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porous carbon and cobalt
nanoparticle composites as high-performance
electromagnetic wave absorbers†

Wentao Yu, a Jiahui Lin,a Zhaozhang Zhao,a Jiyong Fang, b Ziqing Wang, c

Jintao Huang *a and Yonggang Min *a

This study successfully utilized a straightforward approach, choosing liquid–liquid phase separation to build

a porous structure and synthesize composite absorbers based on polyimide-based porous carbon and

cobalt nanoparticles (designated as PPC/Co-700 and PPC/Co-800). A fine porous structure was

achieved as a result of the excellent heat resistance of polyimide resulting in an excellent

electromagnetic wave absorption ability of PPC/Co composites. The results obtained clearly indicated

that PPC/Co-700 and PPC/Co-800 exhibit a porous structure with coral-like pores, enhancing both

impedance matching properties and microwave attenuation abilities. This improvement in impedance

matching conditions and dissipation capability is attributed to the synergistic effect of dielectric loss

induced by carbon and magnetic loss induced by Co nanoparticles. PPC/Co-700 showed the strongest

absorption performance with a minimum reflection loss of −59.85 dB (30 wt% loading, thickness of 3.42

mm) and an effective absorption bandwidth (EABW, RL # −10 dB) of 6.24 GHz (30 wt% loading,

thickness of 2.78 mm). Therefore, this work provides a facile strategy for the development of a promising

absorbing material with outstanding electromagnetic wave absorption performance.
Introduction

The proliferation of electric and electronic technologies and the
unbridled usage of electronic gadgets have raised signicant
concerns due to the resultant electromagnetic wave (EMW)
induced pollution.1–3 Prolonged exposure to EMWs can have
deleterious effects on human health and may cause damage to
electrical equipment, thereby reducing their operational life-
span.4 Given the adverse impacts of EMW pollution, there is
a rising interest in devising effective methods to mitigate or
shield EMW radiation. Particularly, effective EMW shielding
can be achieved by utilizing EMW-absorbing materials capable
of converting surplus EMW into thermal energy, as opposed to
mere reection.5,6 This approach helps prevent secondary EMW
pollution, making the utilization of EMW-absorbing materials
a signicant strategy in the realm of EMW protection. As
a result, the advancement of EMW-absorbing materials has
emerged as a focal point in research within the eld of EMW
protection.
gzhou 51000, Guangdong, China. E-mail:
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tion (ESI) available. See DOI:

4

In general, an excellent EMW absorber is characterized by its
strong EMW attenuation ability, wide effective absorbed
frequency bandwidth, lightweight construction, and thin
thickness, which vary according to the essential application
conditions.7 Numerous compounds can function as ideal EMW-
absorbing materials, such as magnetic metals and their alloys
(e.g., Fe, Co, Ni),8–11 ferrite, and its derivatives (e.g. Fe3O4,
CoFe2O4).12–15 Over the past few years, there has been a growing
interest in carbon materials such as porous carbon,16,17 carbon
bre (CF),18,19 and carbon nanotubes (CNT).20–22 These carbon
materials exhibit characteristics distinct frommetal composites
in electromagnetic wave absorption applications, including
lighter weight, higher dielectric loss, and chemical stability.
However, to obtain exceptional EMW absorption performance,
not only require the presence of strong dielectric loss, but
electromagnetic impedance matching conditions is also
necessary. Any single carbon material, which rely solely on
dielectric loss and exhibit low impedance matching, are not
viable options for EMW absorption. Instead, introducing
magnetic metal materials into carbon materials to prepare
composite materials. It is an effective way to overcome the
limitations of carbon-only materials and offer a feasible solu-
tion to achieve ne EMW absorption performance. For example,
Pan Xu et al. designed and synthesized polyetheretherketone-
derived hierarchical porous carbon/CoNi bimetallic alloys
(HPPPC/CoNi). As a noble EMW absorber, the HPPPC/CoNi
demonstrated a minimum RL value of −65.56 at 2.00 mm and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a effective absorption bandwidth of 5.92 GHz at 1.80 mm.23

Shennan Guo et al. prepared iron/cobalt/carbon (Fe/Co/C)
nanocomposite bres (M-CNFs) by using electrospinning and
the following heat-treatment method. The sample showed
a minimum RL value of −38.1 dB at a matching thickness of
2.5 mm with an effective bandwidth of 4.1 GHz.24 However, the
introduction of magnetic metal materials may cause the
increase in the density of the composites and potentially having
a negative effect on impedance matching.

The incorporation of a hollow or porous structure in the
absorber not only reduces its weight but also enhances its
specic surface area and transmission efficiency. Furthermore,
the inclusion of low-dielectric air in the material leads to
improved impedance matching. Previous studies have exten-
sively explored porous or core–shell structures in this
domain.25–29 Fushan Li prepared a nitrogen-doped porous
carbon via freeze-dried method30 and modied nickel nano
particles (CN–Ni). The synthesized optimal CN–Ni absorber
exhibits excellent EMW absorption performance of an EABW of
5.0 GHz at 2 mm and minimum RL of −43.28 dB. Collectively,
the creation of porous structures holds a pivotal role in the
performance of EMW absorption. However, the complex design
and manufacturing of porous structures have posed challenges
to their industrial production. Consequently, there is a crucial
requirement to devise a straightforward, and controlled
synthetic method for producing carbon/magnetic metal
composites with porous or hollow structure as a novel EMW
absorber.

The present study describes a facile and efficacious approach
for fabricating a porous carbon/cobalt nanoparticle electro-
magnetic wave absorber using the one-step pyrolysis and
liquid–liquid phase separation (LLPS) technique. As the carbon
precursor, polyimide (PI) was chosen due to its exceptional
thermal stability and facile modication properties, as previ-
ously reported.31–33 In our previous work, we demonstrate that
the polyimide-derived porous carbon (PPC) prepared by LLPS
maintain its porous structure during pyrolysis method.34

Herein, to further explore the conformational relationship
between the internal crystalline structure and EMW absorbing
properties of the fabricated PPC/Co, we change cobalt(III) ace-
tylacetonate as cobalt source; it was added into polyamicacid
solution by high-speed stirring to form composite precursor.
Aer LLPS treatment and high-temperature pyrolysis, the
porous carbon/cobalt nanoparticle composite absorbers were
prepared. The modulation of the internal crystalline structure
and EMW absorption properties of PPC/Co were achieved by
changing the carbonization temperature. The internal compo-
sition, microscopic morphology and EMW absorption capabil-
ities of PPC/Co were systematically characterized. As
a remarkable absorber, the structural and compositional
advantages of PPC/Co lie their rich pore structure and multiple
polarization effect including interface polarization, dipole
polarization and defect polarization. Thus, this work offers
a straightforward and viable route for the large-scale synthesis
of carbon-based EMW absorbers, which can be reproduced with
high delity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Experiment
Materials

Dimethylacetamide (DMAC) and cobalt acetylacetonate (III)
(Co(acac)3) were supplied by Aladdin Chemistry Co. Ltd and
used without further purication. 4,40-Oxydianiline (ODA) and
pyromellitic dianhydride (PMDA) were supplied by Macklin Co.
Ltd and used as received. Deionized water was used throughout
the experiments.
Synthesis of polyamicacid (PAA) precursor solution

Firstly, 20 g ODA was added into 137 g DMAC and stirred for an
hour at 25 °C. Second, 23 g PMDA was slowly added aer the
diamine had dissolved completely. The solution was stirred at
25 °C for 6 h to obtain PAA precursor solution.
Synthesis of polyimide based porous carbon/cobalt
nanoparticles composite (PPC/Co-700, PPC/Co-800)

Typically, polyimide based porous carbon/Cobalt nanoparticles
composite were synthesized by the following method: liquid–
liquid phase separation to construct porous structures and one-
step high temperature pyrolysis to carbonization and intro-
duction Co nanoparticles, as shown in Scheme 1. Firstly, 10.0 g
of DMAC and 3.5 g of Co(acac)3 were added to 30.0 g PAA
solution and stirred for an hour at 25 °C. Second, the above
solution was scraped the lm with a coating rod on a glass plate
and forms a uniform solution membrane. Then, the obtained
solution membrane was immediately immersed in a coagula-
tion bath lled with deionized water at 25 °C for 24 h. Thus,
obtainedmembrane was dried at 70 °C for 24 h. Third, the dried
porous PAA membrane was calcined in a tubular furnace under
the ow of argon gas under specic heating conditions (imid-
ization: 150 °C/1 h; 250 °C/1 h; 350 °C/1 h. Carbonization: 350–
700 °C, 5 °C min−1; 700 °C/1 h). Thus, obtained composites was
labelled PPC/Co-700. Additionally, to further explore the impact
of carbonization degree on EWM absorption capacity, the
membrane was also carbonized at 800 °C and labelled as PPC/
Co-800. Besides, to compare the EMW absorption perfor-
mance changes aer introducing cobalt, blank control samples
without the introduction of Co nanoparticles were also
synthesized following the same synthetic procedure, and the
samples were named PPC-700 and PPC-800.
Measurements

The chemical structures of samples were analysed using X-ray
powder diffraction (XRD, D/MAX-UltimaIV, Cu Ka, 10–80°,
10° min−1), Raman spectroscopy (LabRAM HR Evolution,
523 nm laser), Fourier transform infrared spectroscopy (FT-IR,
Nicolet6700), X-ray photoelectron spectroscopy (Thermo Scien-
tic K-Alpha) and energy-dispersive X-ray spectroscopy (EDS,
Oxford X-Max system). The magnetic properties were measured
using a vibrating sample magnetometer (VSM, Lake Shore 7404,
298 K). The thermal properties of samples were investigated
using thermogravimetric analysis (TGA, PerkinElmer, heating
rate: 10 °C min−1; gas ow: 50 ml min−1). The morphology of
RSC Adv., 2024, 14, 9716–9724 | 9717
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Scheme 1 Synthetic route for the polyimide-based porous carbon/cobalt nanoparticles composite (PPC-700 and PPC/Co-800).
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synthesized materials was determined using scanning electron
microscopy (SEM, Nova Nano 450). The electromagnetic param-
eters (complex permeability and permittivity) were measured
using a network analyser (N5244A PNA-X, Agilent, toroidal-
shaped samples with 30 wt% of products in a paraffin wax
matrix, coaxial waveguide method, frequency range: 2–18 GHz).
Results and discussion
Preparation of materials

A one-step strategy has been developed to fabricate a composite
electromagnetic wave (EMW) absorber, incorporating polyimide-
based porous carbon and cobalt nanoparticles. This method
involves the integration of the liquid–liquid phase separation
technique with a pyrolysis process. Illustrated in Scheme 1, the
synthesis of the porous carbon/magnetic composite entails the
use of a porous polymer membrane containing PI as the carbon
source and Co(acac)3 as the source of cobalt nanoparticles.

During the imidization, the PAA were conrmed complete
conversion to PI according to the FT-IR spectra in Fig. S1.† To
verify alterations in the Co(acac)3, the XRD pattern was acquired
and presented in Fig. 1(a). Following pyrolysis at 700 °C, the PI
underwent carbonization, evident from the detection of a broad
diffraction peak at 20–25°, indicating a low degree of graphiti-
zation for PI. In the case of PPC/Co-800, the characteristic peaks
at 75.90°, 51.36° and 44.12° are associated with the (220), (200)
and (111) planes of the face-cantered cubic structure of cobalt
nanoparticles (fcc-Co). Therefore, it can be affirmed that the
Co(acac)3 underwent chemical reduction to form Co nano-
particles during the carbonization process at 800 °C. Addi-
tionally, for PPC/Co-700, the characteristic peaks at 51.36° and
75.90° did not appear in the spectrum, indicating that Co(acac)3
was not completely reduced at 700 °C, which may result in fcc-
9718 | RSC Adv., 2024, 14, 9716–9724
Co's lattice defects. Moreover, the graphitization peaks in the
range of 20–25° are narrower in PPC/Co-800 compared to PPC/
Co-700 and PPC-700. This suggests a relatively high degree of
graphitization in PPC/Co-800, indicating that cobalt catalysed
the crystallization process of polyimide-based carbon. This
observation is further supported by the Raman spectra pre-
sented in Fig. 1(b). The prominent peaks in the Raman spectra
at around 1360 cm−1 and 1592 cm−1 are attributed to the D and
G bands of carbonaceous materials. The intensity ratio of the D/
G bands for PPC-700 and PPC/Co-700 is 0.98 and 0.97, respec-
tively. Besides, compared with PPC/Co-700, the PPC/Co-800 had
a lower intensity ratio of the D/G bands (0.94), inferring that the
intact crystalline phase of fcc-Co can catalyse the graphitization
and the result agrees with that obtained from the XRD.

XPS was employed to analyse the surface element composi-
tion and valence state of PPC/Co-700. The XPS survey spectrum
(Fig. 1(c)) illustrates the presence of C, N, O, and Co elements.
The C 1s spectrum in Fig. 1(d) is deconvolved into three peaks,
corresponding to C]C (284.9 eV), C–C (285.6 eV) and C]O
(289.3 eV) which may cause dipole polarization then improve
the EMW absorption. The Co 2p spectrum in Fig. 1(e) is two
multi-peaks, corresponding to Co 1/2p and Co 2/3p respectively.
Further, the Co 1/2p peak at 778.6 eV and Co 2/3p peak at
796.2 eV are identied as Co0; the Co 2p3/2 peak at 780.7 eV and
Co 2p1/2 peak at 799.8 eV are identied as Co2+, which can be
attributed to the incomplete decomposition of Co(acac)3, which
may cause defect polarization from Co nanoparticles.

To obtain PPC/Co's magnetism, the M–H loops of PPC/Co-
700 and PPC/Co-800 were obtained and shown in Fig. 2(b).
The S-like shape with nonzero coercivity (Hc) and remanent
magnetization (Mr) demonstrated that PPC/Co-700 (Ms = 3.7
emu g−1) and PPC/Co-800 (Ms = 4.5 emu g−1) maintains the
super paramagnetic property of the Co nanoparticles. Besides,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of PPC-700, PPC/Co-700, and PPC/Co-800; (b) Raman spectra of PPC-700, PPC/Co-700, and PPC/Co-800; (c) XPS
survey spectrum of PPC/Co-700; (d) C 1s spectrum; (e) Co 2p spectrum.

Fig. 2 (a) TGA curves of PPC/Co-700 and PPC/Co-800; (b) M–H loops of PPC/Co-700 and PPC/Co-800.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 6

:3
0:

26
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
their low saturationmagnetization (Ms) may cause by the low Co
metal particles content. As the TGA curves shown at Fig. 2(a),
under an air atmosphere, the carbon and Co nano particles in
PPC/Co-700 and PPC/Co-800 translates into CO2 and CoO
respectively. The weight ratio of Co particles is calculated as
follows:

WCo ¼ MCo

MCo þMO

�WCoO (1)

where MCo, MO represent of Co atom and O atom, respectively;
WCo refer to residual weight shown in TGA curves. As the
residual weight of PPC/Co-700 and PPC/Co-800 are 8.43% and
8.33%, the Co particles content in PPC/Co-700 and PPC/Co-800
are 6.63% and 6.54% according to the weight ratio equation,
respectively.

Morphology and porous structure analysis

The morphology of the as-synthesized PPC-700, PPC/Co-700,
and PPC/Co-800 was characterized using scanning electron
microscopy, and the results are shown in Fig. 3. As depicted in
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 3(a), aer undergoing liquid–liquid phase separation,
imidization, and carbonization, PPC-700 exhibits well-dened
coral-like pores with a pore size ranging from 400 to 900 nm.
This suggests the minimal impact of carbonization on the pore
structure, attributed to the higher glass transition temperature
and thermal degradation temperature of PI, comparing to other
polymers. As shown in Fig. 3(b and c), the Co nanoparticles with
a size of about 200 nm were randomly dispersed on the surface
of the PPC/Co-700 and PPC/Co-800. Further, Fig. 3(d) shows the
elemental mapping images of PPC/Co-700. Notably, Co nano-
particles are well-dispersed on the surface of the porous carbon
skeleton. Therefore, the SEM analysis can conrm the
successful formation of porous PPC and Co nanoparticles
composites.
Electromagnetic absorption properties

To clarify the electromagnetic wave (EMW) absorption capa-
bilities of the PPC/Co absorber and the impact of pyrolysis
temperature on the EMW absorption properties, the
RSC Adv., 2024, 14, 9716–9724 | 9719
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Fig. 3 (a–c) SEM images of PPC-700, PPC/Co-700 and PPC/Co-800; (d and e) elemental mapping images of PPC/Co-700.
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electromagnetic parameters of PPC-700, PPC/Co-700 and PPC/
Co-800 were assessed using complex permittivity and complex
permeability, as illustrated in Fig. 4. The real part (30, m0) of
complex permittivity (3r = 30 − i300), complex permeability (mr =
m0 − im00) are associated with the storage capacity of electro-
magnetic energy, while the imaginary parts (300 and m00) signify
the loss of electromagnetic energy.35 As shown in Fig. 4(a and b),
the complex permittivity values of PPC/Co-700, both real and
imaginary, were much higher (30-8.49–4.02 and 300-7.04–1.92)
than that of PPC-700 (30-2.61–2.53 and 300-0.05–0.11), which was
caused by the catalysis of Co nanoparticles. Besides, for PPC/Co-
800, the complex permittivity values were higher than PPC/Co-
700 as expected, indicating a relatively stronger dielectric loss
performance for PPC/Co-800. Meanwhile, Fig. 4 depicts PPC/Co-
700 (1.02–0.99, 0.02–0.001) and PPC/Co-800 (1.01–0.97, 0.03–
0.001) have weak m and m00, respectively. This is due to the low
content of cobalt in the PPC/Co absorber.

Dielectric tangent loss (tan d3 = 300/30) and magnetic tangent
loss (tan dm = m00/m0) are common parameters that characterize
the dielectric and magnetic loss abilities of EMW absorbers. As
depicted in Fig. 4(d–f), the variations in tan d3 and tan dm are
closely associated with 300 and m00, respectively. Considering the
relationship of absorption properties with tan d3 and tan dm,
Fig. 4 (a–c) Relative permittivity and permeability for PPC-700, PPC/Co-
loss and magnetic tangent loss of PPC-700, PPC/Co-700 and PPC/Co-

9720 | RSC Adv., 2024, 14, 9716–9724
higher tan d3 values imply a signicant contribution of dielectric
loss to the absorption property in both PPC/Co-700 and PPC/Co-
800 samples. Compared to PPC/Co-800 (0.37–0.32), PPC/Co-700
had higher dielectric tangent loss (0.82–0.44), which mean
PPC/Co-700 had stronger EMW attenuation capability. However,
the role of magnetic cobalt particles as additional promoters for
achieving better impedance matching is noteworthy, contrib-
uting to the overall EMW absorption performance.

To understand the effect of calcination temperature, the
difference between PPC/Co-700 and PPC/Co-800 dielectric loss
mechanisms was evaluated using the Cole–Cole plots of two
samples, as shown in Fig. 5(a and b). The number of semicircles
in the PPC/Co-800 samples is more than that in the PPC/Co-700,
suggesting higher conductivity of PPC/Co-800. The higher
conductivity is associated with a high degree of graphitization,
increasing the dielectric loss. Thus, the conductivity of the
composite increased with calcination temperature.

The reection factor (RL), as a function that can directly
characterize the EMW absorption performance of PPC/Co,
theoretically derived from obtained electromagnetic parame-
ters. According to the transmission line theory, RL can be
calculated using the following eqn (2) and (3).36
700 and PPC/Co-800 at 30% absorber content; (d–f) dielectric tangent
800 at 30% absorber content.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) Typical Cole–Cole semicircles 300 versus 30 of PPC/Co-
700 and PPC/Co-800; 3D reflection loss and 2D projection plots of
PPC/Co-700 (c and e) and PPC/Co-800 (d and f).
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RL = 20 lgj(Zin − Z0)/(Zin + Z0)j (2)

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tan h

h
jð2pfd=cÞ

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p i
(3)

where Zin represents the equivalent input resistance of the sample;
Z0 represents the impedance of free space, is equal to 377U. The mr
and 3r are the complex permeability and complex permittivity of
the sample, and the c is the speed of light in vacuums. f is the
frequency and d is the thickness of the specimen.

The RL values and processing results of PPC-700 illustrate
almost no absorption ability due to RL values under different
thicknesses that are beyond −10 dB (Fig. S2†). By comparison,
PPC/Co (PPC/Co-700 and PPC/Co-800) display excellent EMW
absorption performance in terms of RL and EABW. PPC/Co-700
with 3.42 mm thickness, has the strongest electromagnetic
wave loss ability at 11.44 GHz with a minimum reection loss
(RLmin) of −59.85 dB (approximate the 99.9999% EMW
absorption), and the effective absorption bandwidth (EABW, the
RL # −10 dB, more than 90% EMW absorption) is 5.68 GHz in
the frequency range of 17.5–11.76 GHz. Alternatively, the EABW
in the frequency range of 17.5–11.76 GHz is 6.24 at the thickness
of 2.78 mm, showing a broadband absorption characteristic.
Furthermore, PPC/Co-800 (Fig. 5(d and f)) also shows a broad-
band absorption characteristic that the EABW is 4.40 GHz
(17.92–13.52 GHz) at 1.50 mm and RLmin is −34.96 dB at 15.44
GHz. Thus, the incident EMW can be effectively attenuated and
transformed into heat and other forms of energy by PPC/Co-700
and PPC/Co-800.

Following the single-layer homogeneous absorber model,37

the incident electromagnetic wave that is about to come into
contact with the surface of the absorber layer has three
© 2024 The Author(s). Published by the Royal Society of Chemistry
directions for its electromagnetic energy (E0) aer entering the
interior of the absorber layer: part of E0 reects on the surface
of the layer (air-absorber interface) and returns to the air again
the reected EMW energy on the (E1); attenuation aer
entering the interior of absorber the and interacting with it
(E2); and the nal EMW energy penetrating the absorber layer
and re-reecting on the surface of the metal layer (the
absorber-metal interface (E3).38 Specically, when the absorp-
tion layer has an appropriate thickness, i.e. a quarter of the
incident wavelength frequency, the phase difference between
E1 (incident from air-absorber interface) and E3 (ejection from
absorber-metal interface) is exactly 180°, so the electromag-
netic wave energy of the two can nullify each other. This
phenomenon is widely known as the quarter-wavelength
cancellation model. Consequently, the absorber layer at
a specic thickness (tm) can achieve minimal reection at
a certain EMW frequency (fm). The mathematical relationship
between tm and fm satisfy the following eqn (4).39

tm ¼ nc

4fm
ffiffiffiffiffiffiffiffiffiffiffiffiffijmrjj3rj

p ðn ¼ 1; 3; 5.Þ (4)

where the fm is the frequency corresponding to obtaining the
RLmin value.

The model portrays the inverse relation between the peak
frequency and the absorber layer's thickness. As shown in
Fig. 6(b and e), it is expected that all thickness related to RLmin

value (red symbols) are located around the blue line (the 1/4
wavelength curve of the peak frequency). Consequently, the
PPC/Co-700 and PPC/Co-800 based EMW absorber obeys the
quarter-wavelength cancellation model, and thus can be
concluded that PPC/Co-700 and PPC/Co-800 has considerable
contributions to the EMW attenuation performance.

Besides, to obtain the excellent EMW absorption perfor-
mance, reducing the reection of EMW (E1) at the air-absorber
interface and improving the absorption of the incident EMW
(E2) in the absorber layer with a low reection at the absorber-
metal interface (E3) is necessary. The impedance matching
characteristics (Z) is an important parameter for reducing the
reection of EMW at the air-absorber interface and is expressed
in the following eqn (5)

Z ¼ Zin=Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tan h

h
jð2pfd=cÞ

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p i
(5)

The frequency dependence of Z for PPC/Co-700 is shown in
Fig. 6(c). At thicknesses of 2.78, 3.11, and 3.42 mm in the
absorber layer, Z is almost close to 1 at 14.64, 12.56, and 11.44
GHz, respectively. Simultaneously, these frequencies corre-
spond to the observation of a minimum RL. Interestingly, the
porous structures are equivalent to introducing dispersed
phases (air) into a continuous phase (carbon), which helps
decrease the effective permittivity while balancing permittivity
and permeability.40 Consequently, EMW can easily penetrate
the absorber and undergo attenuation rather than reecting at
the absorber surface. Moreover, the well-tuned impedance
matching condition of PPC/Co-700 contributes to its
outstanding absorbing performance.
RSC Adv., 2024, 14, 9716–9724 | 9721
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Fig. 6 RL curves with different thicknesses of PPC/Co-700 (a) and PPC/Co-800 (d); simulated and experimental values under 1/4 wavelength
matching conditions of PPC/Co-700 (b) and PPC/Co-800 (e); impedance matching characteristics values of PPC/Co-700 (c) and PPC/Co-800 (f).
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Shown in Fig. 7, the EMW absorption mechanism of PPC/Co
can be explained in the following parts. First, the multiple
reection inside the coral-like pore structure of PPC/Co may
result in extended more propagation path for incident EMW,
Fig. 7 The schematic presentation of microwave absorbing mechanism

9722 | RSC Adv., 2024, 14, 9716–9724
thereby achieving improved EMW attenuation capability of
PPC/Co.41 Second, pore (air), PPC matrix and Co nanoparticles
constructs a multiple heterointerfaces, causing strong interface
polarization and dielectric relaxation. Additionally, the
of PPC/Co.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 EMW attenuation performance of representative absorbers and the polyimide-based porous carbon and cobalt nanoparticles
composites in this work

Absorber sample
Absorber loading
capacity

Magnetic metal
load capacity RLmin EABW Thickness/mm

PPC/Co-700 30% 6.60% −59.85 6.24 2.78
PIC/Co-100034 25% 7.15% −40.22 4.48 5.3
CNF/FeCo24 30% 50% −38.1 4.1 2.5
Co-doped porous carbon/Co9 30% 30.40% −54.5 6.88 2.2
CMT/Co42 15% 12.80% −31.2 5.5 1.4
Co@G NPs43 — 80% −37.7 5.6 5
Co–C@C44 25% 32% −58.1 4.56 2.5
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mismatched electronegativity between PPC and Co nano-
particles enhances interface polarization. Third, PPC/Co could
effectively reduce EMW reection due to dipolar polarization
and defect polarization triggered by the co-existence of oxygen
functional groups, heteroatoms, and lattice defects. Fourth, in
addition to dielectric loss, magnetic Co nanoparticles also
contribute to natural resonance, exchange resonance, and eddy
current effects, enhancing magnetic loss. Table 1 lists some
recently developed carbon-based/Co EMW absorbers.
Compared with other materials, PPC/Co-700 obtain excellent RL
and EABW at a thin thickness, more importantly, PPC/Co-700
can achieve broad absorption at lower magnetic metal load
capacity. PPC/Co-700 meet the requirements of lightweight,
strong absorption, wider frequency band and easy synthesis for
efficiency electromagnetic wave absorbing materials. Therefore,
PPC/Co-700 have greater potential for applications in high-
performance EMW absorbing materials.
Conclusions

In summary, we successfully utilized a straightforward
approach, choosing liquid–liquid phase separation to build
a porous structure and synthesize composite absorbers based
on polyimide-based porous carbon and cobalt nanoparticles
(PPC/Co-700 and PPC/Co-800). The specially designed coral-like
pore structures were observed to enhance impedance matching,
contribute multiple reection and strong interfacial polariza-
tion, signicantly contributes to enhanced EMW absorption.
Importantly, the co-exit of cobalt nanoparticles not only induces
magnetic loss, but also enhances composite's interface polari-
zation and defeat polarization, and further enhances the EMW
attenuation effect of the PPC absorbers through catalytic
carbonization degree.

At thicknesses of 2.78 mm and 3.42 mm, PPC/Co-700 ach-
ieves minimum RL values of −25.86 dB and −59.86 dB at 14.64
GHz and 11.44 GHz, with EABW of 6.24 GHz and 4.40 GHz.
Thus, the design strategy presented in this study could serve as
a model for synthesizing other high-performance absorbers,
effectively mitigating electromagnetic wave-induced pollution.
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