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Abstract
Due to the urgently demand of microwave absorption materials in the low-frequency band, herein the CIPs@FeO@C multi-
layer core–shell composite with advisable low-frequency microwave absorption performance has been successfully synthe-
sized by a novel co-calcine, high temperature thermal diffusion and reduction method. The excellent attenuation characteristic, 
good impedance matching property, efficient eddy current loss, Debye relaxation and interfacial polarization etc. contribute 
to this desirable low-frequency electromagnetic absorption performance. The broadest effective absorption bandwidth in 
low-frequency range is 1.2 GHz and the maximum RL is − 24.64 dB at 1.88 GHz for 4 mm and 6 mm, respectively. The 
as-prepared ternary composite has a great potential in production of low-frequency microwave absorption materials for the 
delightful performance and economical preparation method.

1  Introduction

Nowadays, owing to the fast evolution of electrommunica-
tion technique and precision electromagnetic equipment, the 
radiation of superfluous electromagnetic-wave leading to the 
electromagnetic pollution have become a growing problem, 
which is harmful to the human health and form the electro-
magnetic interference (EMI) as well [1–4]. Thus, a great 
deal of microwave absorbing materials (MAMs) with high 
efficiency performance have been investigated, such as fer-
rites [5, 6], carbon-based materials [7–9], conducting poly-
mers [10, 11], magnetic metals [12, 13], dielectric ceramics 
[14, 15] and so on. Among these MAMs, the carbonyl iron 

powders (CIPs) have been broadly applied in electromag-
netic absorption field due to its high saturation magnetiza-
tion and low cost [16]. However, the electromagnetic absorb-
ing performance of pure CIPs is very limited, especially in 
the low-frequency band, owing to the toneless electromag-
netic absorption mechanism, poor impedance matching 
condition etc., hence, various improved strategy to optimize 
the electromagnetic absorbing properties of CIPs have been 
proposed by many scholars. For instance, Zuo et al. [17] 
used digital light-processing three-dimensional printing 
technology to prepare graphene/CIPs/PMMA nanocom-
posites with decent electromagnetic-wave absorption per-
formance, the maximal reflection loss (abbreviated as RL) of 
− 54.4 dB for 2.1 mm thickness with an effective absorbing 
bandwidth of 3.41 GHz can be reached; Dong et al. [18] 
investigated the different geometries of CIPs on the final 
electromagnetic-wave absorption properties of CIPs/poly-
imide composite, which revealed that the electromagnetic-
wave absorbing peak of flake-like CIPs is far lower than 
that of spherical CIPs for about 5.2 GHz, and the maximal 
RL peak value of − 19.28 dB appeared at 11.62 GHz for a 
thickness of 1.5 mm; X. Chai et al. [19] used flake CIPs and 
chopped carbon fibers as raw materials to manufacture the 
thin electromagnetic-wave absorption patches via a simple 
tape-casting technology, the oriented FCI/CF/PMER patches 
exhibit commendable flexibility and showed a wide absorp-
tion bandwidth of 11 GHz with RL < − 5 dB; Analogously, 
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Nan et al. [20] prepared oriented Fe microfiber and flake-like 
CIPs/epoxy hybrids by using a tape-casting equipment as 
well, an effective absorption frequency range of 3.5–18 GHz 
with reflection loss RL < − 8 dB was achieved with the 
thicknesses from 1 to 2 mm; Moreover, Dai et al. [21] syn-
thesized yolk-shell structured CIPs@void@nitrogen-doped 
carbon nanocomposite via the alkaline hydrothermal etching 
method, the maximal RL reached − 25.7 dB at 17.2 GHz 
with an effective absorption bandwidth of 11.1–18 GHz, 
indicating that the preparation of core–shell structured CIPs 
composites is an effectual strategy to improve the electro-
magnetic property of CIPs indeed.

However, the low-frequency microwave absorbing prop-
erties of these CIPs-based composites is still very limited, 
and it requires a great improvement for that the outstand-
ing low-frequency microwave absorption performance is 
urgently demanded at present stage. Such as the superflu-
ous microwave radiation generated from electrical device 
in daily-life is mainly focus in the low-frequency range, 
which is very harmful to our human health and may cause 
the proliferation of cancer cell in the human body. Moreo-
ver, the detective frequency range of many ship-borne and 
phased-array radars has been gradually expanded to the low-
frequency range as well. As a consequence, how to improve 
the electromagnetic absorption performance of CIPs-based 
composites in this range is worthy to be excavated.

Herein, we prepared a core–shell-shell structured CIPs@
FeO@C nanocomposite via a novel co-calcine, high temper-
ature thermal diffusion and reduction method with activated 
carbon as carbon source and reducing agent. The microwave 
absorption property of this multilayer core–shell composite, 
especially the absorption ability in low-frequency range has 
been rarely reported. In this work, the XRD, SEM, TEM 
and VNA were used to characterized the phase structures, 
micromorphology and microstructures, distribution of com-
ponent elements, electromagnetism parameters, electromag-
netic-wave absorption capacity of this MAMs, moreover, the 

corresponding electromagnetic absorbing mechanisms have 
been also discussed. The results showed that the as-prepared 
CIPs@FeO@C composite can be applied as an effective 
low-frequency absorber for its superior performance and 
economical processing method.

2 � Experimental methods

2.1 � Materials

The CIPs micropowder was purchased from Lijia Metal 
Materials Co. Ltd., China. The iron nitrate nonahydrate 
(Fe(NO3)3·9H2O) was purchased from Keshun Biotechnol-
ogy Co. Ltd., China. The activated carbon micropowder was 
obtained from Yatai United Chemical Co. Ltd., China. The 
purity of raw materials which were used as received are all 
higher than 99% percent.

2.2 � Preparation of CIPs@Fe2O3 and CIPs@FeO@C 
composites

Figure 1 displays the preparation process of target compos-
ite in detail, the micropowder of raw CIPs was pre-washed 
with deionized water and dried for later use. First, 8.08 g 
iron nitrate nonahydrate was dissolved in 20 mL distilled 
water to form a diaphanous yellow solution, after that 20 g 
washed CIPs was subsequently added in the above solution 
and maintain the homogeneous mixing for 20 mins, then the 
turbid liquid was poured into an open container and hold the 
temperature at 300 ℃ for 20 h in an electric muffle, thus the 
obtain reddish-brown powder was CIPs@Fe2O3 composite. 
Afterwards, 7 g as-prepared CIPs@Fe2O3 composite was 
well-mixed with 14 g activated carbon to form the uniform 
powder, which was later put in a corundum crucible and 
calcined to 600 ℃ for 3 h in the vacuum tube furnace with 
a heating rate of 5 ℃/min. After cooling down to the indoor 

Fig. 1   Detailed preparation 
process schematic diagram of 
CIPs@FeO@C
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temperature, the product was washed up with distilled water 
and screened out of mixed liquid by magnet for many times 
to remove the remaining impurities, then the final black 
powder of core–shell–shell structured CIPs@FeO@C com-
posite was dried at 50 ℃ for 6 h.

2.3 � Characterization

The crystal phase structure of as-prepared composites was 
characterized by X-ray diffractometer of D8-ADVANCE by 
using Cu–Kα radiation at a scan step of 0.02°. The morphol-
ogy and structure of composites were observed by scanning 
electron microscope of SU8010. The high-resolution trans-
mission morphology, elements distribution and selected area 
electron diffraction (SAED) of CIPs@FeO@C composite 
were tested by transmission electron microscopy of Tecnai 
G2 F30. Finally, the composites for measurement of elec-
tromagnetic parameters were homogeneously mixed with 
paraffin in 50 wt%, and the hybrids were compressed into 
a cylindrical shape with 2 mm thickness, Φout = 7.00 mm 
and Φin = 3.04 mm. Then, the S parameters of samples 
could be measured via vector network analyzer of TIANDA 
TD3618C within 0.5–3 GHz by using the coaxial transmis-
sion and reflection method, thus the electromagnetic param-
eters of relative permittivity and permeability can be calcu-
lated on the basis of NRW’s theory [22, 23]. Therewith, the 
electromagnetic-wave absorbing properties of MAMs can be 
represented via the parameter of reflection loss rate (denoted 
as RL henceforth), which could be deduced by transmission-
line theory based on the measurement of electromagnetic 
parameters as follows [24–26]:

where, f is the frequency of electromagnetic-wave, c is the 
speed of light, d is the thickness of sample, Zin and Z0 are 
the input impedance of absorber and the impedance of free 
space, μr and εr are the relative permeability and permittiv-
ity, respectively.

3 � Results and discussion

3.1 � Structure and morphology analysis

Figure 2 displays the XRD spectrum lines of raw CIPs, 
CIPs@Fe2O3 and CIPs@FeO@C composites, it indi-
cates that there are three characteristic diffraction peaks at 
2θ = 44.63°, 65.26° and 82.72°, which are in good agreement 
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with the (110), (200) and (211) lattice planes of raw CIPs 
(JCPDS card No. 06-0696). With the cladding of Fe2O3 NPs 
on CIPs surface, as estimated, the weak characteristic dif-
fraction peaks at 2θ = 33.15° and 35.61° are assigned to the 
(104) and (110) lattice planes of Fe2O3 (JCPDS card No. 
33-0664), confirming the formation of Fe2O3 component 
composited with the CIPs; however, the intensity of these 
diffraction peaks are too weak compared with those of CIPs 
due to the thin thickness of cladding layer. It is interesting to 
note that the characteristic diffraction peaks at 2θ = 35.48° 
and 60.13° of CIPs@FeO@C composite are corresponding 
to the lattice planes of (111) and (220) in FeO (JCPDS card 
No. 06-0615), and there is nothing impurity peaks can be 
observed, suggesting that the Fe2O3 component was com-
pletely reduced by activated carbon under high temperature, 
moreover, the diffraction peak of encapsulated carbon layer 
generated from thermal diffusion process can not be meas-
ured for the thickness of which is too thin to be detected and 
the amorphous state.

Figure 3 presents the scanning electron photomicrograph 
of raw CIPs, CIPs@Fe2O3 and CIPs@FeO@C composites. 
As shown in Fig. 3a and b, the shape of raw CIPs displays 
irregular near-spherical with different sizes, and the surface 
of particle is relatively smooth as well. After the cladding 
of Fe2O3 component, it can be noted that the surface of CIPs 
presents a rough and porous state, which is made up by a 
large number of Fe2O3 NPs recognized from Fig. 3d. These 
loose porous structures and multi-interfaces may be ben-
eficial to the electromagnetic absorption of incident micro-
wave. Moreover, as shown in Fig. 3e and f, it suggests that 
the compactness of surface coating layer has been enhanced 
via the thermal diffusion and reduction treatment, attributing 
to the thermal migration process of cladding carbon from 
activated carbon to the surface of particles and the reduction 
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Fig. 2   X-ray diffraction patterns of raw CIPs, CIPs@Fe2O3 and 
CIPs@FeO@C composites
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process of Fe2O3 NPs, hence, the surface impedance match-
ing characteristics between particles and free space would 
be further improved with encapsulated carbon, which is also 
conducive to the incidence of microwave to be dissipated in 
the MAMs.

Transmission electron microscope images with low 
magnification, high-resolution TEM images and selected 
area electron diffraction (SAED) pattern of CIPs@FeO@C 
composite are expressed in Fig. 4. It is distinctly seen the 
encapsulated structure of particle in Fig. 4a and b, as well as 

the shell is composed by a mass of nanocrystals. As shown 
in HR-TEM images of Fig. 4d and e, the distinct interplanar 
crystal spacing of 0.252 nm is corresponding to the (111) 
plane of FeO NPs, furthermore, it can be seen the encapsu-
lated carbon layer of ~ 2 nm on the surface of FeO NPs as 
well. The selected area electron diffraction pattern in Fig. 4f 
shows many diffraction rings assigned to the (211), (200), 
(110) lattice planes of CIPs and (220), (111) lattice planes of 
FeO, respectively, suggesting the polycrystalline structures 
of composite. Meanwhile, Fig. 5 presents the EDS spectrum, 

Fig. 3   Scanning electron photomicrograph with different magnifications of raw CIPs (a) and (b), CIPs@Fe2O3 (c) and (d), CIPs@FeO@C (e) 
and (f)
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elements distribution on the surface of particle and along the 
characteristic line marked in Fig. 4a. It indicates that the Fe 
element is mainly concentrated in the core area on behalf 
of CIPs, and small amount of Fe element in shell is due to 
the cladding layer of FeO NPs; however, the O element is 
obviously concentrated in the area of shell part existing in 
FeO layer. Besides, it can be recognized in Fig. 5c that the 
distributed acreage of C element is slightly broader than that 
of O element, indicating the carbon-encapsulated configura-
tion on the surface layer of as-prepared ternary composite. 
The EDS image in Fig. 5d also illustrates the composite 
only contains Fe, O, and C elements, further certifying the 
elementary composition in some extent. In addition, the dis-
tribution of Fe, O, C elements along the characteristic line 

in Fig. 5e suggests that the shell of FeO surrounds the CIPs 
core, and then be encapsulated with a thin layer of carbon.

3.2 � Microwave absorbing properties

Figure 6 shows the microwave reflection loss curves of raw 
CIPs, CIPs@Fe2O3 and CIPs@FeO@C composites, as 
shown in Fig. 6a, the RL values with different thickness 
enhance with the increase of frequency in the measurement 
range, the maximum RL is only − 1.97 dB at 3 GHz for 
the thickness of 2 mm, although this value will increase 
to − 6.41 dB as the thickness added to 6 mm, indicating 
the electromagnetic absorption performance of raw CIPs is 
still very limited. This situation will be improved for the 

Fig. 4   Transmission electron microscope images of different magnifications (a) to (c), high-resolution TEM images (d) and (e), and SAED pat-
tern (f) of CIPs@FeO@C composite
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cladding of Fe2O3 NPs around CIPs to form the core–shell 
structure, as shown in Fig. 6b, the maximum RL at 2 mm 
thickness enhances to − 7.48 dB at 3 GHz, and the effec-
tive absorption frequency range below − 10 dB begins to 
appear as the thickness is greater than 3 mm, usually over 
90% energy of electromagnetic-wave will be consumed 
away when the reflection loss of absorber is lower than 
− 10 dB [27]. Moreover, the peak of maximum RL can 
be seen as the thickness is 5 mm, which would be further 
increased with the thickness enlarged to 6 mm, the maximal 
RL is − 21.88 dB at 2.59 GHz with an effective absorption 
bandwidth of RL < − 10 dB between 1.99 and 3 GHz at 
this thickness. In addition, the effective absorption band-
widths of this binary composite under different thickness 
of 2–6 mm are 0 GHz, 0.17 GHz, 0.49 GHz, 0.77 GHz and 
1.01 GHz, respectively. Figure 6c displays the RL values 
of CIPs@FeO@C composite with various thicknesses, 
it can be noted that the electromagnetic-wave absorbing 
property has been further strengthened, which is mainly 
embodied in the extension of effective absorption bandwidth 
enhanced to 0.25 GHz, 0.84 GHz, 1.20 GHz, 1.15 GHz and 
1.04 GHz for 2–6 mm thickness. The maximum RL of peak 
further achieves − 24.64 dB at 1.88 GHz with an effective 

absorption bandwidth of 1.39–2.43 GHz at 6 mm thickness. 
Furthermore, because of the quarter-wavelength resonance 
effectiveness, the RL peaks would shift to the low-frequency 
region when the thickness of composite added [28, 29].

3.3 � Microwave absorption mechanism analysis

To further explore the possible mechanism for enhanced 
electromagnetic absorbing performance of ternary 
core–shell–shell composite, the relative permeability 
(μ = μ′ − jμ′′) and permittivity (ε = ε′ − jε′′) of raw CIPs, 
CIPs@Fe2O3 and CIPs@FeO@C composite are displayed 
in Fig. 7. As shown in Fig. 7a, the ε′ of raw CIPs is about 
2.3–2.5 with little change in the whole frequency range, 
while the real part of permittivity in binary composite 
increases obviously due to the dielectric property of ferrite 
and core–shell structure, it decreases slightly from 4.95 to 
3.84 with the increase of frequency. This enhancement of ε′ 
will be further reinforced in carbon-encapsulated CIPs@FeO 
ternary composite, especially in the low-frequency range, 
the ε′ decreases from 7.06 to 4.04 with the increase of fre-
quency. Figure 7b presents that the imaginary part of permit-
tivity in raw CIPs is also very low in the measurement range, 

Fig. 5   Elements distribution of Fe (a), O (b), C (c), EDS spectrum (d) and linear distribution of elements (e) in CIPs@FeO@C composite
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the ε′′ in relatively high frequency domain would increase in 
the binary composite and it will be further enhanced among 
the whole frequency range in ternary composite, indicating 
that this carbon-encapsulated CIPs@FeO composite may 
possess a better dielectric loss capacity, for the imaginary 
part in electromagnetic parameters often reflects its abrasive 
ability of microwave energy [30]. Moreover, as shown in 
Fig. 7c and d, the real and imaginary part of permeability in 
three samples are all increasing with the enhancement of fre-
quency. However, it indicates that the μ′ and μ′′ in raw CIPs 
are comparatively low, and these magnetic parameters will 
be strengthened as the CIPs encased with Fe2O3 NPs due to 
the excellent magnetic properties of iron sesquioxide [31]. 
When the Fe2O3 component is restored to FeO in carbon-
encapsulated CIPs@FeO composite, it suggests that the μ′ 
and μ′′ of ternary composite would be further heightened. 
This is owing to that the interface between ferromagnetic 
(FM) CIPs and antiferromagnetic (AFM) FeO plays a signif-
icant role in determining the magnetic properties of compos-
ite, there exists an intensely exchange interaction between 
CIPs and FeO layer, which would lead to the exchange bias 
phenomenon and promote magnetic parameters [32, 33]. 
Thus, the magnetic property of as-prepared core–shell–shell 

composite is the best among all the samples, which may be 
an intuitive reason for its better performance in electromag-
netic absorption.

Figure 8 presents the tangents of magnetic and dielec-
tric loss in raw CIPs, CIPs@Fe2O3 and CIPs@FeO@C 
composites. In Fig. 8a, it exhibits that the tangent of die-
lectric loss in raw CIPs increases firstly and then decreases 
as the frequency increased, there is a peak value of 0.11 
at 2.49 GHz, suggesting a weak dielectric loss ability of 
microwave in raw CIPs. However, this tangent of dielec-
tric loss will be enhanced in the relatively high frequency 
domain in binary core–shell composite, and it will be fur-
ther heightened during the whole frequency range in ter-
nary composite, which increases from 0.07 to 0.25 when 
the frequency increased, implying a better dielectric loss 
performance of CIPs@FeO@C composite compared with 
the other two MAMs. As shown in Fig. 8b, homoplasti-
cally the tangent of magnetic loss in raw CIPs is relatively 
low, and this tangent will be gradually enhanced in the 
measurement frequency range corresponding to CIPs@
Fe2O3 and CIPs@FeO@C composites, indicating the pref-
erable magnetic loss property of ternary composite on the 
whole range. It is worth noting that the small peaks in 

0.5 1.0 1.5 2.0 2.5 3.0
-8

-7

-6

-5

-4

-3

-2

-1

0

-1.97dB
Bd/

ssol
noitcelfe

R

Frequency / GHz

2mm
3mm
4mm
5mm
6mm

(a)

-6.41dB

0.5 1.0 1.5 2.0 2.5 3.0
-28

-24

-20

-16

-12

-8

-4

0

-21.88dB
 2.59GHz

RL<-10dB

1.99GHz

2.23GHz

2.51GHz

Bd/
ssol

noitcelfe
R

Frequency / GHz

2mm
3mm
4mm
5mm
6mm

(b)

2.83GHz

0.5 1.0 1.5 2.0 2.5 3.0
-32

-28

-24

-20

-16

-12

-8

-4

0

-24.64dB
 1.88GHz

RL<-10dB

Bd/
ssol

noitcelfe
R

Frequency / GHz

2mm
3mm
4mm
5mm
6mm

(c)

0.84GHz

1.15GHz

1.20GHz

1.04GHz

Fig. 6   Microwave reflection loss curves of raw CIPs (a), CIPs@Fe2O3 (b) and CIPs@FeO@C (c)



11066	 Journal of Materials Science: Materials in Electronics (2020) 31:11059–11070

1 3

curves of magnetic loss tangent are attributed to the natu-
ral ferromagnetic resonance phenomenon of composites.

Furthermore, the eddy current loss is often one impor-
tant cause for magnetic loss in GHz range apart from natu-
ral resonance, hysteresis loss and domain wall resonance 

[34, 35], which can be characterized by the following 
parameter C0 [36]:
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It indicates that if the eddy current loss has a role in 
magnetic loss of microwave, the characterization param-
eter C0 will remain the constant. Figure 9a suggests that 
C0 parameters of raw CIPs and CIPs@Fe2O3 composite 
almost unchanged with the increase of frequency; however, 
this parameter of CIPs@FeO@C composite decreases with 
exponential relationship as frequency increased, confirming 
the eddy current loss may be an important factor to promote 
magnetic loss of ternary composite resulting in the enhanced 
microwave absorbing performance. Besides, the attenuation 

constant also affects the electromagnetic absorption proper-
ties of as-prepared composites and can be deduced by the 
following equation [37, 38]:

As shown in Fig. 9b, the attenuation constants of raw 
CIPs and CIPs@Fe2O3 composite increase from 0.18 to 
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Fig. 9   Eddy current loss curves (a), attenuation constants (b), frequency dependent |Zin/Z0| values with different thicknesses (c) and plots of 
ε′–ε′′ (d) to (f) in raw CIPs, CIPs@Fe2O3 and CIPs@FeO@C composites
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37.24 and 2.96 to 139.44, respectively, which indicates 
that the CIPs@Fe2O3 core–shell hybrid possesses the bet-
ter microwave attenuation capacity, while this attenuation 
parameter would be further enlarged to 17.04–187.79 in 
CIPs@FeO@C composite, explaining the reasonable rea-
son for its preeminent electromagnetic absorption within the 
low-frequency band.

Figure 9c shows the impedance matching characteristic 
of |Zin/Z0| in raw CIPs, CIPs@Fe2O3 and CIPs@FeO@C 
composites at different thickness of 2  mm, 4  mm and 
6 mm. It can be noted that the |Zin/Z0| values of raw CIPs 
are much less than one, leading to a poor electromagnetic-
wave absorption properties of the sample. The |Zin/Z0| values 
will be successively increased in CIPs@Fe2O3 and CIPs@
FeO@C composites, respectively, standing for the improved 
impedance matching properties. The optimum matching 
values of CIPs@Fe2O3 and CIPs@FeO@C at thickness 
of 4 mm and 6 mm appear at the frequency of 2.99 GHz, 
2.49 GHz, 2.35 GHz and 1.81 GHz, which are almost in 
line with the position of the maximum RL peaks in these 
composites at corresponding thickness, clarifying a fact 
that the impedance matching property in composites plays 
a significant role in determining their microwave absorbing 
performance. This is due to that more electromagnetic-wave 
can transmit into MAMs to be further worn out by multiple 
microwave loss mechanism with excellent impedance match-
ing status [39–41]. Hence, the improved microwave absorb-
ing performance of ternary composite is ascribed to this 
cause in some extent. Moreover, the Debye relaxation may 
be another significant reason to motivate the dielectric loss 
in samples, the relation between ε′ and ε′′ can be induced 
according to the theory of Debye’s [42, 43]:

The Eq. (5) denotes the Cole–Cole semicircle of real and 
imaginary part of permittivity in Debye relaxation process. 
As shown in Fig. 9d, no obvious Cole–Cole semicircle can be 
observed declaring that negligible Debye relaxation occurs in 
the raw CIPs for poor electromagnetic absorption. However, 
the partial Cole–Cole semicircle of CIPs@Fe2O3 composite 
in Fig. 9e indicates a weak Debye relaxation for dielectric 
absorption of incident microwave in this sample. In Fig. 9f, it 
is interesting to note that there exists a clear Cole–Cole semi-
circle with slight fluctuation in CIPs@FeO@C composite, 
illustrating the Debye relaxation makes a contribution to the 
dielectric loss for enhanced microwave absorption in this ter-
nary composite.

Table 1 summarizes the electromagnetic-wave absorption 
properties of related CIPs-based composites in other litera-
tures and this work [44–50]. It can be seen from table that the 
effective absorbing range of other CIPs-based composites are 
mainly focus in the relatively high frequency band. Although 
the thickness of electromagnetic absorber prepared here is a 
little thick, the microwave absorption range of as-prepared 
CIPs@FeO@C composite is located in the low-frequency 
band with advisable intensity and the preparation method is 
simple and economical. Hence, it can be used as an efficient 
low-frequency MAMs in deed.

(5)
(
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� −

�s + �∞

2

)2

+
(
�
��
)2
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Table 1   Comparison of 
electromagnetic absorption 
properties between CIPs@
FeO@C and related CIPs 
composites reported in other 
literatures

Materials Thick-
ness 
(mm)

Minimum RL (dB) Position (GHz) RL < − 10 dB (GHz) Refs

C@CIPs 0.6 − 5.48 9.3 – [44]
rGO/MCI/PVP 2.8 − 41.76 10 5.48–18 [45]
R-GO/F-CIP/PANI 2 − 38.8 11.8 – [46]
CI/rGO 2.5 − 103.8 7.8 5.48–11.28 [47]
CI/rGO/PVP 1.5 − 31.81 16.88 8.12–18 [47]
CI/rGO/PVP 2.5 − 29.79 9.68 5.08–18 [47]
CI/rGO/PVP 4.8 − 35 3.04 2–18 [47]
Oriented FCI/EP-A 1.5 − 13 3.5 – [48]
Oriented FCI/EP-B 1.4 – – 5.5–18 [48]
FCI 1.5 − 15.7 6 4.5–8.5 [49]
RGO-SCI 3 − 52.46 9.46 7.79–11.98 [50]
CIPs@FeO@C 3 − 16.35 2.91 2.16–3 This work
CIPs@FeO@C 4 − 17.39 2.29 1.8–3 This work
CIPs@FeO@C 5 − 21.21 2.09 1.55–2.7 This work
CIPs@FeO@C 6 − 24.64 1.88 1.39–2.43 This work
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4 � Conclusion

In summary, the CIPs@FeO@C composite has been syn-
thesized successfully via a novel co-calcine, high tempera-
ture thermal diffusion and reduction method with activated 
carbon as carbon source and reducing agent. The as-pre-
pared composite possesses a multilayer core–shell–shell 
structure consisting of various components with different 
electromagnetic absorption mechanisms, hence the syn-
ergistic effect of magnetic and dielectric loss contributes 
to the low-frequency electromagnetic-wave absorbing 
performance of this ternary composite. The maximum 
RL value achieves − 24.64 dB at 1.88 GHz for 6 mm 
thickness and the broadest effective absorbing bandwidth 
(RL < − 10 dB) reaches 1.2 GHz in low-frequency band 
for 4 mm thickness. Compared to raw CIPs, the relatively 
higher imaginary part of permittivity and permeability, 
good impedance matching property, outstanding attenu-
ation characteristic, efficient eddy current loss, Debye 
relaxation and interfacial polarization endow the compos-
ite advisable low-frequency microwave absorption ability.
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