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A B S T R A C T   

Currently, to solve the problem of electromagnetic radiation, it is imperative to develop a thin, lightweight 
absorber, with a wide bandwidth and an excellent absorption ability. In this study, SiC and CoFe2O4 were 
combined on reduced graphene oxide (rGO) with immobilized rGO and SiC nanoparticles and varying amounts of 
CoFe2O4 nanoparticles. A facile one-pot hydrothermal technique was employed to prepare four rGO/SiC/ 
CoFe2O4 composite samples with varied CoFe2O4 concentrations. The electromagnetic properties of rGO/SiC/ 
CoFe2O4 composites were affected by CoFe2O4 content, and CoFe2O4 content was varied to change the elec
tromagnetic properties of composites. The rGO/SiC/CoFe2O4 composite samples were prepared at a graphene 
oxide (GO) mass of 0.5 g, SiC mass of 0.25 g, and CoFe2O4 mass of 1.5 g, and this composite sample exhibited the 
best microwave absorption consumption. At 60 wt% of rGO/SiC/CoFe2O4 composite sample, the RLmin at 7.4 
GHz with a thickness of 2.43 mm was − 62.39 dB, and efficient absorption of broadband (EAB) was 1.4 GHz 
(6.8–8.2 GHz). The EAB was 3.2 GHz (11.8–15 GHz), and the RLmin was − 59.77 dB at 13.2 GHz with a thickness 
of 1.39 mm. The RLmin at 17.2 GHz was − 65.49 dB, and the EAB was 2.3 GHz (15.7–18 GHz), despite a thickness 
of only 1.06 mm. The rGO/SiC/CoFe2O4 composite comprised carbon materials, magnetic metals, and semi
conductors. High-performance microwave absorption was achieved by the introduction of more than one loss 
mechanism and coordination and supplementation of multicomponent functions. The proposed carbon/semi
conductor/magnetic composite material provides a feasible solution for the preparation of excellent microwave 
absorbing materials in the future.   

1. Introduction 

The huge software of high-power verbal exchange gear and digital 
units in present day society has made super contribution to the 
improvement and growth of society. Nevertheless, electromagnetic ra
diation can cause major diseases in humans, seriously hinder the normal 
operation of some electronic products, and lead to equipment failure. 
Electromagnetic radiation is a crucial problem that is difficult to deal 
with worldwide; hence, electromagnetic radiation is attracting 
increasing attention [1,2]. To solve this problem, researchers are 
continuously researching strong absorbing materials that can meet the 
demand to solve the adverse effects of electromagnetic waves. To solve 
the problems caused by electromagnetic wave applications, microwave 

absorbing materials should have characteristics such as a strong ability 
to consume electromagnetic waves, low thickness, and good thermal 
stability [3–5]. The microwave absorption capability of materials can be 
enhanced in terms of reflection and attenuation. The reflection and 
attenuation characteristics can be adjusted by the magnetic and 
dielectric properties, that is, changing the magnetic and dielectric 
properties of materials can affect their microwave absorption perfor
mance [6]. 

It is difficult for conventional carbon materials, metals, metal oxides, 
and conductive polymers to exhibit good microwave absorption capa
bilities due to poor impedance matching, and only a few loss mecha
nisms are involved in microwave absorption. As a result, practical 
applications of microwave absorbing materials have been considerably 
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hindered [7–10]. Clearly, the use of magnetic/dielectric composite 
materials is becoming an effective method to prepare excellent micro
wave absorbing materials. Therefore, the artificial adjustment of elec
tromagnetic parameters for rendering excellent properties to dielectric 
magnetic composites has become an important research direction for the 
preparation of microwave absorbents [11–14]. Graphene oxide (GO) 
exerts a positive effect on the absorption of electromagnetic waves, and 
high temperatures marginally affect the performance of GO; in addition, 
GO has low environmental requirements, and absorbers obtained by the 
combination of GO flakes with magnetic materials have attracted 
increasing attention [15]. For instance, Huang et al. prepared an rGO 
aerogel with an RLmin of − 61.63 dB and an EAB of 7.8 GHz [16]. Zhang 
et al. prepared a core-shell CI/SiO2/RGO sheet with an RLmin of − 46.43 
dB and an EBA of 6.47 GHz [17]. 

In recent years, spinel-type transition metal oxides have been 
recognized for their excellent magnetic properties. Among these mag
netic materials, CoFe2O4 exhibits excellent physical and chemical 
properties. Its magnetism is attributed to its own shape and size, which 
can be improved by these factors; also, it demonstrates broad applica
tion prospects in microwave absorption. However, the high density, 
poor high-temperature properties, and low dielectric constant of single 
CoFe2O4 limit its application [18]. In terms of its absorbing properties, 
its performance is poor, and it is challenging to fulfill the requirements 
for use as wave-absorbing materials. Therefore, its absorbing properties 
are considered to be improved by the combination of CoFe2O4 with 
other materials [19]. For example, Wang et al. prepared a 
CoFe2O4/N-doped RGO aerogel with an RLmin of − 60.4 dB and an EAB 
up to 6.48 GHz (11.44–17.92 GHz) [20]. Zhu et al. prepared a 
polyvinylpyrrolidone-encapsulated CoFe2O4/rGO composite with an 

RLmin of − 56.8 dB and an EBA of 6.8 GHz [21]. 
Silicon carbide (SiC) is a wide bandgap semiconductor with excellent 

resistance to oxidation and thermal stability as well as low density [22]. 
Therefore, SiC also demonstrates considerable practical utility and po
tential applications as microwave absorbers [23–25]. For example, Yang 
et al. prepared a SiC-nanowire-modified 3D printed polymer-derived 
SiOC ceramic with an EMI shielding efficiency of 34.7 dB [26]. 

In this study, rGO/SiC/CoFe2O4 composites are obtained experi
mentally. Scheme 1 shows the artificial route. Therefore, SiC nano
particles and CoFe2O4 nanoparticles are combined with graphene oxide 
to form rGO/SiC/CoFe2O4 composites. Notably, the interaction of car
bon materials, semiconductor materials, and magnetic materials via 
multiple loss mechanisms renders strong electromagnetic wave ab
sorption at various thicknesses to the rGO/SiC/CoFe2O4 composites. 
When the rGO/SiC/CoFe2O4 composite material accounts for 60 wt% of 
the total content, the RLmin at 7.4 GHz with a thickness of 2.43 mm is 
− 62.39 dB, and the EAB is 1.4 GHz (6.8–8.2 GHz). The EAB is 3.2 GHz 
(11.8–15 GHz), and the RLmin is − 59.77 dB at 13.2 GHz with a thickness 
of 1.39 mm. The RLmin at 17.2 GHz is − 65.49 dB, and the EAB is 2.3 GHz 
(15.7–18 GHz), despite a thickness of only 1.06 mm. These results 
suggest that rGO/SiC/CoFe2O4 can become high-performance micro
wave absorbers at one of a thin kind thicknesses. Owing to the high 
specific surface area and good electrical conductivity of graphene, the 
theoretical specific capacity of CoFe2O4 is high, and it exhibits a spinel 
nanostructure; its electrochemical performance is good. Owing to their 
complementary electrochemical windows, graphene and CoFe2O4 can 
only be used as positive and negative electrodes, respectively, for 
asymmetric supercapacitors. The rGO/SiC/CoFe2O4 material demon
strates potential for application in supercapacitors [27–29]. 

2. Experiment 

2.1. Materials 

SiC was purchased from Aladdin Reagent (Shanghai) Co., Ltd., cobalt 
ferrite (CoFe2O4) was purchased from Shanghai Maclean Biochemical 
Technology Co., Ltd., graphene oxide (GO) was purchased from Hang
zhou Hangdan Optoelectronics Technology, and ethylene glycol pur
chased from China Sinopharm Chemical Reagent Co., Ltd. Deionized 
water was used during the experiment. 

2.2. Synthesis of rGO/SiC/CoFe2O4 composites 

A simple method was employed to synthesize rGO/SiC/CoFe2O4 
composites. First, 0.5 g of GO was transferred to 165 mL of deionized 
water, which was poured into a beaker, and then it was sonicated for 2 h 
to fully disperse it. Next, 200 mL of ethylene glycol, 0.25 g of SiC, and 
CoFe2O4 were added to the aqueous graphene solution that had been 

Scheme 1. Schematic of the hydrothermal synthesis route for rGO/SiC/ 
CoFe2O4 composites. 

Fig. 1. XRD patterns of GO, SiC, CoFe2O4, rGO/SiC, and rGO/SiC/CoFe2O4 (a), FTIR spectra of samples S1, S2, S3, and S4 (b).  
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dispersed above, and ultrasonic treatment was continued for 1 h, fol
lowed by stirring the dispersed solution for 1 h with a stirrer to ensure 
thorough mixing of all components in the solution. The already mixed 
substances were shifted to a reaction kettle. The temperature and time of 
the hydrothermal reaction were set at 200 ◦C and 12 h, respectively. 
After the reaction was completed, the reaction kettle was allowed to 
cool, and the product was collected and centrifuged several times with 
alcohol. Finally, the centrifuged samples were vacuum dried at 65 ◦C for 
10 h, affording the ultimate composite sample. Four samples were pre
pared with the increase in the CoFe2O4 content, i.e., S1, S2, S3, and S4, 
respectively, with corresponding CoFe2O4 contents of 1.0, 1.25, 1.5, and 
1.75 g. 

2.3. Characterization 

Phase and crystallinity of the samples were characterized by X-ray 
diffraction (XRD, Bruker, D8 Advance) with CuKα radiation and λ =
1.5406 Å. Chemical bonds and atoms were analyzed by X-ray photo
electron spectroscopy (XPS, Escalab-250 X-ray). Micromorphological 
examination and elemental composition were analyzed by scanning 
electron microscopy (SEM, Hitachi SU8010) and transmission electron 
microscopy (TEM, JEOL JEM-2100f). The chemical composition was 
analyzed by Fourier transform infrared (FTIR, Thermo Fisher Scientific 
Nicolet 6700) spectroscopy. The surface areas of the powders were 
analyzed by a Gemini VII analyzer. Magnetic properties were measured 

by using a magnetic measurement system (VSM, Lakeshore7407). 
Electromagnetic parameters were measured by a vector network 
analyzer (Agilent, N5234A). The content of composites was examined 
by thermogravimetric analysis (TGA, TGA1150). 

3. Results and discussion 

3.1. Composition, Micromorphology, and magnetic properties 

The crystal structure and crystallinity were determined by XRD 
(Fig. 1(a)). From the XRD pattern of GO, a diffraction peak is observed at 
2θ = 10.74◦, attributed to the (0 0 1) crystal plane of GO. SiC exhibits 
seven diffraction peaks at 2θ values of 33.96◦, 35.56◦, 38.06◦, 41.28◦, 
59.90◦, 65.56◦, and 71.86◦, corresponding to the (1 0 1), (1 0 2), (1 0 3), 
(1 0 4), (1 1 0), (1 0 9), and (1 1 6) crystal planes of SiC, respectively. 
CoFe2O4 exhibits five diffraction peaks at 2θ values of 30.12◦, 35.54◦, 
43.74◦, 57.24◦, and 62.66◦, corresponding to the (2 2 0), (3 1 1), (4 0 0), 
(5 1 1), and (4 4 0) planes of CoFe2O4, respectively. In the XRD pattern of 
the rGO/SiC/CoFe2O4 composite material, all characteristic peaks of 
CoFe2O4 and some characteristic peaks of SiC are observed. The results 
revealed that the crystal structure is not changed by the addition of 
graphene. As GO is shown to be reduced to rGO, only the peaks of 
CoFe2O4 and SiC are observed, and the diffraction peaks attributed to 
GO disappear. Other peaks are not observed, indicating that high-purity 
rGO/SiC/CoFe2O4 is prepared [30,31]. 

Fig. 2. SEM images of S3 (a–b), EDS elemental mapping of C, O, Co, Fe, and Si in sample S3 (c–g), TEM image of S3 (h), HRTEM image of S3 (i).  
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A clear absorption peak at 577 cm− 1 is observed in the IR spectrum 
(Fig. 1(b)), corresponding to FeO6 metal bond vibrations; this result 
indicates that CoFe2O4 is present in the composite sample. A clear ab
sorption peak corresponding to the Si–C of SiC at 841 cm− 1 is observed, 
indicative of the presence of SiC in the composite sample. The C–O–C 
vibration is related to the absorption peak at 1110 cm− 1, the C–OH 
bending vibration is related to the absorption peak at 1630 cm− 1, the 
C––O stretching vibration is related to the absorption peak at 1750 

cm− 1, and the OH stretching vibration is related to the absorption peak 
at 3430 cm− 1. The presence of rGO in the composite sample is confirmed 
by the absorption peak. The above analysis revealed the successful 
preparation of the rGO/SiC/CoFe2O4 composite [32,33]. 

To investigate the morphology of the prepared composite material, a 
representative sample S3 was used for SEM (Fig. 2(a and b)), SEM-EDS 
(Fig. 2(c–g)), and TEM (Fig. 2(h–i)) tests. Owing to the deformation 
during peeling and re-stacking, the rGO sheet exhibits a wrinkled 

Fig. 3. XPS spectra: wide scan (a), C 1s spectrum (b), O 1s spectrum (c), Co 2p spectrum (d), Fe 2p spectrum (e), Si 2p spectrum of sample S3 (f).  

Fig. 4. Specific surface areas of GO and samples S1, S2, S3, and S4 (a), N2 adsorption–desorption isotherms of samples S1, S2, S3, and S4 (b–e).  
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corrugated structure. A large number of regular spherical CoFe2O4 
nanoparticles and SiC nanoparticles adhere tightly to the rGO sheet 
surface. In addition, the distribution of CoFe2O4 on the rGO surface is 
observed from the EDS elemental mapping results, and CoFe2O4 is 
evenly scattered on the rGO surface [34,35]. The TEM image suggests 
that CoFe2O4 nanoparticles and SiC nanoparticles are immobilized on 
the rGO nanosheet surface. Although CoFe2O4 is sonicated during TEM 
sample preparation, CoFe2O4 particles are still attached to rGO, indic
ative of a good adhesion force between rGO and CoFe2O4 and SiC. The 
successful synthesis of the rGO/SiC/CoFe2O4 composite sample is 
further demonstrated by the following factors. A lattice fringe with a 
0.25-nm interplanar spacing is observed because of the (3 1 1) plane of 
CoFe2O4, and a lattice fringe with a 0.26-nm interplanar spacing is 
observed because of the (1 0 2) plane of SiC, confirming the existence of 
CoFe2O4 and SiC in the sample [36]. 

The chemical bonds of rGO/SiC/CoFe2O4 composites were deter
mined by XPS spectra (Fig. 3) of representative sample S3. The 
elemental composition of the composite rGO/SiC/CoFe2O4 was deter
mined from the wide-scan XPS spectrum (Fig. 3(a)). C, O, N, Fe, Co, and 
Si are present in the composite sample rGO/SiC/CoFe2O4. High- 
resolution C 1s, O 1s, Fe 2p, Co 2p, and Si 2p XPS spectra (Fig. 3(b–f)) 
were recorded. Fig. 3(b) reveals that C–Si, C–C, C–O, and C––O are the 
four main components, respectively, with corresponding binding en
ergies of 281.7, 283.5, 284.8, and 287.7 eV. Notably, compared with 
previously reported GO, the peak strength of the C–O bond in the rGO/ 
SiC/CoFe2O4 composite is weaker, indicating that GO is significantly 
reduced. Furthermore, sp2 bonds of carbon atoms account for the major 
proportion of non-synthetic components, which is verified from the peak 
at 283.5 eV. The O 1s spectrum reveals the presence of CoFe2O4, oxygen- 
containing groups, and water molecules in the composite sample, and 
the O of CoFe2O4, oxygen-containing groups, and water molecules 
correspond to the three peaks observed in the XPS spectrum at 529.4, 
531.4 and 532.8 eV, respectively. The Co 2p XPS spectrum reveals that 
Co is confirmed to be present in the sample, and peaks at 780.3 and 
795.7 eV confirm the presence of Co2+. The Fe 2p XPS spectrum reveals 
that Fe exists in the composite sample and that peaks at 711.1 and 723.9 
eV demonstrate the presence of Fe. The Si 2p spectrum reveals that Si 
exists in the composite sample and that the characteristic peak corre
sponding to Si–C is observed at 99.6 eV. According to the above analysis, 
the rGO/SiC/CoFe2O4 composite sample is successfully synthesized [37, 
38]. 

The SBET values of samples S1, S2, S3, and S4 are plotted (Fig. 4(a)), 
where the SBET of pure GO is 6.99 m2/g. With the increase in the 
CoFe2O4 amount, the SBET of rGO/SiC/CoFe2O4 composites increases. 
The SBET value of S3 (41.65 m2/g) is the highest. In addition, the pore 
size distribution and pore volume were measured. The mesoporous 
structure of the sample is evidence for the Type IV adsorption isotherm 
(Fig. 4(b–e)). The microwave absorption performance is affected by the 
specific surface area and porosity. When electromagnetic waves enter 
the sample, they are reflected and scattered at the surface. Therefore, 
microwave and energy absorption are improved when SBET and porosity 
are high [39–41]. SBET and pore volume values are listed in Table 1. 

To determine the species content of the samples, TGA of GO and a 
representative sample S3 was performed under N2. TGA curves are 
plotted from 40 to 800 ◦C (Fig. 5(a)). A weight loss of ~7% at 100 ◦C 
corresponding to the evaporation of H2O is observed. At 100–400 ◦C, the 
elimination of unstable oxygen-containing functional groups causes a 
weight loss of ~45%. The graphene structure and stable oxygen- 
containing functional groups then decompose at high temperatures, 
resulting in a considerable weight loss from 400 to 800 ◦C. In the TGA 
curve of the representative sample S3, SiC and CoFe2O4 are not easily 
decomposed at high temperatures, and the residual weight of sample S3 
is mainly distributed to SiC and CoFe2O4 in the composite material. 
Here, relative weights of SiC and CoFe2O4 in sample S3 are about 82 wt 
%, confirming the composition of sample S3 [42–44]. 

The hysteresis loops of the samples are plotted (Fig. 5(b)). The 
saturation magnetization (Ms) values for all samples are 37.3, 39.9, 39.0, 
and 39.7 emu/g, respectively. The corresponding saturation magneti
zation of rGO/SiC/CoFe2O4 composites is independent of the CoFe2O4 
content, and the Ms of the composites hardly changes despite the in
crease in the CoFe2O4 content. 

3.2. Electromagnetic wave absorption ability 

Generally, the microwave absorption property of the sample can be 
obtained by the transmission line theory, which can be expressed by RL. 
The formula of RL is as follows: Equation (1) and Equation (2). 

RL= 20log
⃒
⃒
⃒
⃒
Zin − Z0

Zin + Z0

⃒
⃒
⃒
⃒ (1)  

Zin =Z0

̅̅̅̅̅
μr

εr

√

tanh
[

j
(

2πfd
c

)
̅̅̅̅̅̅̅̅μrεr

√
]

(2) 

Table 1 
Specific surface area and pore volume of GO and all samples.  

Sample GO S1 S2 S3 S4 

SBET (m2/g) 6.99 34.81 38.71 41.65 30.99 
Pore volumes (cm3/g) 0.022 0.189 0.196 0.215 0.233  

Fig. 5. TGA curves of samples GO and rGO/SiC/CoFe2O4 (a), room-temperature hysteresis loop of samples S1, S2, S3, and S4 (b).  
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Fig. 6. 2D image of reflection loss versus frequency for S1 (a), S2 (c), S3 (e), S4 (g), the corresponding 3D contour maps of reflection loss versus frequency and 
thickness for S1 (b), S2 (d), S3 (f), S4 (h). 
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where Zin, Z0, εr, μr, f, d, and c are the normalized input impedance, free- 
space impedance, relative complex permittivity, relative complex 
permeability, microwave frequency, absorber thickness, and microwave 
velocity of the absorber, respectively. Generally, the microwave ab
sorption capability is inversely proportional to RL. Then, the EAB refers 
to the range of RL < − 10 dB. When RL < − 10 dB, the microwave ab
sorption can be as high as 90% [45–47]. 

The RL values at 2–18 GHz for all samples at a 60 wt% filler loading 
are plotted (Fig. (6)). The RL value of sample S1 is plotted (Fig. 6(a and 
b)). The EAB is 3.2 GHz (14.8–18 GHz), while the RLmin value at 16.7 
GHz with a thickness of 1.36 mm is just − 27.40 dB. Fig. 6(c and d) shows 
the RL value of sample S2: The EAB is 1.8 GHz (5.9–7.8 GHz) and the 
RLmin is − 60.38 dB at 6.7 GHz with a thickness of 3.03 mm. The opti
mum microwave absorption property for sample S3 is shown. Fig. 6(e 
and f) shows the RL values of sample S3: the RLmin at 7.4 GHz with a 
thickness of 2.43 mm is − 62.39 dB, and the EAB is 1.4 GHz (6.8–8.2 
GHz). The EAB is 3.2 GHz (11.8–15 GHz), and the RLmin is − 59.77 dB at 
13.2 GHz with a thickness of 1.39 mm. The RLmin at 17.2 GHz is 65.49 
− dB, and the EAB is 2.3 GHz (15.7–18 GHz), despite a thickness of only 
1.06 mm. Fig. 6(g and h) shows the RL value of sample S4: The EAB is 
1.3 GHz (16.7–18 GHz), and the RLmin is − 21.33 dB at 18 GHz with a 
thickness of 4.95 mm. The synthesized sample S3 exhibits clear advan
tages, and it is predicted to be a new absorbing material (see Table 2). 

The basic microwave absorption mechanism can be revealed by the 
following four factors: relative complex permittivity (εr = ε′ jε′′) includes 
real and imaginary parts, representing storage and consumption, 
respectively. Relative complex permeability (μr = μ ‘jμ") includes real 
and imaginary parts, representing storage and consumption, respec
tively. The dielectric loss tangent tanδε (tanδε = ε′′/ε′) represents the 
dielectric loss factor. The magnetic loss tangent tanδμ (tanδε = μ′′/μ′) 
represents the magnetic loss factor (Fig. 7) [48]. The ϵ′ and ϵ′′ values 
versus frequency in all samples are plotted (Fig. 7(a and b)). Notably, 
with the increase in the CoFe2O4 amount, ϵ′ and ϵ′′ values first increase 
and then decrease. The changes in μ′ and μ’’ with frequency in all 
samples are plotted (Fig. 7(c and d)). In addition, with the continuous 
increase in the CoFe2O4 content, the μ′ of the sample is nearly un
changed typically; however, the μ’’ of the sample first increases and then 
decreases. tanδε and tanδμ are shown in Fig. 7(e and f). The impedance 
matching characteristics of the absorber are related to the dielectric 
dissipation factor. When the dielectric dissipation factor is high (>0.5), 
the impedance matching characteristics are not extremely good. The 
tanδϵ of all samples is less than 0.5. Clearly, because good 
impedance-impedance matching can enhance the microwave absorption 
ability, impedance matching is concurrently affected via dielectric loss 
and magnetic loss. The microwave loss of the sample is more often than 
not caused with the assistance of dielectric loss, because tanδϵ is greater 
than tanδμ [49,50]. 

Generally, microwave absorbing materials exhibit two losses, con
duction loss and polarization loss, respectively, which are the essential 
components of the dielectric loss. From the free electron theory, the free- 
electron theoretical formula is expressed as ε" ≈ σ/2πε0f, where σ and 
ε0 are the conductivity and permittivity in vacuum, respectively. 
Therefore, ε" is related to conductivity and ε" is proportional to con
ductivity. The higher the conductivity, the higher the ε" value. In 
addition, owing to the unique fold structure of the sample, the micro
waves entering the sample are rapidly captured by the internal space, 
resulting in long multiple reflections and a diffuse scattering period 
[51–53]. As mentioned above, the addition of rGO and semiconductor 
SiC to the composite material can easily render high conductivity and 
improve complex permittivity. A large amount of CoFe2O4 and SiC 

Table 2 
Comparison of some RLmin values, EAB, and matching thickness of graphene- 
based microwave absorbers reported previously.  

Sample RLmin (dB) Thickness (mm) EAB (GHz) Refs. 

CoFe2O4/rGO − 57.7 1.7 5.8 [65] 
rGO/CoFe2O4 − 50.0 2.3/2.0 6.16 [59] 
CoFe2O4/rGO/SiO2 − 24.8 2.0 1.7 [66] 
Ni@Co3O4/RGO − 60.0 2.3 4.62 [47] 
Fe3O4/rGO − 50.2 1.5 4.1 [67] 
SiCf/SiCnw/Si3N4 − 51.4 3.2 3.5 [68] 
rGO/SiC/CoFe2O4 − 62.39 2.43 1.4 this study  

− 59.77 1.39 3.2 this study 
− 65.49 1.06 2.3 this study  

Fig. 7. Frequency dependence of the real part of permittivity (a), frequency dependence of the imaginary part of permittivity (b), frequency dependence of the real 
part of permeability (c), frequency dependence of the imaginary part of permeability (d), dielectric loss tangent tanδε (e), magnetic loss tangent tanδμ (f). 
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nanoparticles are turbidly dispersed in the rGO flakes, forming an 
effective conductive network structure, thereby resulting in consider
able physical contact between rGO and CoFe2O4 and SiC nanoparticles. 
Then, the conduction loss of rGO/SiC/CoFe2O4 composites is enhanced 
by the increase in electrical conductivity. The resistance in samples can 
effectively dissipate the current generated by induction; hence, electric 
energy is reduced into heat energy. As mentioned above, defect polari
zation relaxation and electron dipole relaxation produced in the sample 
are caused by the residual groups and defects contained in rGO when 
microwaves penetrate rGO/SiC/CoFe2O4 composites. In addition, the 
interfacial polarization generated in the sample at the interface is caused 
by the existence of considerably different interfaces between CoFe2O4 
and SiC nanoparticles and rGO flakes, where a large amount of interface 
leads to charge accumulation, which is conducive to increasing the 

polarization loss of incident microwaves [54,55]. The Cole-Cole semi
circle is now used to delineate the relaxation process, as suggested by the 
Debye relaxation theory, with a separate semicircle representing the 
Debye relaxation process. A semicircle can be expressed here by the 
relationship between ε′ and ε", which is written as: Equation (3). 
(

ε′

−
εs + ε∞

2

)2
+(ε˝)2

=
(εs − ε∞

2

)2
(3)  

where εs is the static dielectric constant, and ε∞ is the dielectric constant 
at an infinite frequency. The ε′–ε" curves of all samples are plotted (Fig. 8 
(a–d)). Multiple Debye relaxation processes in each sample can be rep
resented by each semicircle drawn by the sample. Notably, the number 
of semicircles in the sample is related to the content of CoFe2O4 in the 
composite, and the number of semicircles is proportional to the content 

Fig. 8. Cole-Cole semicircle of samples S1 (a), S2 (b), S3 (c), S4 (d).  

Fig. 9. C0–f curves of samples S1, S2, S3, and S4 (a), attenuation constant α of samples S1, S2, S3, and S4 (b).  

J. Wang et al.                                                                                                                                                                                                                                    



Ceramics International 48 (2022) 30640–30650

30648

of CoFe2O4 in the composite. In other words, with the increase in the 
CoFe2O4 content, the number of semicircles in sample S4 is greater than 
that in the other three samples, indicating that the polarization of de
fects or chemical bonds occupies a large proportion of the dielectric loss 
of the samples involving the interface. The higher the number of irreg
ular semicircles in sample S4, the higher the number of interfaces, de
fects, and chemical bonds; hence, polarization loss in each sample is 
confirmed. In addition, a long tail is observed in all sample curves due to 
conduction losses, indicating that polarization and conduction losses are 
involved in the dielectric loss of the samples [56–58]. 

In most cases, natural resonance, exchange resonance, and eddy 
current loss are the three mechanisms that contribute to the primary 
composition of magnetic loss, and different mechanisms participate in 
magnetic loss at different frequencies. At low frequencies, natural 
resonance is the predominant source of magnetic loss, whereas at high 
frequencies, exchange resonance is the primary source of magnetic loss. 
C0 (C0 = μ′′(μ′)− 2f− 1) does not reach a constant value when eddy current 
loss outweighs magnetic loss. The C0-f curves for all samples are shown 
in Fig. 9(a). At 2–7 GHz, clear resonance peaks are detected, suggesting 
that natural resonance is the magnetic loss mechanism at low fre
quencies, demonstrating that the primary mechanisms are eddy current 
loss and exchange resonance and that the exchange resonance is the key 
mechanism and participates in the magnetic loss of samples S1, S2, and 
S3 at high frequencies. At high frequencies, the eddy current loss among 
the three mechanisms is the main participating mechanism for the 
magnetic loss of the S4 sample [59]. 

Furthermore, the incident electromagnetic wave’s attenuation 
significantly impacts a change in the attenuation constant. The attenu
ation constant, which can be stated by the following formula, reflects the 
absorber’s dissipation properties and total attenuation capability: 
Equation (4). 

α=

̅̅̅
2

√
πf

c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ˝ε˝ − μ′ ε′
) +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ˝ε˝ − μ′ ε′
)

2
+ (μ˝ε˝+ μ′ε′

)
2

√√

(4) 

Fig. 9(b) shows the computed decay constants S1–4 of the synthe
sized samples. In the range of 2–18 GHz, the values of all samples in
crease monotonically. Furthermore, for S1, the frequency shifts from 
27.8 GHz to 227.5 GHz at 18 GHz. As a result, S2 and S3 values increase 
from 40.8 to 232.6 and 49.7 to 271.8, respectively. Notably, at a given 
frequency, the values are rigidly ordered according to the microwave 
absorption capacity distribution (S3 > S2 > S1 > S4), and the complex 
permittivity changes shown in Fig. 7(a)–(b) indicate that the change in 

the α value is also reflected in the dielectric loss tangent in Fig. 7(e). The 
α value exhibits a clear relationship with the complex permittivity and 
dielectric loss tangent. From the above phenomenon, the dissipation of 
electromagnetic energy caused by dielectric loss accounts for the main 
part of the total electromagnetic consumption. Here, S3 exhibits the best 
attenuation ability; hence, S3 exhibits the best microwave absorption 
ability [60,61]. 

In fact, the normalized impedance matching Z is the main parameter 
to measure the microwave absorption performance of the absorber. 
Therefore, according to transmission line theory, Z can be expressed as: 
Equation (5). 

Z =

⃒
⃒
⃒
⃒
Zin

Z0

⃒
⃒
⃒
⃒=

⃒
⃒
⃒
⃒

̅̅̅̅̅
μr

εr

√

tanh
[

j
(

2πfd
c

)
̅̅̅̅̅̅̅̅μrεr

√
]⃒
⃒
⃒
⃒ (5)  

where Zin is the absorber’s normalized input impedance, and Z0 is the 
free space impedance. When Z = 1, the microwave absorber’s charac
teristic impedance is equal to or similar to the characteristic impedance 
of empty space, allowing incident electromagnetic waves to enter the 
absorber more easily. After further conversion of the input electro
magnetic wave into thermal energy, an excellent microwave absorption 
capability is attained. Fig. 10 shows the computed Z-values for S3 in the 
2–18 GHz frequency range at 1.06 mm, 1.39 mm, and 2.43 mm. Z is 
close to 1 when microwave consumption is optimal, as shown. 

According to the above analysis, the following factors are account
able for the strong electromagnetic wave absorption ability of rGO/SiC/ 
CoFe2O4 composites (Fig. 11). (1) The abundant interfacial features 
between rGO, CoFe2O4, and SiC and the wrinkled structure of graphene 
result in the reflections and scattering occurring in the rGO/SiC/ 
CoFe2O4 composite during the propagation of the incident microwaves; 
the existence of a porous conductive network is helpful to growing 
conduction loss in rGO/SiC/CoFe2O4 composites. The accumulation of 
bound charges at the junction leads to the attenuation of the electro
magnetic wave, and the polarization at the interface also participates in 
the attenuation of the electromagnetic wave [62]. (2) In rGO/SiC/Co
Fe2O4 composites, a traditional conductive network is observed, as well 
as functional groups and defects. In the rGO/SiC/CoFe2O4 system’s 
conductive network of graphene layers, CoFe2O4 and SiC are used as an 
insulator and a wide bandgap semiconductor, respectively. Because of 
the rGO/SiC/CoFe2O4 resistance, rGO/SiC/CoFe2O4 can take up 
considerable electric power. Besides, when microcurrents are conveyed 
to CoFe2O4, a small part of the current is weakened by graphene. The 
conduction loss of the GO/SiC/CoFe2O4 composite is increased by the 
composite structure. In addition, the charge distribution, dipole polari
zation, and relaxation also vary because of the surface structure of the 

Fig. 10. Normal characteristic impedance Z of S3 samples at 1.06 mm, 1.39 
mm, and 2.43 mm thicknesses. 

Fig. 11. Schematic of the microwave absorption principle of the rGO/SiC/ 
CoFe2O4 composite material. 
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composites. (3) Good impedance matching characteristics. Notably, the 
ability of impedance matching and microwave absorption is affected by 
the synergistic effect of dielectric loss and magnetic loss, and a good 
synergistic effect can provide ideal impedance matching and an 
enhanced microwave absorption ability. The dielectric and magnetic 
properties and microwave absorption properties of rGO/SiC/CoFe2O4 
are affected by the aforementioned dipole polarization, interfacial po
larization, Debye relaxation, eddy current loss, loss after synthesis of 
natural and exchange resonances, multiple reflections and scattering 
effect characteristics, and other factors; these factors help to further 
develop the microwave absorption capacity of the S1 sample [63,64]. 

4. Conclusions 

In conclusion, rGO/SiC/CoFe2O4 was smoothly synthesized by a 
simple hydrothermal process, and the synthesized rGO/SiC/CoFe2O4 
composite exhibited robust properties. Sample S3 outperformed other 
samples. Here, the RLmin at 7.4 GHz with a thickness of 2.43 mm was 
− 62.39 dB, and the EAB was 1.4 GHz (6.8–8.2 GHz). The EAB was 3.2 
GHz (11.8–15 GHz), and the RLmin was − 59.77 dB at 13.2 GHz with a 
thickness of 1.39 mm. The RLmin at 17.2 GHz was − 65.49 dB, and the 
EAB was 2.3 GHz (15.7–18 GHz), despite a thickness of only 1.06 mm. 
The experimental result reveals that the strong electromagnetic wave 
absorption capability of rGO/SiC/CoFe2O4 is caused by synergy be
tween the increased dielectric loss, good impedance matching, and 
attenuation constant. Therefore, our study proposes a carbon/semi
conductor/magnetic composite material to increase the wave absorbing 
ability and provides an advanced idea. 
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