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Preparation of Ni3Fe@NCNT@CF architecture  

Ni3Fe@NCNT@CF architecture were prepared via a facile vacuum dip-coating and 

a subsequent carbonization process. MF (2×2×2 cm3) was cleaned ultrasonically with 

anhydrous ethanol and deionized water and dried. Subsequently, MF was transferred to 

NaOH solution (5 mol·L−1) a t 65 °C for 30 min for roughening its surface. Then the 

pretreated MF was immersed into 1 wt% chloride salt (FeCl3·6H2O and NiCl2·6H2O) 

mixed solution for 24 h to chelate with Fe3+ and Ni2+ and was washed with deionized 

water for several times. Subsequently, the foams were vacuum-dried at 90℃ for 24h. 

Finally, the foams were pyrolyzed under Ar atmosphere at different temperatures (700 °C, 

800 °C and 900 °C) for 2 h to obtain the Ni3Fe@NCNT@CF architecture (labeled as 

NNCF-1, NNCF-2, NNCF-3, respectively).  

Anti-corrosion Performance Measurements 

The working electrode was obtained by dropping the mix solution, including 

NNCF-2, Nafion solution and ethanol, on a glassy carbon electrode with 4 mm diameter. 

The potentiodynamic polarization curve was recorded in a potential window from −0.4 to 

0.6 V at a scan rate of 10 mV s−1. EIS was performed in a frequency range from 100 kHz 

to 0.01 Hz.  

Radar Cross Section (RCS) Simulation 

The far-field response RCS values were simulated using CST Studio Suite 2019. 

The simulation model used a 180 mm square composed of an upper absorbing layer 
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(Ni3Fe@NCNT@CF, 2 mm) and a bottom perfect electric conductor layer (PEC, 1 mm). 

The model plate was placed on the XOY plane, and the selected field monitor frequency 

was 17 GHz. For a certain scattering source, it is generally accepted that the scattering 

directions of RCS value (σ) can be determined by θ and φ, which can be described as: 

𝜎(𝑑𝐵𝑚2) = 10log [
4𝜋𝑆

𝜆2
|

𝐸𝑠

𝐸𝑖
|

2

]                                                                                                      (1) 

where, S, λ, Es, and Ei are the area of the simulated plate, the wavelength of the incident 

EM wave, the electric field strength of the transmitted and received waves, respectively.  
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Fig. S1 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1 SEM images of a short CNTs and b long CNTs of NNCF-1; c short CNTs and d long CNTs of 

NNCF-3  
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Fig. S2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2 a XRD patterns; b Raman spectrum; e Nitrogen sorption isotherms; f magnetic hysteresis loops of 

three samples; c XPS survey spectra; d high-resolution XPS spectrum for N 1s of NNCF-2 

In Fig. S2a, it is easy to find that the diffraction peaks lie in 26.5°are indicated to be 

CNT (JPCDS: 89-7213). As for all products, the prominent peaks at 44.2°, 51.5°, and 

75.8° are well-indexed to the (111), (200) and (220) planes of Ni3Fe alloy (JPCDS: 

88-1715), respectively.  

The bionic neural network takes carbon as the main framework, and Raman 

spectroscopy is used to characterize the bonding state of carbon (Fig. S2b). The distinct 

characteristic peaks at 1350 cm-1 (D band) are related to topological vacancies and 

defects of the samples, and these vacancies and defects are conducive to the formation of 

electric dipoles. In this case, ID/IG values are 1.14, 1.05, and 1.01 for NNCF-1, NNCF-2 

and NNCF-3, respectively, indicating the increase of crystalline carbons with rising 

temperatures, which is conducive to boost conductivity and support the proof of effective 

control of conduction loss. 
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The XPS survey scan of NNCF-2 in Fig. S2c reveals the presence of C, N, O, Ni and 

Fe elements in the hybrid nanostructure. The nitrogen heteroatoms and many curls and 

folds of graphite layers on the short CNTs destroy the balanced charge distribution on the 

original carbon lattice and promote the formation of polarization centers, providing an 

additional dipole polarization loss.  

NNCF-1/NNCF-2/NNCF-3 display a type-Ⅳ isotherm curves with a distinct 

hysteresis loop, suggesting the typical mesoporous structure which corresponds to BET 

surface areas of 200.4 m2/g, 272.3 m2/g, and 310.1 m2/g (Fig. S2e), respectively. With 

higher pyrolysis temperature, the BET surface areas increase due to the acceerative 

growth of CNTs to construct more developed porous conductive network to greatly 

facilitate the transmission of electrons, multiple reflection and low density. Such 

well-developed pore structure contributes to regulate impedance matching for relieving 

the reflection of EMW.  

Furthermore, three samples exhibit good soft magnetic  behavior benefiting from 

the intrinsic high saturation magnetization and the low magneto-crystalline anisotropy 

constant of Ni3Fe (Fig. S2f). The saturated magnetization values (Ms) of NNCF-1, 

NNCF-2, and NNCF-3 are 45.3, 55.2, and 61.0 emu·g−1, and the initial permeability (μi) 

is 28.2, 29.6 and 28.7 emu/(g·kOe), respectively. This upward tendency was ascribed to 

the incremental crystallization and size of magnetic components with the increasing 

temperatures. Apparently, NNCF-2 possesses a moderate saturation magnetization, a 

highest initial permeability, coupled with its lowest intrinsic coercivity (Hc=101.8 Oe), 

and therefore it is favorable to magnetic polarization and corresponding magnetic loss 

ability by maximum advantage under the weak component of magnetic field in incident 

EMW.  
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Fig. S3 

 

 

 

 

 

 

 

 

Fig. S3 

 

 

 

Fig. S3 XPS spectra of a C1s; b N1s; c Ni2p and d Fe2p of NNCF-2 composite  
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Fig. S4 

 

 

 

 

 

 

 

 

 

Fig. S4 The initial permeability of a NNCF-1; b NNCF-2; c NNCF-3 

 

Fig. S5 
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Fig. S5 Dependence of RL values on the thickness of a, d NNCF-1; b, e NNCF-2 and c, f NNCF-3 with 

the filling ratio 10 wt% during 2-18 GHz; g dielectric and magnetic loss angle tangent of three samples; h 

the real and imaginary parts of the permeability of NNCF-1, NNCF-2 and NNCF-3; i eddy coefficient C0 

value of NNCF-1, NNCF-2 and NNCF-3 

Therein, RL values ware characterized by equations based on transmission line 

theory according to openly announced research [1].
 

RL = 20 lg
|𝑍𝑖𝑛−𝑍0|

|𝑍𝑖𝑛+𝑍0|
                                                           (2) 

𝑍0 = √
𝜇0

𝜀0
                                                                   (3) 

𝑍𝑖𝑛 = 𝑍0√
𝜇𝑟

𝜀𝑟
tanh [𝑗 (

2𝜋𝑓𝑑

𝑐
) √𝜇𝑟𝜀𝑟]                                                                                             (4) 

 

where Z
0
 is the characteristic impedance of free space, Zin is the normalized input 

impedance of a metal-backed microwave absorbing layer, μ0 and ε0 is the permeability 

and the dielectric constant of free space, respectively, ε
r
 and μ

r
 is the measured relative 

permittivity (εr = ε′ − jε′′) and permeability (μr = μ′ − jμ′′), respectively, f is the frequency, 

c is the velocity of light, d is the thickness. 

Besides, α is related to the EMW energy assimilated by the absorber and impedance 

matching Δ is associated with the degree that EMW propagates the inside of the absorber, 

which are evaluated by the following formulas [2]:  

=
√2f

c
√(""-'')+√(""-'')2+('"-"')2                                 (5) 

=|sin h2 (kfd)-M|                                                             (6) 

K=
4

c
√''

sin(
ε+μ

2
)

√cos(ε) cos(μ)
                                                 (7) 
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M=
4' cos(ε)μ' cos(μ)

(' cos(ε)-' cos(μ))
2

(1+tan2(
μ-ε

2
))

   (8)                                                

where ε=arctan (′′/′) and μ= arctan (′′/′) are the dielectric loss and magnetic loss 

angle, respectively. 

 

Fig. S6 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6 The electrical conductivity of NNCF-1, NNCF-2 and NNCF-3 

 

Fig. S7 

 

 

 

 

 

 

 

 

Fig. S7 Cole-Cole plots of a NNCF-1; b NNCF-2 and c NNCF-3 (The three insets are the local 

magnification of Cole-Cole semicircles in the high-frequency band for each sample, respectively) 
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Fig. S8 

Fig. S8 a The model in the simulation; 3D RCS plot for the Perfect Electrical Conductor (PEC) substrate 

covered with b NNCF-1; c NNCF-2; d NNCF-3; e illustration on target detection of aircraft by radar; f 

RCS plots in the Cartesian coordinate system under certain detecting angles and g RCS reduction values for 

three samples 

The radar cross section (RCS) of an ultra­thin PEC plate covered with 

Ni3Fe@NCNT@CFs hierarchical bionic neural network as absorbers at different incident 

angles was simulated in the real far field condition by CST software. Fig. S8b–d 

represent the 3D radar wave scattering images, wherein similar 3D shapes but different 

scattering intensities of NNCF-1 to NNCF-3 absorbers are presented. The PEC absorber 

shows the strongest scattering signal, while the scattering signal of NNCF-2 is the 

smallest, meaning a good capacity in EMW attenuation, under which strong microwave 

scattering signals of the conductor are successfully suppressed. The comparison of 

two-dimensional RCS (Fig. S8f) shows that PEC as reflective substrate has the strongest 

reflection (no EMW absorption) and the NNCF-2 has the best absorption with minimum 

RCS signal (below −10 dBm2) at all detection ranging from -90° to 90 °, superior to 
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NNCF-1 and NNCF-3. In order to more intuitively evaluate the intrinsic energy 

dissipation abilities of different coatings, the RCS reduction effect is harvested by 

removing the RCS value of the PEC substrate at certain detection angles (ranging from 

-90° to 90° in 15° increments). In Fig. S8g, all three samples make a beneficial 

contribution to reducing RCS and NNCF-2 has maximal RCS reduction at 0° (33.21 

dBm2). The RCS simulation results are consistent with their reflection loss and it 

unambiguously validates that our proposed conduction loss dominated bionic neural 

network-like NNCF-2 absorber promises a practical feasibility in the real-far-field stealth 

applications. 

 

Fig. S9 

 

 

 

 

 

 

 

 

Fig. S9 Equivalent circuit of a, b NNCF-2 coating soaked in neutral 3.5wt% NaCl test environments for 

720 hours (Here the circuit model is R(QR)(QR)(CR))  

In Fig. S9b, the Rs on behalf of the solution resistance, QCF, QNCNT correspond to the 

constant phase element capacitance of carbon foam skeleton and CNT shell, RCF, RNCNT 
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correspond to the resistance of carbon foam skeleton and CNT shell, respectively. Cdl is 

the interface capacitance between the CNT shell and Ni3Fe core and Rct is the charge 

transfer resistance, describing the ability of diffusion for charged species in the interface 

area. 

 

Fig. S10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S10 NNCF-2 (right), together with CIP (left) and Co-MOF derivative (middle) immersed in three 

corrosive NaCl environments. a neutral; b acid; c alkaline. By contrast, NNCF-2 shows the most 

satisfactory corrosion resistance, comprehensively. 

To affirm the anti-corrosion effects in an acid environment, the NNCF-2 (right), CIP 

(left) and Co-MOF derivative (middle) were dipped into NaCl acid solution (3M HCl) for 

an accelerated corrosion test (inset of Fig. S10b). The CIP is dissolved completely after 
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one day, resulting in a canary yellow solution. For Co-MOF derivative, the solution 

becomes light pink due to the formation of Co2+. In contrast, the NNCF-2 solution has no 

color change and still remain magnetism after 60 days. Soaking results in neutral and 

alkaline environments are demonstrated in Figs. S10a and S10c. 

To summarize, the corrosive substances (Cl-, O2 and H2O) in simulative seawater 

solution were resisted by the chemically inherent inert and impermeable CNT nanoshell 

network integrating 3D carbon foam neural network-like framework as resistance-like 

and capacitance-like robust shield, displaying high levels of corrosion protection (low 

Icorr, large Rp and Rct). Thus, the active Ni3Fe cores are protected from H2O, O2, and Cl- 

attacking, and thus immensely mitigate the corrosion. 
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Table S1 Comparison of EMW absorbing performances of related advanced CF or CNT 

incorporated microwave absorbents (MAMs) 

Absorbents Filler loading 

[wt%] 

Maximum RL  

[dB]a) 

Thickness  

[mm] 

EAB  

[GHz]b) 

Refs 

CF/Ni 25 -45 2 5.1 [2] 

CF/Fe3O4 30 -26.45 5 4.28 [3] 

CF/CuNi 40 -50.2 1.6 2.5 [4] 

Fe3O4@Ti3C2Tx/CNTs 20 -40.1 2 5.8 [5] 

CF/CoNi@C 20 -60 1.6 6.07 [6] 

CF/Co@C 20 -59.82 2.3 5.64 [7] 

CF/Co 30 -46.2 2 4.8 [8] 

CF/CNTs/Fe3C/Fe3O4 20 -40.47 2.11 6.0 [9] 

CF/Ni/CNT 30 -47.0 1.8 5.8 [10] 

CF/NiCo2O4 40 -63.6 2.8 4.72 [11] 

CoNi@G@NCNTs 55 -54 2.5 5.2 [12] 

Co@NCNT 25 -53.0 1.8 6.2 [13] 

Co1Zn1@HNCNTS 20 -44.2 1.7 4.8 [14] 

MWCNT/Ni 60 -37.0 5.2 2.1 [15] 

MWCNT/Fe 60 -39.0 4.3 2.7 [15] 

MWCNT/Co 60 -37.0 5.3 2.8 [15] 

CMT@CNT/Co  15 -52.2 2 5.1 [16] 

Ni/SnO2/MWCNT 75 -39.2 1.5 3.6 [17] 

Fe3O4/ PPy/CNT 20 -25.9 3 4.5 [18] 

FeNi@CNT/CNRs 20 -47 2.3 4.5 [19] 

CoNi@NCNT 10 -55.62 1.45 4.25 [20] 

NiCo2/CNT 50 -25.5 1.3 4.4 [21] 

CF/Ni3Fe/NCNT 10 -51.5 2.35 6.4 herein 

a) Maximum value of reflection loss; b) Effective absorption bandwidth 
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Table S2 Corrosion kinetic parameters of NNCF-2, CIP and Co/C coatings immersed in 

neutral 3.5 wt% NaCl solution for 720 hours, respectively 

 

𝑅𝑃 =
𝛽𝑎𝛽𝑐

𝐼𝑐𝑜𝑟𝑟 ln(10)(𝛽𝑎 + 𝛽𝑐)
 

 

Here, a and c are on behalf of the slopes of anodic and cathodic Tafel plots, 

respectively. It can be concluded from Table S2 that the value of Icorr is in the following 

order: Icorr-NNCF-2 < Icorr-CIP < Icorr-Co/C, for Rp, Rp-NNCF-2 is the largest and Rp-CIP is the smallest. 

In general, Icorr and Rp can be used as parameters for qualitatively judging the 

anti-corrosion property of the coating, [22] the smaller the value of Icorr, the better 

anti-corrosion property of the coating while for Rp, the smaller, the worse. Hence, it can be 

preliminarily confirmed that the anti-corrosion property of the NNCF-2 coating was the 

most favorable. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Ecorr [V] Icorr [A  

cm-2] 

βa [mV] βc [mV] Rp [Ω] 

NNCF-2 

CIP 

Co/C 

0.03118 

-0.054788 

-0.14277 

2.79E-08 

3.28E-07 

2.26E-07 

86.53 

318.8 

117.49 

-89.206 

-76.362 

-116.27 

2.54E+07 

7.83E+04 

1.17E+05 
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Table S3 Equivalent circuit parameters of the NNCF-2 coating with the passage of 

soaking time in the neutral 3.5 wt% NaCl environment 

 

 

 

 

 

 

 

NNCF-2 3h 24h 168h 360h 720h 

 Rs [Ω cm2] 51.18 42.98 34.19 31.34 30.26 

CPENCNT [F cm-2] 5.652E-5 6.638E-5 1.274E-4 7.657E-5 1.298E-4 

n 0.7868 0.8203 0.6119 0.8299 0.8108 

RNCNT [Ω cm2] 1075 1164 1048 986.4 900.6 

CPECF [F cm-2] 2.063E-4 1.16E-4 7.133E-5 3.282E-4 1.289E-4 

n 0.4878 0.5994 0.8159 0.6295 0.7201 

RCF [Ω cm2] 450.2 374.4 354.2 323.1 260.5 

Cdl [F cm-2] 2.928E-5 1.094E-5 1.034E-4 1.622E-4 1.207E-4 

Rct [Ω cm2] 8.542E5 7.786E5 7.345E5 7.042E5 6.965E5 

 

R(QR)(QR)(CR) 
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