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Figure S1 (a) AFM image of graphene oxide, (b) TEM image of graphene oxide

Figure S2. TGA thermograms of PVA under nitrogen
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Figure S3 (a)SEM of a single Air@rGO€Fe3O4 microsphere; (b) Line scanning profiles of different elements 

recorded along the yellow line shown in panel (a); (c) EDS spectrum of the red area shown in panel (a); (d) SEM of 

a single Air@rGO€Fe3O4 microspheres soaked in hydrochloric acid solution 5 days; (e) Line scanning profiles of 

different elements recorded along the yellow line shown in panel (d); (f) EDS spectrum of the red area shown in 

panel (d).

Supplementary notes
Supplementary Note 1: Microwave absorption measurements

The reflection loss (RL) was calculated based on the relative complex permittivity and permeability at a given 

frequency and thickness according to the following equations: 1
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where εr and μr are the relative complex permittivity (εr = ε' – jε″) and permeability (μr = μ' –jμ″) of the absorber, 

f is the frequency of microwave in free space, c is the velocity of light, d is the coating thickness and Zin is the 

input impedance of the absorber.

Supplementary Note 2: Basic concepts and the dielectric loss mechanism of Air@rGO€Fe3O4 microspheres

Debye dipolar relaxation is an important mechanism for the dielectric loss of microwave absorbing materials 

and can be confirmed by Cole-Cole plots. Based on the Debye dipolar relaxation expression, the relationship 

between ε' and ε″ can be deduced and expressed by the following equation: 2 
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Where εs and ε∞ are the static permittivity and relative dielectric permittivity at the high-frequency limit, 

respectively. It is easy to see that the plot of ε' versus ε″ would be a single semicircle, generally regarded as the 



Cole–Cole semicircle. Each semicircle corresponds to one Debye relaxation process. In the present work, four 

semicircles were found from the curve of the Air@rGO€Fe3O4 in Fig. 8d. The presence of one standard semicircle, 

which was depicted based on the dielectric data obtained from the range of 1-8.5GHz, suggests that Debye 

dipolar relaxation is main dielectric loss mechanism in this frequency domain. The other nonstandard or distorted 

semicircles indicate other mechanisms such as the Maxwell–Wagner relaxation, electron/ion polarization and 

dipolar polarization, also exist in addition to the Debye relaxation.3-6 By contrast, Cole-Cole plots of rGO 

nanosheets or Fe3O4 nanopartices show there are several weaker or no Debye relaxation process, respectively. 

As is known, Debye relaxation process is helpful for the enhancement of dielectric properties. Therefore the 

fourfold dielectric relaxation processes suggest that the Air@rGO€Fe3O4 facilitate multiple dielectric losses, 

resulting in enhancement of microwave absorbing properties.

Supplementary Note 3: Basic concepts and the magnetic loss mechanism of Air@rGO€Fe3O4 microspheres

  In general, magnetic loss mechanism of magnetic materials includes hysteresis loss, eddy current loss and 

residual loss, such as domain resonance, natural resonance, and exchange resonance. The magnetic hysteresis 

loss is exclusively generated from irreversible magnetization in a strong applied field. The domain wall resonance 

for the multidomain Fe3O4 materials only occurs in the frequency region below 2GHz, whereas the magnetic loss 

mechanism for the single-domain Fe3O4 in the frequency region of 2–18GHz mainly originates from natural 

resonance, exchange resonance, and eddy current loss. In present work, it can be observed from Fig. 8e-f that 

there are several multiresonance peaks in the μ′ and. μ″ curves for Air@rGO€Fe3O4 microspheres and Fe3O4 

nanoparticles. The peaks detected at the low-frequency range of 2-6GHz are related to natural resonance, and 

the difference in the shape and shift of two natural resonance peaks can be attributed to either the small size 

effect or high shape anisotropy.7 These observed middle-frequency (6-12GHz) resonance peaks belong to 

exchange resonances, which are generally related to polarizable Fe2+ ions in the spinel structure, vacancy and 

space-charge polarization, or surface effect and spin wave excitations.3, 8, 9

Under an alternating magnetic field, the conductive materials can generate the eddy current due to 

electromagnetic induction. The eddy current effect can attenuate incident electromagnetic wave, whereas it also 

prevents a large part of electromagnetic waves from entering the inner of absorber agent. According to skin-

effect criterion, the eddy-current loss can be evaluated by the following equation:10
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Where μo is the vacuum permeability, σ is the electronic conductivity and d is the sample thickness. If magnetic 

loss resonance peak solely originates from eddy current loss effect, the values of μ″ (μ′)-2f -1 will keep constant 

with changing f. As seen from Fig. 8h, these values are almost unchanged for Fe3O4 nanoparticles over 12–18GHz, 

indicating that magnetic loss is mainly caused by eddy current effect. The similar results were found when 

investigate Fe3O4 nano particles2. However, the curve of Air@rGO€Fe3O4 microspheres shows a significant 

fluctuation in this frequency range, and thus the eddy current can be rule out. The lack of eddy current may 

perform a crucial function in the enhancement of electromagnetic absorption properties for Air@rGO€Fe3O4 

microspheres.

Supplementary Note 4: Basic concepts of impedance matching ratio and attenuation constant

The enhanced microwave absorption properties mainly resulted from the impedance matching Z and 

attenuation constant α, as expressed by the following equation: 10, 11
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Where f and c are the frequency of the electromagnetic wave and the velocity of light, respectively. 

Supplementary tables
Supplementary Table S1: MA performance of best MA materials reported in open literatures

Samples in matrices wt % Max 

|RL|

[dB]

Thickness

[mm]

(RL ≤ -10 dB)

Testing 

frequency range 

[GHz]

Frequency 

range [GHz]

(RL ≤ -10 dB)

Refs

Air@rGO€Fe3O4 

microsphere in wax

33 -52.0 2.8 1-18 7.5-14.7 This

work

acid treated Air@rGO€Fe3O4

microsphere in wax

33 -46.0 3.5 1-18 6.3-12.3 This

work

Flower-like CuS hollow 

micros-pheres in wax

30 -31.5 1.8 1-18 14.4-18.0 [2]

Silica–nickel–carbon 

microspheres in wax

40 -37.6 2.4 2-18 12.0-18.0 [12]

Hollow CdSe in wax 70 -31.0 2.0 2-18 4.0-7.0,17.0-

18.0

[13]

RGO–CoFe2O4/GNSs in

cyanate ester resin

13 -21.8 1.2 8-13 9.6–12.4 [14]

core–shell carbon–magnetite 

porous nanorods in wax

30vol% -60.0 2.6 2-18 5.1-10.1 [15]

RGO/flake carbonyl iron 

po/polyaniline in wax

70 -38.8 2.0 2-18 6.5-7.5,11.0-

12.0

[16]

graphene@Fe3O4@SiO2@PA

NI in wax

25 -40.7 2.5 2-18 10.5-16.3 [17]

graphene@Fe3O4@C@PANI 

in wax

25 -44.2 3.0 2-18 9.7 -15.5 [18]

SWCNT/CoFe2O4nanocom-

posites in wax

50 -30.7 2.0 2-18 9.3-16.5 [19]

graphene@Fe3O4@carbon@

MnO2 in wax

25 -38.8 1.8 2-18 12.3-17.7 [20]

CoFe2O4 hollow 

sphere/graphene in wax

60 -18.5 2.0 1-18 11.5-15.2 [21]

reduced graphene oxide-

CoFe2O4 in wax

50 -44.1 1.6 2-18 13.3-18.0 [22]

Co-doped MnO2 in wax 20 -17.5 2.0 2-18 10.96-16.13 [23]

CoxFe3-xO4 (x=0–1) spheres in 

wax

75 -41.1 2.0 2-18 10.0-14.2 [24]

NiCoP/RGO in wax 75 -17.8 1.5 2-18 6.2-9.3 [25]

Fe3O4/graphene capsules in 

wax

30 −32.0 3.5 2-18 7.3- 11.5 [26]

RGO-PPy-Co3O4 in wax 50 -43.5 3.2 2-18 8.9 - 15.3 [27]



CuS on magnetically

decorated graphene in wax

20 -54.5 2.5 2-18 9.2-13.7 [28]

hierarchical NiCo2O4 in wax 50 -25.5 4.0 1-18 3.7-5.5 [29]

α-Co/graphene in wax 60 -47.5 2.0 1-18 9.7-13.6 [30]

Fe3O4@SiO2@RGO in wax 20 -26.6 3.0 2-18 7.7-11.3 [31]

ring-shaped FeCo@

carbon fiber in wax

20 -37.7 1.8 2-18 8.2-10.1 [32]

cobalt/polypyrrole in wax 30 -33.0 2.0 1-18 11.7-16.47 [33]

cobalt–cobalt oxide in wax 60 -30.5 1.7 2-18 12.6-17.3 [34]

Twin carbon nanocoils in wax 15 -36.1 2.0 2-18 14.0-18.0 [35]

Co/carbon nanotube-

graphene in wax

30 -65.6 2.2 2-18 10.0-13.5 [36]

rugby-shaped CoFe2O4 in wax 50 -34.1 2.5 1-18 12.3 - 14.9 [37]

Co/PVDF 25 -38.9 2.5 2-18 5.5-8.3 [38]

Fe3O4@ZnO in wax 50 -22.7 3.5 2-18 10.08-15.97 [39]

hollow porous Ni/SnO2 in 

wax

50 -36.7 1.7 1-18 10.6-14.0 [40]

hollow urchinlike α-MnO2 in 

wax

50 -41.0 1.9 0.1-18 7.5-10.0 [41]

BaTiO3 nanotubes in wax 70 -21.8 2.0 0.5-15 13.2-15 [42]

RGO/CoFe2O4 in wax 50 -42.2 2.3 2-18 11.8-17.0 [43]

mesoporous carbon in wax 60 -27.1 2.2 2-18 12.5-18.0 [44]

Co doped mesoporous 

carbon composites in wax

30 -41.9 1.8 2-18 11.4 -15.8 [45]

Ag@Fe3O4/RGO in wax 50 -40.1 2.0 2-18 9.4 - 12.5 [46]

graphene@Fe3O4@carbon in 

wax

25 -30.1 1.8 2-18 12.1- 17.5 [47]

Thermally reduced graphene 

networks in wax

1 -43.5 3.5 2-18 9.36-16.83 [48]

Ni0.6Zn0.4Fe2O4/PANI in wax 70 -41.0 2.6 2-18 10.3-15.3 [49]

Ni0.5Zn0.5Fe2O4 ferrite 

nanofiber in wax

15 -14.1 3.6 2-18 8.1-12.5 [50]

carbon–silica/FeNi in wax 40 -45.6 3.0 0.5-18 9.1-14.3 [51]

Fe–Co/NPC in wax 50 -21.7 1.2 2-18 12.2-18.0 [52]
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