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SEM images 

From the SEM image of GO (Fig.S1 (a)), it can be seen that layered GO 

resembles crumpled silk veil. The XRD pattern of GO (Fig.S1 (b)) reveals an intense 

and sharp peak centered at 2θ=11.5°，corresponding to the (001) interplanar spacing 

of 0.8 nm. For GO-Fe3O4 (Fig.S1 (c) and (d)), disordered Fe3O4 microplates form a 

layered stacking structure. Fig.S1 (e) and (f) shows the microscopic morphology of 

h-BN-Fe3O4 composite, the h-BN nanoplates disperse randomly and aggregate 

slightly. 
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Fig.S1 (a) and (b) the SEM image and XRD pattern of GO; (c) and (d) the 

microstructures GO-Fe3O4 composite; (e) and (f) the microstructures of h-BN-Fe3O4 

composites. 

 

Element mapping 

Fig.S2 shows a typical SEM image of the h-BN-GO-Fe3O4 composite, together 

with the elemental mapping of Fe, O, C, B and N. The uniform distribution of Fe and 

O confirms that the microplates are Fe3O4 particles. The distribution of element C in 

the particle region is uniform, indicating that GO dispersed on the surface of the 

Fe3O4 particles. The strengthened intensity of element C outside the microplates 

region is ascribed to the contribution of the carbon adhesive. Moreover, the 

distribution of B and N is uneven and shows local agglomeration, suggesting the 

h-BN particles distributed randomly and segregated slightly on the Fe3O4 particles.  



 

Fig.S2 Typical SEM image of h-BN-GO-Fe3O4 and elemental mapping of Fe, O, 

C, N and B.  

 

Microwave EM properties  

The frequency dependences of the complex permeability μr and complex 

permittivity εr of Fe3O4 and GO samples are shown in Fig. S3. The Fe3O4 sample 

shows much higher εr value compared with the corresponding r value in the range of 

1.0-18.0 (Fig.S3 (a) and (b)). The μʹ value of the Fe3O4 sample reduced from 2.5 to 

0.72 while the  value remained between 0.9-1.2 in the frequency range of 1.0-8.0 

GHz, afterwards both parameters decrease rapidly. The large values of and the 

broad peak in the  ~ f curve in the frequency range of 1.0-8.0 GHz indicate an 

enhanced magnetic loss and evaluated resonance frequency of Fe3O4 microplates. 

Fig.S3 (c) shows the frequency dependences of 
2 1( ) f      and tg for the Fe3O4. 

As can be seen, the 
2 1( ) f     values at different frequencies are close to each other 

( 0.11) over 2.2–7.2 GHz, indicating that the magnetic loss is mainly caused by the 

eddy current effect in this band region. After that the frequency dependence of 

2 1( ) f      is distinct, especially around 8.2-10.0 GHz where tg manifests a broad 

peak, which means the magnetic loss should be ascribed the nature resonance then. 

For GO sample, as shown in Fig.S3 (d) to (f), the real permittivity  decreases 

from 12.4 at 1 GHz to 6.4 at 18 GHz, whereas the imaginary permittivity  drops 

from 6.4 at 1 GHz to 2.5 at 18 GHz. The dielectric loss tangent tg of GO is the 



highest of all materials, which is above 0. 4 in the frequency range of 4.0 - 18.0 GHz.  

 

 

 

 

Fig.S3 (a) and (b) complex permittivity (ε' and ε'') and permeability (μʹ and μʹ') of Fe3O4, (c) 

magnetic loss tangent and the frequency dependences ofµ″(µ′)
-2

ƒ
-1 

for Fe3O4；(d) and (e) complex 

permittivity (ε' and ε'') and permeability (μʹ and μʹ') of GO, (f) dielectric and magnetic loss tangent 

of GO. 

 

Calculations of effective permittivity  

To explore the role of interlayer voids in modifying the effective permittivity of 

the materials, we analysis the experimental values of h-BN-Fe3O4 and 

h-BN-GO-Fe3O4 samples based on effective medium theory. Here the Lichtenecker's 

law is adopted,
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 , wherei and fi are the relative permittivity and 

volume fraction of component i in the composite. The Lichtenecker's law can be 

deduced directly from Maxwell equations and provides good estimate of the effective 

dielectric properties of artificial heterogeneous composites with a wide range of 

surface fractions. 
2, 3

 In the calculations, the volume ratio of each component is 

obtained according to the mass ratio in the composites. The complex permittivity of 

Fe3O4 and GO come from the experimental measurements while the values reported 

in the literatures are adopted for h-BN 
4
 and paraffin 

5
 since they are quite stable in 

the experimental frequency range.  

In Fig.S4 we show the calculation results using Lichtenecker's law (solid lines) 

and the experimental results (lines plus open circles) of the complex permittivity of 



h-BN-Fe3O4 and h-BN-GO-Fe3O4 composites. For the ternary composite sample 

(Fig.S4 (a)), the calculated effective permittivity is much larger than the experimental 

value during the whole frequency range without considering the contribution of voids. 

When taken the voids as the fourth component, the fitting result is greatly improved. 

Best fitting yields the volume fraction of the voids about ~20% when fix the relative 

volume ratio of the three components. This indicates that the voids can reduce the 

complex permittivity of the ternary composite sample effectively. The discrepancy 

between the measured and calculated values of r can be attributed to the simplicity of 

the theoretic model and the uncertainty in the evaluation of the intrinsic permittivity 

of the components.  

For h-BN-Fe3O4 (Fig.S4 (b)), satisfactory fitting results can be obtained without 

considering the air phase, and addition of voids contributions will make the calculated 

values smaller than the experimental values. This observation excludes the possibility 

of considerable volume fraction of voids, matching with the BET measurement.      

 

Fig.S4 The real part, , and the imaginary part, , of the complex permittivity as a function of 

frequency for h-BN-GO-Fe3O4 (a) and h-BN-Fe3O4 (b). The experiments are denoted by line and 

open circles. The solid curves are calculations using Lichtenecker's law at different volume 

fraction of voids. 
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