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Fig. S1 a SEM image of pure FSA, b Size distribution of FSA microspheres 

 

Fig. S2 The elemental mapping images of FSA@ZnO@Al2O3 gradient structure: a overlap of 

all elements, b Fe, c Si, d Al, e O, and f Zn 

 

Fig. S3 The EDS image of FSA@ZnO@Al2O3 gradient structure 
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Table S1 The concentrations of different elements in FSA@ZnO@Al2O3 gradient structure 

Elements The concentrations of different elements in 

FSA@ZnO@Al2O3 composites  

(wt.%) 

 

Fe 92.91 

Si 2.81 

Al 1.54 

O 2.44 

Zn 0.30 

 

 

Fig. S4 a XRD patterns, b Hysteresis loops (M-H loops) of FSA, FSA-500, FSA@Al2O3, 

FSA@ZnO, and FSA@ZnO@Al2O3 
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Fig. S5 The frequency dependence of electromagnetic parameters of FeSiAl alloy and FeSiAl 

alloy annealed at 500 ℃ under an N2 atmosphere: a real parts (ε′), b imaginary parts (ε′′) of the 

complex permittivity, c real parts (μ′), d imaginary parts (μ′′) and magnetic loss tangents of the 

complex permeability 
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Fig. S6. 3D RL maps of as-prepared absorbers before heat treatment of d at 0.5–5.0 mm in 0.5–

18 GHz: a FSA, b FSA@Al2O3, c FSA@ZnO, d FSA@ZnO@Al2O3 

 

Note S1 

A delta-function tool is proposed to investigate the degree of impedance matching between the 

absorbers and free space by the following equation [S1]: 

|∆| = |𝑠𝑖𝑛 ℎ2 (𝐾𝑓𝑑) − 𝑀|                                                            (S1) 

where K and M are calculated with the εr and μr in the following equations: 

K=
4π√μ'ε' sin

δe+δm
2

 

c cos δe cos δm
                                                              (S2) 

                                             M=
4μ'cos δe ε'cos δm

(μ'cos δe-ε'cos δm)
2
+[tan(

δm

2
-
δe

2
)]

2
(μ'cos δe+ε'cos δm)

2
                               (S3) 

The attenuation constant α is calculated by εr and μr according to the following [S2]: 

                          α=
√2πf

c
×√(μ''ε''-μ'ε')+√(μ''ε''-μ'ε')

2
+(μ'ε''+μ''ε')

2
                                         (S4) 
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According to Debye dipolar relaxation theory, the complex permittivity (εr) can be explained 

through the following equation [S3]: 

  εr=ε'+iε''=ε∞+
εs-ε∞

1+iωτ
                                                        (S5) 

Where ε∞, εs, and τ0 are the dielectric constant at infinite frequency, the relaxation time, and 

the static dielectric constant, respectively. From Equation. (2) and (3), they are expressed that 

 ε'=ε∞+ 
εs-ε∞

1+w2τ2
ωτ                                                                (S6) 

      ε''= 
εs-ε∞

1+w2τ2
ωτ                                                                     (S7) 

Furthermore, it can be finally deduced as below: 

         ( ε'-
εs+ε∞

2
)

2

+( ε'')2= (
εs-ε∞

2
)

2

                                                 (S8)                              

Thus, the ε″ versus ε′ plot should contain many single semicircles, usually denoted as the 

Cole−Cole semicircle and each semicircle on behalf of a Debye dipolar relaxation. 

Based on the Debye theory, ε″ can be expressed as in the follwing equation. 

                                          ε''(ω)= ε𝑝
'' + ε𝑐

'' =
εs-ε∞

1+ω2τ2
ωτ+

𝛿

ε0ω
                                                 (S9) 

where ω is the angular frequency and σ refers to electrical conductivity. Therefore, ε″ is divided 

into two parts: εp″ represents polarization relaxation loss and εc″ is the conductive loss. The 

conductive loss, polarization loss, conductivity, and relaxation time are fitted by the nonlinear 

square fitting method [S4]. As presented in Fig. S7, the polarization relaxation loss and the 

conductive loss ability are both enhanced after decorated by ceramic oxides, especially, 

FSA@ZnO@Al2O3 gradient structure. 
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Fig. S7 Plots of εc″ and εp″ vs frequency: a FeSiAl, b FSA@Al2O3, c FSA@ZnO, and d 

FSA@ZnO@Al2O3 
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Fig. S8. RL curves and dependence of the absorber matching thickness (dm) versus matching 

frequency (fm) under wavelengths of λ/4 model for FSA-based samples: a FSA, b FSA@Al2O3, 

c FSA@ZnO, and d FSA@ZnO@Al2O3 gradient structure 
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The equivalent circuit model is used to understand the effect of the electrolyte, oxide shell, and 

FSA electrochemical system, as shown in Fig. S9. In the circuits, Rs is the resistance of the 

NaCl solution, QA and QZ are the resistance of Al2O3 and ZnO shell, respectively. QA and QZ 

correspond to the capacitance of Al2O3 and ZnO shells, presenting a constant phase element 

capacitance. Also, Qdl is the interface capacitance between the oxide shell and FSA core using 

a constant phase element, Rct is the charge transfer resistance, and W is the Warburg impedance 

related to the diffusion of the electro-active particles in the system. The calculated circuit 

parameters are displayed in Table S2. An increase in Rct values and a decrease in Qdl values are 

observed in FSA-based absorbers, especially FSA@ZnO@Al2O3 gradient structure, indicating 

that high levels of corrosion resistance are provided by oxide shell, especially dual-oxide shell. 

Furthermore, the coating resistance and capacitance are contributed to protecting the FSA core 

from H2O, O2, and Cl- attacking. 

  
Fig. S9 Equivalent circuit model used to fit the EIS data of a) bare FSA, b FSA@Al2O3, c 

FSA@ZnO, and d FSA@ZnO@Al2O3 
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Table S2 Fitted Equivalent Circuit Model Parameters of FSA, FSA-based absorbers 

parameters  FSA  FSA@Al2O3  FSA@ZnO  FSA@ZnO@Al2O3 

Rs (Ω.cm2) 

Qdl (S
nΩ-1) 

n 

Rct (Ω.cm2) 

QA (S
nΩ-1) 

n 

RA (Ω.cm2) 

QZ (S
nΩ-1) 

n 

RZ (Ω.cm2) 

W (Ω.cm2) 

 11.54  10.9  9.6  9.2 

 1.9×10-4  1.5×10-5  8.3×10-6  9.1×10-6 

 0.76  0.78  0.81  0.82 

 42530  66370  80990  99740 

 ---  1.5×10-4  ---  2.5×10-5 

 ---  0.74  ---  0.91 

 ---  761.7  ---  545.8 

 ---  ---  6.9×10-5  3.7×10-8 

 ---  ---  0.82  0.33 

 ---  ---  911.0  5.88 

 2.1×10-3  2.1×10-4  1.9×10-4  1.7×10-4 

 

 

Fig. S10 Open Circuit Potential vs. time curves of FSA and FSA-based absorbers after 

immersion in 5.0 wt.% NaCl solution 
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