 𝜀∞ is that at “infinite” high frequency. 𝜎 

is the conductivity, Conductivity is a parameter used to describe the difficulty of charge flow 

in matter. 

The attenuation coefficient (α): 

𝛼 =
√2𝜋𝑓

𝐶
√(𝜇′′𝜀′′ − 𝜇′𝜀′) + √(𝜇′′𝜀′′ − 𝜇′𝜀′)2 + (𝜇′𝜀′′ + 𝜇′′𝜀′)2              (Equation S11) 

𝐶0 = 𝜇"(𝜇′)−2𝑓−1 = 2𝜋𝜇0𝑑2𝜎                                                                       (Equation S12) 

The R2 value reflects the graphitization and the number of structural defects and assumes value 
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higher than 0.5 for poorly organized structure and lower than 0.5 for a well-organized one, which can 

be calculated by the following formula (Eq. S13): 

𝑅2 =
𝐼𝐷1

𝐼𝐺 + 𝐼𝐷1 + 𝐼𝐷2
                                                                                         (Equation S13) 

The band intensity ratio can be used to determine the degree of the graphitization, which can be 

calculated according to equation S14: 

𝐼𝐷1

𝐼𝐺
= 𝐶′(𝜆)𝑑𝑛𝑐

−2                                                                                                   (Equation S14) 

where C′ (514 nm) ≈ 0.0055 Å
−2

. 
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4. Results and discussions 

 

 

 

 

 

 

 

Figure S1. a) the SEM, b) TEM and c) TEM-EDS mapping of E-MTF. 
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Figure S2. a) the SEM, b) TEM and c) TEM-EDS mapping of CoFe@E-MTF. 
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Figure S3. The PXRD results of synthesized CoFe@E-MTF，E-MTF and the simulated. 
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Figure S4. The photography of CoFe@E-MTF and CoFe@HPC-x (x = 400, 600, 800 and 1000) 

  



 10 

 

 

 

 

 

 

 

 

 

Figure S5. a-c) the SEM images of CoFe@HPC-400. 
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Figure S6. a-c) the SEM images of CoFe@HPC-600. 
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Figure S7. a-d) the SEM images of CoFe@HPC-800. 
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Figure S8. a-d) the SEM images of CoFe@HPC-1000. 
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Figure S9. a-b) the TEM images and c) TEM-EDS mapping images of CoFe@HPC-400 

  



 15 

 

 

 

 

 

 

 

 

Figure S10. a-b) the TEM images and c) TEM-EDS mapping images of CoFe@HPC-600 
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Figure S11. a-b) the TEM images and c) TEM-EDS mapping images of CoFe@HPC-800 
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Figure S12. a-b) the TEM images and c) TEM-EDS mapping images of CoFe@HPC-1000 
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Figure S13. The PXRD results of synthesized CoFe@HPCx. 
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Figure S14. The Raman pattems of CoFe@HPCx. 
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Table S1. Raman parameters obtained from deconvolution spectra. 

Samples 

Raman 

D1 G AD3 ID1/IG R2 dnc 

cm
-1

 cm
-1

    nm 

CoFe@HPC-400 1341 1568 47.6 1.10 0.51 1.41 

CoFe@HPC-600 1340 1567 68.1 1.11 0.51 1.41 

CoFe@HPC-800 1340 1535 34.9 0.93 0.40 1.30 

CoFe@HPC-1000 1349 1580 80.4 0.82 0.38 1.22 

 

All Raman spectra were fitted with four bands. The frequency of the two bands corresponding to D1 and G 

were allowed to vary between 1300 and 1400 cm
-1

 and between 1550 and 1650 cm
-1

, respectively. The 

frequency of the D3 band for amorphous carbon and D4 band tentatively assigned to polyenes or oligomers 

were fixed at 1500 cm
-1

 and 1200 cm
-1

, respectively. 
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Figure S15. The a) tanδε and b) tanδμ values of CoFe@HPCx. 
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Figure S16. The Cole-Cole curves of CoFe@HPC-400 (a), CoFe@HPC-600 (b), CoFe@HPC-800 

(c) and CoFe@HPC-1000 (d). 
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Figure S17. The colour disk for electric field distribution diagram, colour represents direction and 

brightness represents intensity. 
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Figure S18. The | Zin / Z0 | and RL plots of CoFe@HPC-400 (a), CoFe@HPC-600 (b), 

CoFe@HPC-800 (c) and CoFe@HPC-1000 (d). 
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Figure S19. The RL plots and dm values of CoFe@HPC-800 (a) and CoFe@HPC-1000 (b). 
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Figure S20. a) The HR-TEM, b) the charge density map, c) hologram image HR-TEM, d) the 

magnetic domians distribution map of CoFe@HPC-400. 
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Figure S21. a) The HR-TEM, b) the charge density map, c) hologram image HR-TEM, d) the 

magnetic domians distribution map of CoFe@HPC-600. 
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Figure S22. a) The HR-TEM, b) the charge density map, c) hologram image HR-TEM, d) the 

magnetic domians distribution map of CoFe@HPC-800. 
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Figure S23. a) The HR-TEM, b) the charge density map, c) hologram image HR-TEM, d) the 

magnetic domians distribution map of CoFe@HPC-1000. 
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Figure S24. The wavelet transform for the k
2
-weighted EXAFS signals of Co atom in CoFe@HPCx. 
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Figure S25. The wavelet transform for the k
2
-weighted EXAFS signals of Fe atom in CoFe@HPCx. 
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Table S2. ICP-OES results of of CoFe@HPCx. 

 

 

 

 

 

 

 

  

Metal 
CoFe@HPC-400 

(wt%) 

CoFe@HPC-600 

(wt%) 

CoFe@HPC-800 

(wt%) 

CoFe@HPC-1000 

(wt%) 

Co 0.62 0.45 0.36 0.35 

Fe 0.56 0.47 0.33 0.32 



 33 

 

 

 

 

Table S3. The Fourier transform of K-edge EXAFS parameters of CoFe@HPCx. 

Samples 
Co Fe 

Path CN R(Å) Path CN R(Å) 

CoFe@HPC-400 
Co-N 6.1 1.87 Fe-N 2.5 2.01 

Co-Co 8.2 2.86 Fe-Fe 3.9 2.66 

CoFe@HPC-600 
Co-N 2.5 1.88 Fe-N 5.3 1.97 

Co-Co 5.4 2.66 Fe-Fe 5.9 2.69 

CoFe@HPC-800 
Co-N 3.8 1.89 Fe-N 4.2 1.97 

Co-Co - - Fe-Fe 1.3 2.50 

CoFe@HPC-1000 
Co-N 2.6 1.94 Fe-N 6.6 2.04 

Co-Co - - Fe-Fe 2.6 2.60 
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Figure S26. The density functional theory (DFT) theoretical calculations based on the isolated (a) CoN4, (b) 

FeN4, (c) discrete CoFeN8 (D-CoFeN8), and (d) bonding CoFeN6 (B-CoFeN6) models. 
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Table S4. Comparison of microwave absorption performance of CoFe@HPCx with 

other MOFs-derived carbon absorbers. 

 

 

  

Samples 
RL Thickness Bandwidth Loading | SRL | Ref. 

dB mm GHz wt % dB ·mg
-1

 ·mm
-1

  

Sm-Fe/Co -45.20 3.0 5.61 75 20.09 S
[1]

 

Fe/MnO@C -45.00 4.0 5.00 50 22.50 S
[2]

 

NiCo2S4/Co1-xS/Co(OH)F -39.60 4.7 6.03 33.3 25.30 S
[3]

 

FeCo@C -35.90 4.0 2.58 30 29.92 S
[4]

 

FeCoZn@C NFs-M -51.20 3.4 2.50 47.5 31.70 S
[5]

 

CoFe@C(PBA) -44.60 2.15 5.50 60 34.57 S
[6]

 

CuNi-3/ACET -40.54 2.5 5.87 40 40.54 S
[7]

 

Fe&TiO2@C -51.80 3.0 6.50 40 43.17 S
[8]

 

N-14(NbS2) -43.85 2.5 6.48 40 43.85 S
[9]

 

MnO/Co/C -68.89 2.64 5.30 50 52.19 S
[10]

 

Ni@C -59.50 4.5 4.70 25 52.89 S
[11]

 

Ti3C2Tx/Ni/AS -59.50 2.0 4.1 50 59.50 S
[12]

 

CuCo2S4/CoS2/Cu1.96S -45.70 2.2 6.80 33.3 62.38 S
[13]

 

Cu/C@MoS2 -48.22 2.5 7.12 30 64.29 S
[14]

 

Fe-Co/NC/rGO -43.26 2.5 9.12 25 69.22 S
[15]

 

NiCo@C/ZnO -60.97 2.3 6.08 33.3 79.61 S
[16]

 

Fe@NCNs-11 -64.75 2.7 6.20 30 79.94 S
[17]

 

FeCo/CoFe2O4/C -52.30 1.95 5.00 30 89.40 S
[18]

 

S0-700(ZnO/ZnxCoy/CoO) -48.85 1.6 4.80 33.3 91.69 S
[19]

 

CoFe@HPC-1000 -53.15 3.5 4.96 15 101.24 This work 

CoFe@HPC-800 -46.40 3.0 7.20 15 103.11 This work 
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