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HIGHLIGHTS

• Hierarchically porous Fe–Co/N-doped carbon/rGO (Fe–Co/NC/rGO) composites were successfully prepared. Macropores, mesopores, 
and micropores coexisted in the composites.

• Hierarchically porous Fe–Co/NC/rGO showed effective bandwidth of 9.29 GHz.

ABSTRACT Developing lightweight and 
broadband microwave absorbers for deal-
ing with serious electromagnetic radiation 
pollution is a great challenge. Here, a novel 
Fe–Co/N-doped carbon/reduced graphene 
oxide (Fe–Co/NC/rGO) composite with hier-
archically porous structure was designed and 
synthetized by in situ growth of Fe-doped Co-
based metal organic frameworks (Co-MOF) on 
the sheets of porous cocoon-like rGO followed 
by calcination. The Fe–Co/NC composites are 
homogeneously distributed on the sheets of porous rGO. The Fe–Co/NC/rGO composite with multiple components (Fe/Co/NC/rGO) causes 
magnetic loss, dielectric loss, resistance loss, interfacial polarization, and good impedance matching. The hierarchically porous structure 
of the Fe–Co/NC/rGO enhances the multiple reflections and scattering of microwaves. Compared with the Co/NC and Fe–Co/NC, the 
hierarchically porous Fe–Co/NC/rGO composite exhibits much better microwave absorption performances due to the rational composition 
and porous structural design. Its minimum reflection loss  (RLmin) reaches − 43.26 dB at 11.28 GHz with a thickness of 2.5 mm, and the 
effective absorption frequency (RL ≤ − 10 dB) is up to 9.12 GHz (8.88–18 GHz) with the same thickness of 2.5 mm. Moreover, the widest 
effective bandwidth of 9.29 GHz occurs at a thickness of 2.63 mm. This work provides a lightweight and broadband microwave absorbing 
material while offering a new idea to design excellent microwave absorbers with multicomponent and hierarchically porous structures.
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1 Introduction

With the rapid popularization of electronic equipment, 
electromagnetic radiation pollution brings disturbance to 
the proper functioning of electronic equipment as well as 
significant dangers to military security and human health 
[1–4]. Therefore, it is critical to develop efficient microwave 
absorbing materials that are lightweight and thin with strong 
broadband absorption to address this serious problem [5–7]. 
According to the microwave absorption mechanism, when 
absorbers have magnetic loss, dielectric loss, and imped-
ance match, more microwaves can enter the interior of the 
materials and be converted into other forms of energy and 
dissipated [8, 9]. In past decades, many efforts were devoted 
to researching composites for enhancing microwave absorp-
tion, such as (Fe, Ni, Co)/C [10–12], (Fe, Ni, Co)/rGO 
[13–15],  MFe2O4/rGO (M = Fe, Ni, Co) [16–19],  MFe2O4/
CNTs [20–22], and NiO/SiO2/Fe3O4/rGO [23, 24]. However, 
these materials have the shortcoming of narrow absorption 
bands, which seriously hinders their practical applications.

Recently, metal–organic frameworks (MOFs) have attracted 
wide attention due to their unique structures [25, 26]. The 
Co-MOF-derived Co/C composites have the advantages of 
low density, nanoporous structure, multiple polarization 
centers, and the coexistence of magnetic loss and dielectric 
loss, which are beneficial to improve the impedance match-
ing and multiple reflection and scattering of microwaves. Zhu 
et al. synthesized Co/C composites by carbonization of Co-
MOFs; the minimum reflection loss  (RLmin) of the compos-
ites was − 15.7 dB, and the effective bandwidth was 5.4 GHz 
(12.3–17.7 GHz) at a thickness of 1.7 mm [27]. Wang et al. 
fabricated Co–C composite using Co-MOF-74 as the precur-
sor; its  RLmin reached − 62.12 dB, while its effective band-
width was 4.6 GHz (10.1–14.7 GHz) at the thickness of 
2.4 mm [28]. Liao et al. prepared Co/ZnO/C absorbers from 
cuboid-shaped heterobimetallic MOFs; the optimized  RLmin 
was − 52.6 dB, and the effective bandwidth was 4.9 GHz at a 
thickness of 3.0 mm [29]. Wang et al. reported a Co nanopar-
ticles (NPs)/porous C composite by annealing Co NPs/ZIF-
67; its  RLmin was − 30.31 dB, and the effective bandwidth was 
4.93 GHz [30]. Although Co-MOF-based Co/C composites 
show good microwave absorption performances, their narrow 
absorption bands still need to be improved. Thus, in order to 
solve the problem of the impedance mismatch of Co/C com-
posites derived from weak magnetic loss of single Co-MOF 

and further improve absorbers’ microwave absorption per-
formance, we designed porous Fe–Co/N-doped C (Fe–Co/
NC) composites derived from Fe-doped Co-MOF by doping 
strongly magnetic Fe into Co-MOF. At the same time, NC 
obtained by the carbonization of Fe-dope Co-MOF is of great 
benefit to enhance the dielectric loss.

In addition, rGO with a porous structure can effectively 
broaden the effective bandwidth because the microwaves 
entering the pores of rGO can be reflected and multiply scat-
tered [31–36]. Hence, we introduce the Fe-doped Co-MOF 
into porous cocoon-like rGO to prepare multicomponent and 
hierarchically porous Fe–Co/NC/rGO composites. In this 
way, the multicomponent materials can possess both mag-
netic loss and dielectric loss and achieve impedance matching 
to enhance the absorbing performance. At the same time, the 
hierarchically porous structures of the materials can reduce 
the density and broaden the effective bandwidth to obtain 
lightweight absorbers with strong broadband absorption.

Herein, hierarchically porous Fe–Co/NC/rGO composites 
were designed and prepared by carbonization of Fe-doped 
Co-MOF grown in situ on the porous cocoon-like rGO. The 
Fe–Co/NC/rGO with multiple components and unique hier-
archically porous structures exhibited the widest effective 
bandwidth of 9.29 GHz at a thickness of 2.63 mm. Com-
pared to Co/NC and Fe–Co/NC, the absorbing mechanism of 
Fe–Co/NC/rGO was explained. This design strategy of mul-
ticomponent and hierarchically porous structures provides 
a new research direction for the development of lightweight 
and broadband microwave absorbing materials.

2  Experimental

2.1  Materials

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), ferrous sulfate 
heptahydrate  (FeSO4·7H2O), 2-methylimidazole (2-MIM), 
ascorbic acid (VC), and methanol were purchased from Bei-
jing Chemicals and used without further purification.

2.2  Synthesis of Hierarchically Porous Fe–Co/NC/rGO

The hierarchically porous Fe–Co/NC/rGO composite was 
synthesized using the following steps. First, GO was pre-
pared via the modified Hummers method [37]. Second, 
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porous cocoon-like rGO was fabricated using our previ-
ously reported method [33] (SI). Third, 15 mg of porous 
cocoon-like rGO was dispersed in 10 mL of methanol and 
marked as solution A. 0.4514 g of 2-MIM and 0.3637 g 
of Co(NO3)2·6H2O were separately dissolved in 10 mL of 
methanol. They were uniformly mixed under stirring and 
marked as solution B. 0.037 g of  FeSO4·7H2O was dis-
solved in 10 mL of methanol and mixed with solution B to 
form a uniform solution. Sequentially, solution A was added 
into the above mixed solution and stirred for 30 min con-
tinuously. After the mixture was aged at 25 °C for 24 h, the 
products were collected by centrifugation and washed with 
deionized water. The Fe-doped Co-MOF/rGO was obtained 
by freeze drying. Then, Fe-doped Co-MOF/rGO was heated 
at a rate of 5 °C  min−1 and calcined at 600 °C in Ar for 2 h to 
obtain hierarchically porous NC/rGO composites embedded 
with  Co3Fe7 and Co (Fe–Co/NC/rGO).

For comparison, Co/NC was prepared by the same process 
without solution A and a methanol solution of  FeSO4·7H2O. 
Fe–Co/NC was prepared using the same process without 
solution A.

The diagram of the preparation procedure for Fe–Co/NC/
rGO is shown in Fig. 1.

2.3  Characterization

The morphologies and size of the samples were analyzed 
by a field emission scanning electron microscope (FESEM; 
JEOL JSM-7500F) and high-resolution transmission elec-
tron microscope (HRTEM; Hitachi HT7700). The crystal 
structures of the samples were detected by X-ray diffraction 
(XRD; UItima IV, 40 kV, 150 mA, Cu Kα radiation). The 
structural characteristics of carbon materials were char-
acterized by a Raman spectrometer (LabRAM ARAMIS; 
λ = 514 nm). The element compositions and chemical binding 
states of the samples were determined by X-ray photoelectron 
spectroscopy (XPS; Thermo ESCALAB 250XI). The pore 
size distribution of the samples was measured using a specific 
surface area and pore structure analyzer (Micrometrics ASAP 
2460) and analyzed by the Brunauer–Emmett–Teller (BET) 
method. The magnetic properties of the samples were tested 
by a vibrating sample magnetometer (VSM; Lakeshore, 
model 7404 series). The electromagnetic parameters were 
measured by a vector network analyzer (PNA-N5244A; Agi-
lent coaxial method) in the range of 1–18 GHz. The prepara-
tion process of coaxial rings for electromagnetic parameter 
measurement is shown in Fig. S1.

Fe-Co/NC/rGO Fe doped Co-MOF/rGO

carbonization

Fe doped
Co-MOF

Porous cocoon-like rGO

2-MIM
FeSO4·7H2O
Co(NO)3·6H2OFe-Co/NC

GO

600 °C, 2 h

Ascorbic acid 90 °C,
2 h reduction

Freeze-drying

25 °C
24 h

Fig. 1  Schematic drawings illustrating fabrication process of hierarchically porous Fe–Co/NC/rGO
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3  Results and Discussion

3.1  Morphologies and Structures

As exhibited in Fig. S2a, b, Co-MOF shows a smooth and 
complete dodecahedral morphology; its average particle 
size is approximately 800  nm. Fe-doped Co-MOF also 
presents the same morphology, while the average particle 

size is larger than that of Co-MOF, which is approximately 
1.3 μm. The SEM images of Co/NC, Fe–Co/NC, and Fe–Co/
NC/rGO are displayed in Fig. 2. Compared with Co-MOF 
and Fe-doped Co-MOF, Co/NC and Fe–Co/NC (Fig. 2a, 
b) obtained by the high-temperature carbonization of Co-
MOF and Fe-doped Co-MOF can basically maintain the 
morphologies of their corresponding MOF precursors, and 
their skeletal structure shrinks slightly. The surfaces of the 

Fig. 2  FESEM images of a Co/NC, b Fe–Co/NC, c, d Fe–Co/NC/rGO, and e, f HRTEM images of the Fe–Co/NC/rGO
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samples become rough and sunken. As shown in Fig. S2c, 
cocoon-like rGO with a porous structure is obtained by the 
simple and green reduction method. In Fig. 2c, after the 
in situ growth of Fe-doped Co-MOF on rGO and carboniza-
tion, Fe–Co alloy embedded porous NC (Fe–Co/NC) com-
posites are uniformly distributed on the porous rGO sheets. 
The Fe–Co/NC/rGO shows a hierarchically porous structure. 
In Fig. S2d, the Fe–Co/NC/rGO composites clearly have 
macropores ranging from 0.9 to 25 μm. Fe–Co/NC and rGO 
are connected, which enhances the stability of the compos-
ites. As shown in Fig. S3, the Co, Fe, and N evenly locate 
whole composite. The internal microstructures of the hier-
archically porous Fe–Co/NC/rGO were further explored by 
HRTEM. In Fig. 2e, the porous structure of Fe–Co/NC and 
typical wrinkled sheets of rGO can be clearly observed. In 
Fig. 2f, the clear lattice demonstrates the good crystallinity 
of the Fe–Co alloy for the Fe–Co/NC/rGO, in which the lat-
tice spacing of 0.208 nm is in accord with the (110) crystal 
plane of Fe–Co alloy. The Fe–Co alloy nanoparticles are sur-
rounded by the graphitized NC layer. This unique structure 
is conducive to good electromagnetic matching.

The XRD patterns were employed to analyze the phase 
and structures of the products. As shown in Fig. 3a, three 
characteristic diffraction peaks were obtained at 2θ = 44.2°, 
51.5°, and 75.9° for Co/NC, which can be attributed to the 
(111), (200), and (220) crystal planes of body-centered cubic 
Co metal (JCPDS No. 15-0806) [38]. This suggests that the 
 Co2+ in the precursor was successfully reduced to metal 
particles. In Fig. 3b, there are two main diffraction peaks 
in Fe–Co/NC, which correspond to the (110) and (200) 
crystal planes of  Co3Fe7 alloy (JCPDS No. 48-1816). The 
result reveals that the Fe ion is embedded in the Co-MOF, 
and the Fe–Co alloy is formed via carbonization. There are 
also some peaks of Co, indicating the coexistence of  Co3Fe7 
and Co. As shown in Fig. 3c, the main diffraction peaks 
of Fe–Co/NC/rGO are basically consistent with those of 
Fe–Co/NC, except that a weak wide peak attributed to rGO 
appears at approximately 26°.

The carbon structure of the samples was detected by 
Raman spectroscopy. As shown in Fig. 4, the three samples 
all exhibit two peaks at approximately 1330 and 1590 cm−1, 
which can be assigned to the typical D and G bands of car-
bon materials. The D band usually reflects the lattice defects 
and disorder degree of carbon materials. The G band indi-
cates the graphitic degree of carbon atoms [39, 40]. The 
intensity ratio of the D and G bands (ID/IG) is a common 

criterion for evaluating the degree of graphitization of car-
bon materials. In Fig. 4, the ID/IG of Co/NC, Fe–Co/NC, 
and Fe–Co/NC/rGO is 1.06, 1.10, and 1.09, respectively. 
The intensity of D bands is stronger than that of G bands 
(ID/IG > 1) for all samples, indicating that there are many 
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defects in the samples. This is due to the introduction of N 
atoms into the carbon skeleton. These defects can serve as 
a polarization center to further elevate the dielectric loss. 
Under the premise of impedance matching, the increase in 
dielectric loss due to the defects is beneficial to improve the 
absorbing performances [40, 41].

The chemical composition and valence state of Fe–Co/
NC/rGO were studied by XPS. Based on XPS, the nitro-
gen content of Fe–Co/NC/rGO is 3.51 at.%. Figure 5a 
reveals that Fe–Co/NC/rGO consists of C, N, O, Co, and 
Fe elements. In Fig. 5b, the four peaks in the C 1s spec-
tra correspond to C–C (284.6 eV), C–N (285.2 eV), C–O 
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(286.5 eV), and C=O (288.7 eV). The peak intensities 
of O1s, C–O, and C=O are weak, illustrating that most 
oxygen-containing functional groups disappeared through 
the reduction process. As shown in Fig. 5c, the N 1s spec-
tra are well divided into four peaks, which can be assigned 
to primary pyridine N (398.1 eV), pyrrole N (398.9 eV), 
graphite N (399.9 eV), and oxidized N (400.8 eV). This 
demonstrates that the N atoms have been doped into the 
carbon lattice to form defects, which could act as dipoles 
to enhance the dielectric loss. In Fig. 5d, the Co 2p spectra 
are fitted to three Co states; peaks at 780.1 and 795.2 eV 
belong to  Co0, peaks at 785.2 and 797.8 eV are ascribed 
to  Co2+, and peaks at 781.2 and 796.5 eV are attributed 
to  Co3+. The satellite peaks are located at 787.2 and 
803.1 eV. The multiple valence states of Co suggest the 
surface oxidation of Co NPs in air [40, 42]. As shown in 
Fig. 5e, Fe 2p of the composite can be decomposed into 
 Fe0,  Fe2+, and  Fe3+. The peaks with binding energies of 
708.8 and 719.9 eV are indexed to  Fe0, and 710.2 and 
722.6 eV are  Fe2+, while 712.1 and 724.6 eV correspond 
to  Fe3+ [43–46].

The TG curves are shown in Fig. S3. The weight percent-
ages of metal for Co/NC, Fe–Co/NC, and Fe–Co/NC/rGO 
can be estimated to be 42.5, 58.2, and 41.0 wt%, respec-
tively, from the weight loss in the thermogravimetric curves 
obtained in flowing air (60 mL min−1) using Eq. 1.

where  C (wt%) is the content of metal, mr is the remain-
ing weight, mi is the initial weight of the sample, AM is the 
atomic weight of metal, and MM2O3 is the molecular weight 
of  M2O3. In the case of Fe–Co/NC and Fe–Co/NC/rGO, the 
average atomic weight of the Fe–Co alloy and the average 
molecular weight of the corresponding oxides are calculated 
based on the initial Fe/Co molar ratios of the preparation 
process for Fe-doped Co-MOF and used in Eq. 1.

The nitrogen adsorption–desorption isotherms are used 
to analyze the pore structure of the samples. In Fig. 6, Co/
NC, Fe–Co/NC, and Fe–Co/NC/rGO exhibit the typical type 
IV isotherm [47]. The further pore structure of the sam-
ples can be observed in the pore size distribution based on 
a nonlocal density functional theory (NLDFT) model. In 
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Fig. 6a, the pore size distribution of Co/NC profiles has 
peaks in the range of 0.4–4.4 nm. In Fig. 6b, Fe–Co/NC 
shows a pore size distribution of 0.4–15.4 nm. This indi-
cates that MOF-derived Co/NC and Fe–Co/NC are materials 
with both micropores and mesopores. However, Fe doping 
broadens the pore size distribution. In addition, the pore 
volume of Fe–Co/NC is 0.176 mL g−1, which is smaller 

than the 0.187 mL g−1 of Co/NC. This demonstrates that Fe 
doping decreases the porosity of the material. As shown in 
Fig. 6c, the pore sizes of Fe–Co/NC/rGO are in the range 
of 0.4–25.0 nm, including micropores (0.4–2.0 nm) and 
mesopores (2.0–25.0 nm). Combining the SEM image and 
pore size distribution, macropores, mesopores, and micropo-
res are observed to coexist in Fe–Co/NC/rGO composites. In 
other words, the Fe–Co/NC/rGO composite shows a hierar-
chically porous structure.

3.2  Magnetic Properties

The magnetic hysteresis loops of Co/NC, Fe–Co/NC, and 
Fe–Co/NC/rGO composites are shown in Fig. 7. Compared 
to the saturation magnetization (Ms) of 32.96  emu g−1 
for Co/NC (Fig. 7b), the Ms of Fe–Co/NC increased to 
39.30  emu  g−1 (Fig.  7c), which proves that Fe doping 
improves the magnetic properties of the materials. As shown 
in Fig. 7a, the Ms of Fe–Co/NC/rGO is 22.50 emu g−1 due to 
the introduction of nonmagnetic rGO. The coercivity of Co/
NC is 139.63 Oe, which is lower than those of Fe–Co/NC 
and Fe–Co/NC/rGO (270.90 and 300.16 Oe, respectively).

c
b

a

c
b

a

40

20

0

−20

−40

40

20

0

−20

−40

−2000 −1000 0 1000 2000

−20000 −10000 0 10000
Magnetic field (Oe)

20000

M
ag

ne
tiz

at
io

n 
(e

m
u 

g−
1 )

Fig. 7  Magnetic hysteresis loops for a Fe–Co/NC/rGO, b Co/NC, 
and c Fe–Co/NC

Co/NC
Fe-Co/NC
Fe-Co/NC/rGO

10

8

6

4

2

ε'

2 4 6

(a)

8 10 12 14 16 18
Frequency (GHz)

Co/NC
Fe-Co/NC
Fe-Co/NC/rGO

6

4

2

0

ε"

2 4 6

(b)

8 10 12 14 16 18
Frequency (GHz)

Co/NC
Fe-Co/NC
Fe-Co/NC/rGO

2.0

1.5

1.0

0.5

0.02 4 6

(c)

8 10 12 14 16 18
Frequency (GHz)

Co/NC
Fe-Co/NC
Fe-Co/NC/rGO1.5

1.2

0.9

µ'

2 4 6

(d)

8 10 12 14 16 18
Frequency (GHz)

Co/NC
Fe-Co/NC
Fe-Co/NC/rGO

0.5

0.0

−0.5

−1.0

0.5

0.0

−0.5

μ"

M
ag

ne
tic

 lo
ss

 ta
ng

en
t

2 4 6

(e)

8 10 12 14 16 18
Frequency (GHz)

Co/NC
Fe-Co/NC
Fe-Co/NC/rGO

2 4 6

(f)

8 10 12 14 16 18
Frequency (GHz)

D
ie

le
ct

ric
 lo

ss
 ta

ng
en

t

Fig. 8  a Permittivity real part �′ , b permittivity imaginary part �′′ , c dielectric loss tangent tanδe, d permeability real part �′ , e permeability 
imaginary part �′′ , and f magnetic loss tangent tanδm of Co/NC, Fe–Co/NC, and Fe–Co/NC/rGO



Nano-Micro Lett. (2019) 11:76 Page 9 of 16 76

1 3

3.3  Electromagnetic Parameters and Microwave 
Absorption Performance

The electromagnetic parameters are used to evaluate the 
microwave absorbing properties. Figure 8 gives the rela-
tive complex permittivity ( �r = �′ − j�′′ ), dielectric loss 
tangent (tanδe = �′′/�′ ), relative complex permeability 
( �r = �′ − j�′′ ), and the magnetic loss tangent (tanδm = �′′

/�′ ). The real parts of the complex permittivity ( �′ ) and 
permeability ( �′ ) stand for the storage ability for electrical 
and magnetic energy, whereas the imaginary parts ( �′′ and 
�
′′ ) are related to the dissipation ability [48]. As shown in 

Fig. 8a, b, �′ and �′′ of the Fe–Co/NC/rGO composite are 

larger than those of Co/NC and Fe–Co/NC. In the range 
of 12.8–18 GHz, �′ of the composite is smaller than that 
of Co-NC or Fe–Co/NC, while �′′ of the composite is still 
large, resulting in greater dielectric loss. In Fig. 8c, tanδe 
of Fe–Co/NC/rGO is much higher than that of the other 
two samples due to the introduction of rGO; rich defects 
on rGO and NC and the interfacial polarization enhance 
the dielectric loss of the composite [49]. As shown in 
Fig. 8d–f, �′ of the Fe–Co/NC/rGO is larger than that of 
Co/NC and Fe–Co/NC, �′′ and tanδm of Fe–Co/NC/rGO 
are smaller than those of other two samples. The intro-
duction of nonmagnetic rGO leads to the decrease in the 
magnetic loss of the composite.
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Fig. 9  Calculated 2D/3D reflection loss of Co/NC (a, a2), Fe–Co/NC (b, b2), Fe–Co/NC/rGO (c, c2) and contour maps of the reflection loss of 
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The microwave absorption performances are evaluated 
by the  RLmin, which is calculated via the electromagnetic 
parameters [50].

where z0 is the characteristic impedance of the free space, zin 
is the input impedance, and �r and �r are the relative complex 
permittivity and permeability. f is the frequency of micro-
wave, d is the thickness of the absorber, and c is the velocity 
of light.

Figure 9 reveals the microwave absorption performances 
of Co/NC, Fe–Co/NC, and Fe–Co/NC/rGO with the loading 
of 25 wt%. In Fig. 9a  (a1 and  a2), none of the  RLmin of Co/
NC exceeds − 10 dB in the whole frequency and thickness 
ranges. In Fig. 9b  (b1 and  b2), although the  RLmin of Fe–Co/
NC is slightly higher than that of Co/NC, it does not yet reach 
the effective absorption (RL < − 10 dB). This shows that nei-
ther of the two materials can achieve effective absorption. As 
shown in Fig. S5, �′ of the Fe–Co/NC is larger than that of 
Co/NC in the range of 5–17.5 GHz, and �′′ of Fe–Co/NC is 
larger than that of Co/NC in 12.5–18 GHz. In Fig. S6, when 
the mass filling ratios of the materials reach 55 wt%, their 

(2)RL(dB) = 20 log
|||
|

zin − z0

zin + z0

|||
|

(3)zin = z0

�
�r

�r

tan h

�

j
2�fd

c

√
�r�r

�

microwave absorption performance is enhanced. The  RLmin 
of Fe–Co/NC is − 21.83 dB, and the effective bandwidth is 
4.39 GHz. Although the  RLmin of Co/NC is also improved 
(from − 4.09 to − 10.63 dB), its microwave absorption per-
formance is still much worse than that of Fe–Co/NC. This 
illustrates that Fe-doped Co/NC is beneficial to enhance the 
absorption properties of materials. In Fig. 9c  (c1 and  c2), the 
microwave absorption performance of Fe–Co/NC/rGO com-
posite is greatly improved. The  RLmin reaches − 43.26 dB 
at 11.28 GHz at a thickness of 2.5 mm, and the effective 
absorption bandwidth is 9.12 GHz (8.88–18 GHz). Further-
more, in Fig. 9c2, the effective bandwidth of the composite 
achieves 9.29 GHz at the thickness 2.63 mm. In Fig. S7, 
the  RLmin of Co/NC/rGO is − 26.14 dB at a thickness of 
2.5 mm and the effective bandwidth is 4.4 GHz. The absorp-
tion performances of Fe–Co/NC/rGO are much better than 
those of Co/NC/rGO. The effective bandwidth of the Fe–Co/
NC/rGO is much better than that of most absorbers. The 
result suggests that the Fe–Co/NC/rGO not only enhances 
the reflection loss but also effectively broadens the absorp-
tion bandwidth, which gives it broad application prospects 
in the research field of absorbing materials.

According to the microwave absorption mechanism, the 
excellent absorbing performance of the Fe–Co/NC/rGO 
benefits from good impedance matching. When Z = |Zin/Z0| 
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Fig. 10  Reflection loss (a1–c1), simulation of the matching thickness ( t
m
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is equal or close to 1, zero reflection appears at the surface 
of the materials; in other words, the absorbers accomplish 
a good impedance match. Hence, in order to inquire into 
the microwave absorption mechanism, the impedance 
matching characteristics are carefully analyzed in Fig. 10. 
As shown in Fig. 10a  (a3), b  (b3), the values of Z of Co/NC 
and Fe–Co/NC are much higher than 1 at all thicknesses. 
This impedance mismatch leads to poor absorption. In 
Fig. 10c  (c3), the values of Z of the Fe–Co/NC/rGO are 
still far greater than 1 at most thicknesses, and it does not 
reach effective absorption at these thicknesses. However, 
at the thicknesses of 2.5 and 3 mm, the values of Z are 
closer to 1, and the absorption properties are enhanced, 
which confirms that excellent microwave absorption per-
formances are attributed to the good impedance match. 
In addition, the good impedance match results from the 
appropriate mass filling ratio, dielectric loss, and magnetic 
loss. Remarkably,  RLmin moves to low frequency with the 
increase in thickness. This phenomenon can be explained 
by the quarter-wavelength matching model. In the model, 
the peak frequency ( fm ) and the absorber thickness ( tm ) 
can be described by Eq. 4 [51, 52].

When tm and fm conform to this equation, incident 
and reflected microwaves would be out of phase of 180°, 
resulting in the disappearance of each at the air–absorber 
interface [53]. As shown in Fig. 10c, the tm(tm

fit) curve of 
Fe–Co/NC/rGO is simulated with Eq. 4, and the matching 

(4)tm = nc∕

(

4fm

√
||�r||||�r

||

)

, (n = 1, 3, 5,…)

thicknesses (tm
exp) marked with red squares are obtained 

from the  RLmin curves. Apparently, the experimental 
results are consistent with the calculated results at the 
thicknesses of 2.5 and 3 mm, which indicates that the 
 RLmin curves of Fe–Co/NC/rGO conform to the quarter-
wavelength matching model. Therefore, the Fe–Co/NC/
rGO composite shows excellent microwave absorption 
performance.

The microwave attenuation constant (α) is another crucial 
evaluation criterion for the microwave absorption perfor-
mance of an excellent absorber; it can be calculated using 
Eq. 5 [54–56].

In Fig. 11a, α values of Fe–Co/NC/rGO are the largest 
among the three samples over the whole frequency range, 
especially in the high-frequency region. Consequently, 
Fe–Co/NC/rGO, with a larger loss tangent and the highest 
attenuation property, exhibits the best microwave absorption 
performance.

The eddy current loss can be calculated using the 
formula of ���

(
�
�
)−2

f −1 = 2��0�d
2∕3 , where �0 is the 

vacuum permeability, � is the conductivity, and d is the 
sample thickness. If the magnetic loss only originates 
from the eddy current loss, then the values of ���

(
�
�
)−2

f −1 
should be constant when the frequency is changed. As 
shown in Fig. 11b, the values of ���

(
�
�
)−2

f −1 fluctuate 
with frequency, which illustrates that the eddy current 
loss is weak and the magnetic loss mainly comes from 

(5)

α =

√
2�f

c
×

�

(������ − ����) +

�
(������ − ����)2 + (����� + �����)2
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magnetic resonance [57, 58]. Magnetic hysteresis loops 
in Fig. 7 indicate the existence of hysteresis loss for three 
kinds of materials. In case of Fe–Co/NC and Fe–Co/NC/
rGO, the increased area of magnetic hysteresis loops 
indicates that Fe doping enhances the hysteresis loss.

Based on the above discussion, the microwave absorp-
tion mechanism of Fe–Co/NC/rGO composite is illus-
trated in Fig. 12. First, the impedance matching is an 
important factor affecting the microwave absorption per-
formance of materials [59]. The combination of Fe–Co/
NC and rGO gives the composite excellent impedance 
matching and improves the absorbing performance of the 
composite. Second, hysteresis loss and magnetic reso-
nance of magnetic metals contribute to the magnetic loss 
of the composites. Moreover, Fe doping increases the 
hysteresis loss. On the other hand, Fe–Co alloys embed-
ded in the NC form many interfaces, which increase the 
polarization center of the material and greatly enhance 
the interfacial polarization of the material, resulting in 
the increase in dielectric loss [60, 61]. Third, after car-
bonization of the Fe–Co-MOF, N-doped C is obtained. 
The introduction of N atoms into the C lattice and the 
defects in rGO are beneficial to improve the dielectric 
loss of the material [62]. In addition, the porous rGO not 
only enhances dielectric loss but also provides resistance 
loss. The rGO sheets are overlapped to form a capacitor-
like conductive network, which causes the motion of 
hopping electrons, forming oscillatory current and gener-
ating increased resistance loss [63–65]. Moreover, most 
of the microwaves enter into the absorber due to the good 
impedance match, and the unique hierarchically porous 

structure (the macropores, mesopores, and micropores) 
of Fe–Co/NC/rGO composite then limits more micro-
waves to the interior of materials. Therefore, the micro-
waves are reflected and attenuated for many times in the 
interior of the composite. In another words, the scatter-
ing and multiple reflection resulted from the pore struc-
ture enhance the microwave absorption [66, 67]. In sum-
mary, Fe–Co/NC/rGO with multiple components and a 
unique hierarchically porous structure exhibits excellent 
microwave absorption performance.

4  Conclusions

A novel lightweight Fe–Co/NC/rGO composite with broad-
band absorption was prepared using a simple in situ growth 
method. Fe–Co/NC was uniformly loaded on the sheets of 
porous cocoon-like rGO. The multiple components and 
the hierarchically porous structure are responsible for the 
excellent microwave absorption performances. The  RLmin is 
− 43.26 dB with a thickness of 2.5 mm, and the widest effec-
tive bandwidth is 9.29 GHz at a thickness of 2.63 mm. The 
magnetic loss, dielectric loss, resistive loss, good impedance 
matching, scattering, and multiple reflections contribute to 
the excellent microwave absorption performance. This study 
not only provides an excellent absorber but also puts forward 
a design strategy for lightweight absorbers with broadband 
absorption.

Acknowledgements The authors of this paper would like to thank 
the National Natural Science Foundation of China (No. 21376029) 
and the Analysis & Testing Center, Beijing Institute of Technology 
for sponsoring this research. This research was also supported by 

Hopping electrons Resistance loss Dielectric loss Interfacial polarization Dielectric loss

Magnetic loss
(Hysteresis loss and
Magnetic resonance)

Multiple reflection and scatteringIncident microwaves

Fig. 12  Schematic diagram of microwave absorption mechanism of Fe–Co/NC/rGO



Nano-Micro Lett. (2019) 11:76 Page 13 of 16 76

1 3

Beijing Key Laboratory for Chemical Power Source and Green 
Catalysis, Beijing Institute of Technology.

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you 
give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license, and indicate if 
changes were made.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4082 0-019-0307-8) contains 
supplementary material, which is available to authorized users.

References

 1. L.J. Yu, Q.X. Yang, J.L. Liao, Y.F. Zhu, X. Li, W.T. Yang, 
Y.Q. Fu, A novel 3D silver nanowires@polypyrrole sponge 
loaded with water giving excellent microwave absorption 
properties. Chem. Eng. J. 352, 490–500 (2018). https ://doi.
org/10.1016/j.cej.2018.07.047

 2. F. Yan, J.Y. Kang, S. Zhang, C.Y. Li, C.L. Zhu, X.T. Zhang, 
Y.J. Chen, Enhanced electromagnetic wave absorption induced 
by void spaces in hollow nanoparticles. Nanoscale 10(39), 
18742–18748 (2018). https ://doi.org/10.1039/c8nr0 7338d 

 3. R. Qiang, Y. Du, Y. Wang, N. Wang, C. Tian, J. Ma, P. Xu, X. 
Han, Rational design of yolk-shell C@C microspheres for the 
effective enhancement in microwave absorption. Carbon 98, 
599–606 (2016). https ://doi.org/10.1016/j.carbo n.2015.11.054

 4. D. Lan, M. Qin, R. Yang, H. Wu, Z. Jia et al., Synthesis, char-
acterization and microwave transparent properties of  Mn3O4 
microspheres. J. Mater. Sci. Mater. Electron. 30(9), 8771–
8776 (2019). https ://doi.org/10.1007/s1085 4-019-01201 -7

 5. Y. Janu, V.S. Chauhan, D. Chaudhary, L. Saini, M.K. Patra, 
Silica-coated iron microflakes (Fe/SiO2)-based elasto-
meric composites as thin microwave absorber. IEEE Trans. 
Magn. 55(3), 2800707 (2019). https ://doi.org/10.1109/
tmag.2019.28912 25

 6. Z.L. Zhang, Q.H. Zhu, X.Q. Chen, Z. Wu, Y.Y. He et al., 
Ni@C composites derived from Ni-based metal organic 
frameworks with a lightweight, ultrathin, broadband and 
highly efficient microwave absorbing properties. Appl. Phys. 
Express 12(1), 011001 (2019). https ://doi.org/10.7567/1882-
0786/aaeed c

 7. G. Sun, H. Wu, Q. Liao, Y. Zhang, Enhanced microwave 
absorption performance of highly dispersed CoNi nano-
structures arrayed on graphene. Nano Res. 11(5), 2689–2704 
(2018). https ://doi.org/10.1007/s1227 4-017-1899-2

 8. Y. Wang, X. Gao, C.H. Lin, L.Y. Shi, X.H. Li, G.L. Wu, Metal 
organic frameworks-derived Fe–Co nanoporous carbon/gra-
phene composite as a high-performance electromagnetic wave 
absorber. J. Alloys Compd. 785, 765–773 (2019). https ://doi.
org/10.1016/j.jallc om.2019.01.271

 9. Z. Jia, D. Lan, K. Lin, M. Qin, K. Kou, G. Wu, H. Wu, Pro-
gress in low-frequency microwave absorbing materials. J 
Mater. Sci. Mater. Electron. 29(20), 17122–17136 (2018). 
https ://doi.org/10.1007/s1085 4-018-9909-z

 10. W.X. Li, H.X. Qi, F. Guo, Y. Du, N.J. Song, Y.Y. Liu, Y.Q. 
Chen, Co nanoparticles supported on cotton-based carbon 
fibers: a novel broadband microwave absorbent. J. Alloys 
Compd. 772, 760–769 (2019). https ://doi.org/10.1016/j.jallc 
om.2018.09.075

 11. Z.C. Lou, Y.J. Li, H. Han, H.H. Ma, L. Wang et al., Synthesis 
of porous 3D Fe/C composites from waste wood with tunable 
and excellent electromagnetic wave absorption performance. 
ACS Sustain. Chem. Eng. 6(11), 15598–15607 (2018). https 
://doi.org/10.1021/acssu schem eng.8b040 45

 12. H.H. Liu, Y.J. Li, M.W. Yuan, G.B. Sun, H.F. Li et al., In situ 
preparation of cobalt nanoparticles decorated in n-doped car-
bon nanofibers as excellent electromagnetic wave absorbers. 
ACS Appl. Mater. Interfaces 10(26), 22591–22601 (2018). 
https ://doi.org/10.1021/acsam i.8b052 11

 13. H.R. Yuan, F. Yan, C.Y. Li, C.L. Zhu, X.T. Zhang, Y.J. Chen, 
Nickel nanoparticle encapsulated in few-layer nitrogen-doped 
graphene supported by nitrogen-doped graphite sheets as a 
high-performance electromagnetic wave absorbing material. 
ACS Appl. Mater. Interfaces 10(1), 1399–1407 (2018). https 
://doi.org/10.1021/acsam i.7b155 59

 14. W. Xu, G.S. Wang, P.G. Yin, Designed fabrication of reduced 
graphene oxides/Ni hybrids for effective electromagnetic 
absorption and shielding. Carbon 139, 759–767 (2018). https 
://doi.org/10.1016/j.carbo n.2018.07.044

 15. J. Feng, Y. Zong, Y. Sun, Y. Zhang, X. Yang et al., Optimiza-
tion of porous  FeNi3/N-GN composites with superior micro-
wave absorption performance. Chem. Eng. J. 345, 441–451 
(2018). https ://doi.org/10.1016/j.cej.2018.04.006

 16. K. Zhang, X. Gao, Q. Zhang, T. Li, H. Chen, X. Chen, 
Preparation and microwave absorption properties of asphalt 
carbon coated reduced graphene oxide/magnetic  CoFe2O4 
hollow particles modified multi-wall carbon nanotube com-
posites. J. Alloys Compd. 723, 912–921 (2017). https ://doi.
org/10.1016/j.jallc om.2017.06.327

 17. W. Shen, B. Ren, K. Cai, Y.-F. Song, W. Wang, Synthesis 
of nonstoichiometric  Co0.8Fe2.2O4/reduced graphene oxide 
(rGO) nanocomposites and their excellent electromagnetic 
wave absorption property. J. Alloys Compd. 774, 997–1008 
(2019). https ://doi.org/10.1016/j.jallc om.2018.09.361

 18. P. Yin, Y. Deng, L. Zhang, W. Wu, J. Wang et al., One-step 
hydrothermal synthesis and enhanced microwave absorption 
properties of  Ni0.5Co0.5Fe2O4/graphene composites in low fre-
quency band. Ceram. Int. 44(17), 20896–20905 (2018). https 
://doi.org/10.1016/j.ceram int.2018.08.096

 19. Y. Liu, Z. Chen, Y. Zhang, R. Feng, X. Chen, C. Xiong, 
L. Dong, Broadband and lightweight microwave absorber 
constructed by in  situ growth of hierarchical  CoFe2O4/
reduced graphene oxide porous nanocomposites. ACS Appl. 
Mater. Interfaces 10(16), 13860–13868 (2018). https ://doi.
org/10.1021/acsam i.8b021 37

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-019-0307-8
https://doi.org/10.1016/j.cej.2018.07.047
https://doi.org/10.1016/j.cej.2018.07.047
https://doi.org/10.1039/c8nr07338d
https://doi.org/10.1016/j.carbon.2015.11.054
https://doi.org/10.1007/s10854-019-01201-7
https://doi.org/10.1109/tmag.2019.2891225
https://doi.org/10.1109/tmag.2019.2891225
https://doi.org/10.7567/1882-0786/aaeedc
https://doi.org/10.7567/1882-0786/aaeedc
https://doi.org/10.1007/s12274-017-1899-2
https://doi.org/10.1016/j.jallcom.2019.01.271
https://doi.org/10.1016/j.jallcom.2019.01.271
https://doi.org/10.1007/s10854-018-9909-z
https://doi.org/10.1016/j.jallcom.2018.09.075
https://doi.org/10.1016/j.jallcom.2018.09.075
https://doi.org/10.1021/acssuschemeng.8b04045
https://doi.org/10.1021/acssuschemeng.8b04045
https://doi.org/10.1021/acsami.8b05211
https://doi.org/10.1021/acsami.7b15559
https://doi.org/10.1021/acsami.7b15559
https://doi.org/10.1016/j.carbon.2018.07.044
https://doi.org/10.1016/j.carbon.2018.07.044
https://doi.org/10.1016/j.cej.2018.04.006
https://doi.org/10.1016/j.jallcom.2017.06.327
https://doi.org/10.1016/j.jallcom.2017.06.327
https://doi.org/10.1016/j.jallcom.2018.09.361
https://doi.org/10.1016/j.ceramint.2018.08.096
https://doi.org/10.1016/j.ceramint.2018.08.096
https://doi.org/10.1021/acsami.8b02137
https://doi.org/10.1021/acsami.8b02137


 Nano-Micro Lett. (2019) 11:7676 Page 14 of 16

https://doi.org/10.1007/s40820-019-0307-8© The authors

 20. C. Chen, S. Bao, B. Zhang, Y. Chen, W. Chen, C. Wang, 
Coupling Fe@Fe3O4 nanoparticles with multiple-walled car-
bon nanotubes with width band electromagnetic absorption 
performance. Appl. Surf. Sci. 467–468, 836–843 (2019). 
https ://doi.org/10.1016/j.apsus c.2018.10.148

 21. M.M. Lu, M.S. Cao, Y.H. Chen, W.Q. Cao, J. Liu et al., Mul-
tiscale assembly of grape-like ferroferric oxide and carbon 
nanotubes: a smart absorber prototype varying temperature to 
tune intensities. ACS Appl. Mater. Interfaces 7(34), 19408–
19415 (2015). https ://doi.org/10.1021/acsam i.5b055 95

 22. S.L. Zhang, Z.W. Qi, Y. Zhao, Q.Z. Jiao, X. Ni et al., Core/
shell structured composites of hollow spherical  CoFe2O4 and 
CNTs as absorbing materials. J. Alloys Compd. 694, 309–312 
(2017). https ://doi.org/10.1016/j.jallc om.2016.09.324

 23. L.H. Wang, Y. Sun, X. Huang, H. Liu, P. Zong, M.Y. Wang, 
Synthesis and microwave absorption enhancement of gra-
phene@Fe3O4@SiO2@NiO nanosheet hierarchical structures. 
Nanoscale 6, 3157–3164 (2014). https ://doi.org/10.1039/
C3NR0 5313J 

 24. M. Qin, D. Lan, J. Liu, H. Liang, L. Zhang, H. Xing, T. Xu, 
H. Wu, Synthesis of single-component metal oxides with 
controllable multi-shelled structure and their morphology-
related applications. Chem. Rec. 19, 1–19 (2019). https ://doi.
org/10.1002/tcr.20190 0017

 25. C.H. Zhou, C. Wu, D. Liu, M. Yan, Metal-organic frame-
work derived hierarchical Co/C@V2O3 hollow spheres as a 
thin, lightweight, and high-efficiency electromagnetic wave 
absorber. Chem. Eur. J. 25(9), 2234–2241 (2019). https ://doi.
org/10.1002/chem.20180 5565

 26. H.L. Xu, X.W. Yin, M. Zhu, M.H. Li, H. Zhang et al., Con-
structing hollow graphene nano-spheres confined in porous 
amorphous carbon particles for achieving full x band micro-
wave absorption. Carbon 142, 346–353 (2019). https ://doi.
org/10.1016/j.carbo n.2018.10.056

 27. B.Y. Zhu, P. Miao, J. Kong, X.L. Zhang, G.Y. Wang, K.J. 
Chen, Co/C composite derived from a newly constructed 
metal-organic framework for effective microwave absorption. 
Cryst. Growth Des. 19(3), 1518–1524 (2019). https ://doi.
org/10.1021/acs.cgd.9b000 64

 28. K.F. Wang, Y.J. Chen, R. Tian, H. Li, Y. Zhou, H.N. Duan, 
H.Z. Liu, Porous Co-C core-shell nanocomposites derived 
from Co-MOF-74 with enhanced electromagnetic wave 
absorption performance. ACS Appl. Mater. Interfaces 10(13), 
11333–11342 (2018). https ://doi.org/10.1021/acsam i.8b009 65

 29. Q. Liao, M. He, Y.M. Zhou, S.X. Nie, Y.J. Wang et  al., 
Tong, Highly cuboid-shaped heterobimetallic metal-organic 
frameworks derived from porous Co/ZnO/C microrods with 
improved electromagnetic wave absorption capabilities. ACS 
Appl. Mater. Interfaces 10(34), 29136–29144 (2018). https ://
doi.org/10.1021/acsam i.8b090 93

 30. H.C. Wang, L. Xiang, W. Wei, J. An, J. He, C.H. Gong, Y.L. 
Hou, Efficient and lightweight electromagnetic wave absorber 
derived from metal organic framework-encapsulated cobalt 
nanoparticles. ACS Appl. Mater. Interfaces 9(48), 42102–
42110 (2017). https ://doi.org/10.1021/acsam i.7b137 96

 31. Y. Zhang, Y. Huang, H.H. Chen, Z.Y. Huang, Y. Yang et al., 
Composition and structure control of ultralight graphene foam 
for high-performance microwave absorption. Carbon 105, 
438–447 (2016). https ://doi.org/10.1016/j.carbo n.2016.04.070

 32. H. Chen, Z. Huang, Y. Huang, Y. Zhang, Z. Ge et al., Syn-
ergistically assembled MWCNT/graphene foam with highly 
efficient microwave absorption in both C and x bands. Car-
bon 124, 506–514 (2017). https ://doi.org/10.1016/j.carbo 
n.2017.09.007

 33. S. Wang, Y. Zhao, M. Gao, H. Xue, Y. Xu et al., Green syn-
thesis of porous cocoon-like rGO for enhanced microwave-
absorbing performances. ACS Appl. Mater. Interfaces 10, 
42865–42874 (2018). https ://doi.org/10.1021/acsam i.8b154 16

 34. C. Chen, J. Xi, E. Zhou, L. Peng, Z. Chen, C. Gao, Porous 
graphene microflowers for high-performance microwave 
absorption. Nano-Micro Lett. 10(2), 26 (2018). https ://doi.
org/10.1007/s4082 0-017-0179-8

 35. Y. Zhang, Y. Huang, T.F. Zhang, H.C. Chang, P.S. Xiao 
et al., Broadband and tunable high-performance microwave 
absorption of an ultralight and highly compressible graphene 
foam. Adv. Mater. 27(12), 2049–2053 (2015). https ://doi.
org/10.1002/adma.20140 5788

 36. Z.R. Jia, K.J. Lin, G.L. Wu, H. Xing, H.J. Wu, Recent pro-
gresses of high-temperature microwave-absorbing materials. 
Nano 13(6), 1830005 (2018). https ://doi.org/10.1142/S1793 
29201 83000 50

 37. S. William, Hummers Jr., R.E. Offeman, Preparation of gra-
phitic oxide. J. Am. Chem. Soc. 80, 1339 (1958). https ://doi.
org/10.1021/ja015 39a01 7

 38. J. Yan, Y. Huang, X.P. Han, X.G. Gao, P.B. Liu, Metal organic 
framework (ZIF-67)-derived hollow  CoS2/N-doped carbon 
nanotube composites for extraordinary electromagnetic wave 
absorption. Compos. B Eng. 163, 67–76 (2019). https ://doi.
org/10.1016/j.compo sites b.2018.11.008

 39. Y. Yang, L. Xia, T. Zhang, B. Shi, L. Huang et al.,  Fe3O4@
LAS/RGO composites with a multiple transmission-absorp-
tion mechanism and enhanced electromagnetic wave absorp-
tion performance. Chem. Eng. J. 352, 510–518 (2018). https 
://doi.org/10.1016/j.cej.2018.07.064

 40. B. Kuang, W. Song, M. Ning, J. Li, Z. Zhao, D. Guo, M. 
Cao, H. Jin, Chemical reduction dependent dielectric proper-
ties and dielectric loss mechanism of reduced graphene oxide. 
Carbon 127, 209–217 (2018). https ://doi.org/10.1016/j.carbo 
n.2017.10.092

 41. Z. Li, X. Li, Y. Zong, G. Tan, Y. Sun et al., Solvothermal 
synthesis of nitrogen-doped graphene decorated by super-
paramagnetic  Fe3O4 nanoparticles and their applications 
as enhanced synergistic microwave absorbers. Carbon 115, 
493–502 (2017). https ://doi.org/10.1016/j.carbo n.2017.01.036

 42. Y.C. Yin, X.F. Liu, X.J. Wei, Y. Li, X.Y. Nie, R.H. Yu, J.L. 
Shui, Magnetically aligned Co-C/MWCNTs composite 
derived from MWCNT-interconnected zeolitic imidazolate 
frameworks for a lightweight and highly efficient electro-
magnetic wave absorber. ACS Appl. Mater. Interfaces 9(36), 
30850–30861 (2017). https ://doi.org/10.1021/acsam i.7b100 67

https://doi.org/10.1016/j.apsusc.2018.10.148
https://doi.org/10.1021/acsami.5b05595
https://doi.org/10.1016/j.jallcom.2016.09.324
https://doi.org/10.1039/C3NR05313J
https://doi.org/10.1039/C3NR05313J
https://doi.org/10.1002/tcr.201900017
https://doi.org/10.1002/tcr.201900017
https://doi.org/10.1002/chem.201805565
https://doi.org/10.1002/chem.201805565
https://doi.org/10.1016/j.carbon.2018.10.056
https://doi.org/10.1016/j.carbon.2018.10.056
https://doi.org/10.1021/acs.cgd.9b00064
https://doi.org/10.1021/acs.cgd.9b00064
https://doi.org/10.1021/acsami.8b00965
https://doi.org/10.1021/acsami.8b09093
https://doi.org/10.1021/acsami.8b09093
https://doi.org/10.1021/acsami.7b13796
https://doi.org/10.1016/j.carbon.2016.04.070
https://doi.org/10.1016/j.carbon.2017.09.007
https://doi.org/10.1016/j.carbon.2017.09.007
https://doi.org/10.1021/acsami.8b15416
https://doi.org/10.1007/s40820-017-0179-8
https://doi.org/10.1007/s40820-017-0179-8
https://doi.org/10.1002/adma.201405788
https://doi.org/10.1002/adma.201405788
https://doi.org/10.1142/S1793292018300050
https://doi.org/10.1142/S1793292018300050
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1016/j.compositesb.2018.11.008
https://doi.org/10.1016/j.compositesb.2018.11.008
https://doi.org/10.1016/j.cej.2018.07.064
https://doi.org/10.1016/j.cej.2018.07.064
https://doi.org/10.1016/j.carbon.2017.10.092
https://doi.org/10.1016/j.carbon.2017.10.092
https://doi.org/10.1016/j.carbon.2017.01.036
https://doi.org/10.1021/acsami.7b10067


Nano-Micro Lett. (2019) 11:76 Page 15 of 16 76

1 3

 43. T. Fujii, F.M.F. de Groot, G.A. Sawatzky, F.C. Voogt, T. 
Hibma, K. Okada, In situ XPS analysis of various iron oxide 
films grown by  NO2-assisted molecular-beam epitaxy. Phys. 
Rev. B 59(4), 3195–3202 (1999). https ://doi.org/10.1103/
PhysR evB.59.3195

 44. T. Yamashita, P. Hayes, Analysis of XPS spectra of  Fe2+ and 
 Fe3+ ions in oxide materials. Appl. Surf. Sci. 254(8), 2441–
2449 (2008). https ://doi.org/10.1016/j.apsus c.2007.09.063

 45. Z. Song, X. Liu, X. Sun, Y. Li, X. Nie, W. Tang, R. Yu, J. Shui, 
Alginate-templated synthesis of CoFe/carbon fiber composite 
and the effect of hierarchically porous structure on electro-
magnetic wave absorption performance. Carbon 151, 36–45 
(2019). https ://doi.org/10.1016/j.carbo n.2019.05.025

 46. G. Li, K. Zheng, C. Xu, An ingenious approach for ZIFs 
derived n-doped hierarchical porous carbon hybrids with FeCo 
alloy nanoparticles as efficient bifunctional oxygen electro-
catalysts. Appl. Surf. Sci. 487, 496–502 (2019). https ://doi.
org/10.1016/j.apsus c.2019.05.014

 47. Q. Liao, M. He, Y.M. Zhou, S.X. Nie, Y.J. Wang et  al., 
Rational construction of  Ti3C2Tx/Co-MOF-Derived lami-
nated Co/TiO2-c hybrids for enhanced electromagnetic wave 
absorption. Langmuir 34(51), 15854–15863 (2018). https ://
doi.org/10.1021/acs.langm uir.8b032 38

 48. B. Zhao, X. Zhang, J.S. Deng, Z.Y. Bai, L.Y. Liang, Y. Li, 
R. Zhang, A novel sponge-like 2D Ni/derivative heterostruc-
ture to strengthen microwave absorption performance. Phys. 
Chem. Chem. Phys. 20(45), 28623–28633 (2018). https ://doi.
org/10.1039/c8cp0 6047a 

 49. Z.R. Jia, Z.G. Gao, D. Lan, Y.H. Cheng, G.L. Wu, H.J. Wu, 
Effects of filler loading and surface modification on electri-
cal and thermal properties of epoxy/montmorillonite com-
posite. Chin. Phys. B 27(11), 117806 (2018). https ://doi.
org/10.1088/1674-1056/27/11/11780 6

 50. H. Pang, W.H. Pang, B. Zhang, N. Ren, Excellent microwave 
absorption properties of the h-BN-GO-Fe3O4 ternary compos-
ite. J. Mater. Chem. C 6(43), 11722–11730 (2018). https ://doi.
org/10.1039/c8tc0 3582b 

 51. A.N. Yusoff, M.H. Abdullah, S.H. Ahmad, S.F. Jusoh, A.A. 
Mansor, S.A.A. Hamid, Electromagnetic and absorption 
properties of some microwave absorbers. J. Appl. Phys. 92, 
876–882 (2002). https ://doi.org/10.1063/1.14890 92

 52. B. Qu, C. Zhu, C. Li, X. Zhang, Y. Chen, Coupling hollow 
 Fe3O4–Fe nanoparticles with graphene sheets for high-per-
formance electromagnetic wave absorbing material. ACS 
Appl. Mater. Interfaces 8(6), 3730–3735 (2016). https ://doi.
org/10.1021/acsam i.5b127 89

 53. B. Quan, X.H. Liang, X. Zhang, G.Y. Xu, G.B. Ji, Y.W. Du, 
Functionalized carbon nanofibers enabling stable and flexible 
absorbers with effective microwave response at low thickness. 
ACS Appl. Mater. Interfaces 10(48), 41535–41543 (2018). 
https ://doi.org/10.1021/acsam i.8b160 88

 54. J. Yan, Y. Huang, C. Chen, X. Liu, H. Liu, The 3D CoNi 
alloy particles embedded N-doped porous carbon foam for 
high-performance microwave absorber. Carbon 152, 545–
555 (2019). https ://doi.org/10.1016/j.carbo n.2019.06.064

 55. J. Yan, Y. Huang, Z. Zhang, X.D. Liu, Novel 3D micro-
sheets contain cobalt particles and numerous interlaced car-
bon nanotubes for high-performance electromagnetic wave 
absorption. J. Alloys Compd. 785, 1206–1214 (2019). https 
://doi.org/10.1016/j.jallc om.2019.01.275

 56. P. Liu, S. Gao, Y. Wang, Y. Huang, Y. Wang, J. Luo, Core-
shell CoNi@graphitic carbon decorated on B, N-codoped 
hollow carbon polyhedrons toward lightweight and high-
efficiency microwave attenuation. ACS Appl. Mater. Inter-
faces 11(28), 25624–25635 (2019). https ://doi.org/10.1021/
acsam i.9b085 25

 57. J.C. Sun, Z. He, W. Dong, W. Wu, G. Tong, Broadband 
and strong microwave absorption of Fe/Fe3C/C core–shell 
spherical chains enhanced by dual dielectric relaxation and 
dual magnetic resonances. J. Alloys Compd. 782, 193–202 
(2019). https ://doi.org/10.1016/j.jallc om.2018.12.198

 58. P. Wang, J. Zhang, G. Wang, B. Duan, D. He, T. Wang, 
F. Li, Synthesis and characterization of  MoS2/Fe@Fe3O4 
nanocomposites exhibiting enhanced microwave absorption 
performance at normal and oblique incidences. J. Mater. Sci. 
Technol. 35(9), 1931–1939 (2019). https ://doi.org/10.1016/j.
jmst.2019.05.021

 59. W. Liu, S.J. Tan, Z.H. Yang, G.B. Ji, Enhanced low-frequency 
electromagnetic properties of MOF-derived cobalt through 
interface design. ACS Appl. Mater. Interfaces 10(37), 31610–
31622 (2018). https ://doi.org/10.1021/acsam i.8b106 85

 60. S. Yang, D.W. Xu, P. Chen, H.F. Qiu, X. Guo, Synthesis of 
popcorn-like—Fe2O3/3D graphene sponge composites for 
excellent microwave absorption properties by a facile method. 
J. Mater. Sci. Mater. Electron. 29(22), 19443–19453 (2018). 
https ://doi.org/10.1007/s1085 4-018-0073-2

 61. H. Wu, G. Wu, Y. Ren, L. Yang, L. Wang, X. Li,  Co2+/Co 3+ 
ratio dependence of electromagnetic wave absorption in hier-
archical  NiCo2O4–CoNiO2 hybrids. J. Mater. Chem. C 3(29), 
7677–7690 (2015). https ://doi.org/10.1039/c5tc0 1716e 

 62. J. Zhou, Y.J. Chen, H. Li, R. Dugnani, Q. Du et al., Facile 
synthesis of three-dimensional lightweight nitrogen-doped 
graphene aerogel with excellent electromagnetic wave absorp-
tion properties. J. Mater. Sci. 53(6), 4067–4077 (2018). https 
://doi.org/10.1007/s1085 3-017-1838-3

 63. B. Kuang, W.L. Song, M.Q. Ning, J.B. Li, Z.J. Zhao et al., 
Chemical reduction dependent dielectric properties and dielec-
tric loss mechanism of reduced graphene oxide. Carbon 127, 
209–217 (2018). https ://doi.org/10.1016/j.carbo n.2017.10.092

 64. X.Y. Changqing Song, M. Han, X. Li, Z. Hou, L. Zhang, 
L. Cheng, Three-dimensional reduced graphene oxide foam 
modified with ZnO nanowires for enhanced microwave 
absorption properties. Carbon 116, 50–58 (2017). https ://doi.
org/10.1016/j.carbo n.2017.01.077

 65. H. Wu, S. Qu, K. Lin, Y. Qing, L. Wang, Y. Fan, Q. Fu, F. 
Zhang, Enhanced low-frequency microwave absorbing prop-
erty of SCFs@TiO2 composite. Powder Technol. 333, 153–
159 (2018). https ://doi.org/10.1016/j.powte c.2018.04.015

 66. D. Lan, M. Qin, R.S. Yang, S. Chen, H. J. Wu et al., Fac-
ile synthesis of hierarchical chrysanthemum-like copper 
cobaltate-copper oxide composites for enhanced microwave 

https://doi.org/10.1103/PhysRevB.59.3195
https://doi.org/10.1103/PhysRevB.59.3195
https://doi.org/10.1016/j.apsusc.2007.09.063
https://doi.org/10.1016/j.carbon.2019.05.025
https://doi.org/10.1016/j.apsusc.2019.05.014
https://doi.org/10.1016/j.apsusc.2019.05.014
https://doi.org/10.1021/acs.langmuir.8b03238
https://doi.org/10.1021/acs.langmuir.8b03238
https://doi.org/10.1039/c8cp06047a
https://doi.org/10.1039/c8cp06047a
https://doi.org/10.1088/1674-1056/27/11/117806
https://doi.org/10.1088/1674-1056/27/11/117806
https://doi.org/10.1039/c8tc03582b
https://doi.org/10.1039/c8tc03582b
https://doi.org/10.1063/1.1489092
https://doi.org/10.1021/acsami.5b12789
https://doi.org/10.1021/acsami.5b12789
https://doi.org/10.1021/acsami.8b16088
https://doi.org/10.1016/j.carbon.2019.06.064
https://doi.org/10.1016/j.jallcom.2019.01.275
https://doi.org/10.1016/j.jallcom.2019.01.275
https://doi.org/10.1021/acsami.9b08525
https://doi.org/10.1021/acsami.9b08525
https://doi.org/10.1016/j.jallcom.2018.12.198
https://doi.org/10.1016/j.jmst.2019.05.021
https://doi.org/10.1016/j.jmst.2019.05.021
https://doi.org/10.1021/acsami.8b10685
https://doi.org/10.1007/s10854-018-0073-2
https://doi.org/10.1039/c5tc01716e
https://doi.org/10.1007/s10853-017-1838-3
https://doi.org/10.1007/s10853-017-1838-3
https://doi.org/10.1016/j.carbon.2017.10.092
https://doi.org/10.1016/j.carbon.2017.01.077
https://doi.org/10.1016/j.carbon.2017.01.077
https://doi.org/10.1016/j.powtec.2018.04.015


 Nano-Micro Lett. (2019) 11:7676 Page 16 of 16

https://doi.org/10.1007/s40820-019-0307-8© The authors

absorption performance. J. Colloid Interf. Sci. 533, 481–491 
(2019). https ://doi.org/10.1016/j.jcis.2018.08.108

 67. Z.C. Wang, R.B. Wei, J.W. Gu, H. Liu, C.T. Liu et al., Ultra-
light, highly compressible and fire-retardant graphene aerogel 

with self-adjustable electromagnetic wave absorption. Car-
bon 139, 1126–1135 (2018). https ://doi.org/10.1016/j.carbo 
n.2018.08.014

https://doi.org/10.1016/j.jcis.2018.08.108
https://doi.org/10.1016/j.carbon.2018.08.014
https://doi.org/10.1016/j.carbon.2018.08.014

	Rational Construction of Hierarchically Porous Fe–CoN-Doped CarbonrGO Composites for Broadband Microwave Absorption
	Highlights
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of Hierarchically Porous Fe–CoNCrGO
	2.3 Characterization

	3 Results and Discussion
	3.1 Morphologies and Structures
	3.2 Magnetic Properties
	3.3 Electromagnetic Parameters and Microwave Absorption Performance

	4 Conclusions
	Acknowledgements 
	References




