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S1 Micromagnetic Simulation Methods 

The micromagnetic simulation is executed by Mumax3 software, which is an open-source GPU 

accelerated program. It calculates the space- and time-dependent magnetization dynamics in 

nano- to micro-sized ferromagnets using a finite-difference discretization. According to the 

Landau-Lifshitz Gilbert equation and the principle of minimum energy as well as the finite 

difference algorithm, the dynamic physical process stimulation and 3D model solving process 

are carried out.  

In this work, the simulation program is carried on to simulate the dynamic spin structure of an 

individual FeCoNi sphere with a tuning component and several FeCoNi spheres distributed in 

different ways. For the FeCoNi sphere, the diameter of the sphere is 200 nm. 

The magnetic parameters of the FeCoNi spheres are calculated by a weighted average method. 

The saturation magnetization of Fe, Co and Ni are Ms = 1.2×106, 1.4×106, and 4.9×105 A m-1, 

respectively. The micromagnetic exchange constant of Fe, Co and Ni are A = 1.7×10-11, 2.1×10-

11, and 9×10-12 J m-1, respectively. The magnetocrystalline anisotropy constant of Fe and Co are 

5.2×104 and 2.65×105 J m-3. The damping factor of spin precession is 0.01. The attached 

software Muview is applied to visualize the results calculated by Mumax. And the external 

magnetic field frequency is 6 GHz. 

S2 Calculation of Reduction Potentials of Fe2+/Fe, Co2+/Co and Ni2+/Ni 

Redox Pairs under Excessive NaOH 

The reduction potentials of Fe2+/Fe, Co2+/Co and Ni2+/Ni redox pairs for this typical process 

can be calculated using Nernst equation based on solubility product constant (Ksp) of solid 

hydroxide. The standard reduction potentials are 

Φ0(Fe2+/Fe) =－0.41 V, Φ0(Co2+/Co) =－0.29 V, Φ0(Ni2+/Ni) =－0.25 V 

Values of Ksp are 

Ksp(Fe(OH)2) = 7.9×10-15, Ksp(Co(OH)2) = 2.5×10-16, Ksp(Ni(OH)2) = 6.5×10-18, 

The concentration of original OH－ is 0.75 M, while 0.32 M is reacted with Fe2+, Co2+ and 

Ni2+. So the concentration of free OH－ is 
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[OH－] = (0.75－0.32) = 0.43 M 

The concentration of metal ions in the presence of 0.75 M NaOH are 

 

Therefore, reduction potentials by Nernst equation are given as: 

 

Where R is the universal gas constant: R = 8.314 J·K-1·mol-1 and F is the Faraday constant: F 

= 9.649×104 C mol-1. T is room temperature: T = 293.15 K. 

Fe2+, Co2+ and Ni2+ released from hydroxide are simultaneously reduced to metallic atoms, 

which spontaneously converted to FeCoNi alloy nuclei due to closer value of reduction 

potential in the presence of N2H4·H2O and excessive NaOH. 

The relevant reactions could be formulated as:  

Fe2+ + Co2+ + Ni2+ + NaOH → Fe(OH)2 + Co(OH)2 + Ni(OH)2 + Na
－
 + H2O 

Fe(OH)2 ↔ Fe2+ + 2OH
－ 

Co(OH)2 ↔ Co2+ + 2OH
－ 

Ni(OH)2 ↔ Ni2+ + 2OH
－
 

Fe2+ + Co2+ + Ni2+ + N2H4·H2O + OH
－ → FeCoNi + N2 + H2O 

S3 Synthesis Process of CF 

For the preparation of carbon fibers (CF), 2.6 g polyacrylonitrile (PAN) was dispersed in 14 

mL DMF with magnetic stirring at 60 ℃ for 1 h. To maintain the same fiber diameter as 

FeCoNi/CF, the electrospinning process was carried out at a high positive voltage (12.0 kV) 

and a collecting distance of 15 cm. The rest process remained the same. 

S4 Characterization 

The phase information of the as-synthesized samples was recorded using the X-ray 

diffractometer (XRD, Bruker D8 ADVANCE) with CuKα radiation (λ=0.15406 nm). The 

morphology, microstructure and size of the samples were characterized by scanning electron 

microscopy (SEM, Hitachi S-4800, Japan) and transmission electron microscopy (TEM, JEOL 

JEM-2100F, Japan, 200 kV). The hysteresis loops of the as-prepared magnetic samples were 

measured by superconducting quantum interference device (SQUID) magnetometry (MPMS 

VSM, Quantum Design Company). The Raman spectra were tested with a Renishaw Invia 
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spectrometer using a 514 nm laser excitation. The electromagnetic parameters (complex 

permittivity and permeability) within 2−18 GHz were tested by vector network analyzer 

(Agilent N5230C). The as-prepared sample and paraffine were mixed in a ratio of 1:1 and then 

compressed into a columnar ring (Φinner = 3 mm, Φouter = 7 mm) by the coaxial waveguide 

cavity. The RL was a key indicator for the evaluation of EM absorption performance, which 

was calculated on the basis of the transmission line theory with equations as follows: 

 

where εr (εr = ε′ − jε′′) and µr (μr = μ′ − jμ″) are the relative complex permittivity and permeability. 

f is the frequency. d is the thickness. c is the velocity of light in free space. And Zin is the 

normalized input impedance of a metal-backed microwave absorbing layer. RL represents the 

reflection loss. 

S5 Electron Holography Technology 

The off-axis electron holography technology was used to characterize the magnetic properties 

of FeCoNi/CF in the nano-micrometer range. The experiment was performed with a specially 

designed JEM-2100F transmission electron microscope. Electron holography is able to analyze 

the electron wave phase because it splits the electron beam into an object wave electron beam 

that passes through the sample and a reference wave electron beam that travels through a 

vacuum. A double prism is placed behind the magnetic lens. After applying an electric field to 

the double prism, the two electron beams are deflected together and interfere on the imaging 

plane. The phase of the object wave electron beam changes after passing through the sample, 

due to its internal or external electric field. Based on our as-prepared sample, this phase change 

can be used to deconstruct stray magnetic field information at the periphery of electromagnetic 

functional materials. 

S6 Supplementary Figures and Tables 

 

Fig. S1 XRD pattern of FeCoNi NP 
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Fig. S2 The SEM image of CF 

 

Fig. S3 The permeability of CF 

 

Fig. S4 The XRD patterns of FeCoNi/CF-2 and FeCoNi/CF-3 
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Fig. S5 The 3D absorption coefficient value mapping of a FeCoNi/CF-2, b FeCoNi/CF-2 and 

c FeCoNi NP as a function of thickness ranging 1-5 mm 

 

Fig. S6 Hysteresis loops of FeCoNi/CF-2, FeCoNi/CF-3 and FeCoNi NP 
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Fig. S7 Permittivity of FeCoNi/CF-2, FeCoNi/CF-3 and FeCoNi NP 

 

Table S1 Low-frequency electromagnetic absorption performance of some common absorbers 

Absorber d (mm) fE (GHz) 

CoNi@SiO2@TiO2 [S1] 2.1  0.1 

nitrogen-doped porous carbon composites [S2] 5.5 1.2 

MnO@carbon nanowires [S3] 3.5 0.2 

3D bio-carbon foams [S4] 3.5 1.2 

Fe3O4@C nanorods [S5] 4 1.0 

porous carbon nanoparticles [S6] 4 1.8 

FeNi/C nanofibers [S7] 2.7 0 

Fe/C porous nanofibers [S8] 3.5 0.9 

graphene-based aerogel microspheres [S9] 4 1 

Co/C nanofibers [S10] 6 1.4 

ZnO/Co hybrid nanotubes [S11] 4.1 0.8 

porous carbon nanofibers and rGO [S12] 5.5 2.1 

C–NiCo2O4 nanofibers [S13] 5 2 

FeCo@C-PCFs [S14] 4.55 1.4 

Co3O4/carbon membrane [S15] 3.5 0.2 

MnO-VN/C nanofibers [S16] 7 1.5 

Fe3C/C nanofibers [S17] 3.5 0.6 

FeCo nanofibers [S18] 4.5 1.3 

carbon/Fe3C nanofibers [S18] 5 1 

Co-C nanofibers [S19] 5 1.2 

C/Co nanofibers [S20] 4 2 

NixZn(1−x)Fe2O4 ferrite nanofibers [S21] 4 0.5 

CoFe2O4 nanofibers [S22] 6 1 

TiO2@Co/C@Co/Ni multilayered microtubes [S23] 5.5 2 

FeCoNi/CF (this work) 2 1.3 
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Table S2 Permeability comparison of related magnetic materials 

Absorber μ' μ'' 

Fe3O4@Ti3C2Tx/CNTs [S24] 1.1 0.12 

Fe3O4 nanowire [S25] 1.2 0.3 

ZnFe2O4 nanofibers [S26] 1.12 0.21 

Fe/SiC [S27] 1.16 0.04 

Fe3C/N-doped carbon fibers [S28] 1.08 0.01 

ZnFe/Fe3C@C porous nanofibers [S29] 1.02 0.01 

TiO2/Co/carbon nanofibers [S30] 1.01 0.01 

CNT/Co/C fiber [S31] 1.15 0.04 

Co/N-C NFs [S10] 1.05 0.06 

Co3O4/N-doped CF [S32] 1.1 0.15 

C–NiCo2O4 nanofibers [S13] 1.02 0.18 

FeCo/C [S33] 1.17 0.04 

CoFe2O4/graphene [S34] 1.21 0.1 

Co-carbon ball [S35] 1.03 0.08 

CoFe@C [S36] 1.1 0.05 

FeCo alloy nanoparticles [S37] 1.07 0.02 

C/(C@CoFe) [S38] 1.05 0.05 

rGO/CoFe2O4/FeCo [S39] 1.2 0.06 

CoFe2/BaTiO3 [S40] 1.25 0.07 

HCF@NC/Co [S41] 1.05 0.06 

FeCoNi/CF (this work) 1.35 0.22 
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