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A simple method that combines liquid-liquid phase separation and high-temperature pyrolysis has been
developed for the synthesis of polyimide-derived porous carbon/Co particle-based composite absorbers
(PIC/Co-800 and PIC/Co-1000). The excellent heat resistance of polyimide allows the composite
precursor to maintain its porous structure during pyrolysis. According to the results, PIC/Co-800 and
PIC/Co-1000 have a coral-like porous structure, which can enhance the impedance matching property
and microwave attenuation ability of the synthesized materials. The impedance matching condition and
dissipation ability of PIC/Co-800 and PIC/Co-1000 have been enhanced due to the synergistic effect
between the carbon-induced dielectric loss and Co nanoparticle-induced magnetic loss. PIC/Co-1000
shows the highest absorption performance with a minimum reflection loss (RL) of —40.22 dB at
a thickness of 5.3 mm and an effective absorption bandwidth (EABW, RL = —10 dB) of 4.10 GHz at
a thickness of 1.4 mm. With thicknesses in the range of 1.4 mm to 5.3 mm, the minimum RL value of
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Introduction

With the rapid development of electrical technology and
devices, electromagnetic wave (EMW)-induced pollution has
caused extensive concern."” Excessive EMWs may damage
electrical equipment and threaten human health simulta-
neously.>* Therefore, the exploration of an efficient way to
attenuate or shield EMW radiation is an urgent aim. Compared
with EMW-shielding materials, EMW-absorbing materials have
attracted more attention as they can convert excessive EMWs
into thermal energy rather than simply reflecting them. There-
fore, the application of EMW-absorbing materials can prevent
the secondary pollution of EMWs. Consequently, developing
EMW-absorbing materials is now a hotspot in the field of EMW
protection.

In general, the primary characteristics of an excellent EMW
absorber are a strong absorption ability, wide absorption
frequency range, light weight, and low thickness, all of which
vary based on the requirements of the application.® Many
materials can serve as ideal EMW-absorbing materials, such as
metal nanoparticles (Fe, Co, Ni),*® ferrite (Fe;0,),>*" and
conductive polymers (polypyridine).”>** In recent years, carbon
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promising absorbing materials with outstanding EMW absorption performance.

materials such as graphene (G) derivatives,'**® carbon fibre
(CF),"”*® and carbon nanotubes (CNTs)">? have been widely
studied because of their chemical resistance, low density, and
high dielectric constants. However, to achieve outstanding
EMW absorption performance, strong dielectric loss, strong
magnetic loss, and fine electromagnetic impedance matching
are indispensable factors. Unilateral carbon materials operate
with only dielectric loss; thus, their poor impedance matching
does not meet the aforementioned requirements. Instead, the
combination of carbon materials and magnetic materials,
which can overcome the disadvantages of unilateral carbon
materials, might be a solution for obtaining good EMW
absorption performance. Gao et al. designed and synthesized
a two-dimensional N-doped carbon/FeC; (ref. 21) composite
absorber with melamine and Fe(NO);-9H,O as precursors. A
minimum reflection loss (RL) value of —46.78 dB can be ach-
ieved at 13.53 GHz for N-doped carbon/FeC;. Li et al. designed
a series of MWCNT and Ni-based composite absorbers
(Ni@MWCNTs) via a blending method. The minimum RL can
reach as low as —42.30 dB at 11.20 GHz.** After heat treatment at
700 °C, the RL value of the absorbers was —17.10 dB, and the
effective absorption bandwidth (EABW, RL =< —10 dB) was 7.10
GHz. However, traditional magnetic materials have a large
density, which may increase the composite's density and fail to
fit the requirements of being thin and light.**>*

Hollow or porous structures not only have reduced weight
but also improve the specific surface area and transmission

© 2022 The Author(s). Published by the Royal Society of Chemistry
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efficiency compared to those of traditional materials. Moreover,
the porous structure can improve the material's impedance
matching by incorporating air, which has a low dielectric
constant. Many studies on porous or core-shell structures have
been reported in this field.>*° In summary, the construction of
porous structures plays a crucial role in improving the EMW
absorption performance. So far, the complexity of the design
and construction of porous structures has limited their large-
scale fabrication. Therefore, there is an urgent need to
develop a simple, low-cost and controllable synthetic method
for porous carbon/magnetic EMW absorbers.

In this work, we report a simple, effective method for
preparing porous carbon/magnetic nanoparticle EMW
absorbers via the liquid-liquid phase separation method. We
chose polyimide (PI) as the carbon source because of its excel-
lent heat resistance and ease of modification.?**? In addition,
the porous carbonized PIC/Co showed excellent EMW absorp-
tion performance. This method is simple, repeatable and suit-
able for large-scale preparation to create excellent carbon-based
EMW absorbers.

Experimental

Synthesis of the polyimide-derived porous carbon/Co particle-
based composites (PIC/Co)

Typically, the polyimide-derived porous carbon/Co particle-
based composites were synthesized by combining liquid-
liquid phase separation and high-temperature pyrolysis, as
shown in Scheme 1. First, 10.0 g dimethylacetamide (DMAC)
and 3.5 g CoCl,-H,0O were added to a 30.0 g polyamic acid
(PAA) solution. This mixture was stirred for 1 hour at room
temperature. Second, this solution was cast on a glass plate
with an aluminium casting knife, and the corresponding
solution membrane was immediately immersed in a water
bath at 25 °C for 24 hours. Third, the membrane was dried
and then pyrolyzed in a tubular furnace under a flowing
argon gas atmosphere following an appropriate heating
procedure (imidization: 150 °C, 1 hour; 250 °C, 1 hour;
350 °C, 1 hour, carbonization: 350-600 °C, 5 °C min_*; 600-
1000 °C, 1 °C min~ % 1000 °C, 1 hour). The product was
named PIC/Co-1000. To determine the appropriate calcina-
tion temperature, the membrane was also carbonized at
800 °C and named PIC/Co-800. For comparison, samples
without the addition of the Co particle precursor (CoCl,-
H,0) were also synthesized via a similar method, which
were named PIC-800 and PIC-1000.
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S
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Material characterization

The thermal properties of the samples were determined via
thermogravimetric analysis (TGA, PerkinElmer, heating rate:
10 °C min~"; gas flow: 50 mL min~"). The chemical structures of
the samples were obtained via X-ray powder diffraction (XRD, D/
MAX-Ultima IV, Cu Ka, 10°-80°, 10° min '), Raman spectros-
copy (LabRAM HR Evolution, 523 nm laser), and Fourier
transform infrared spectroscopy (FT-IR, Nicolet 6700). The
morphology of the synthesized materials was determined via
scanning electron microscopy (SEM, Nova Nano 450). The
magnetic properties were measured on a vibrating sample
magnetometer (VSM, LakeShore 7404, 298 K). The electromag-
netic parameters (complex permeability and permittivity) were
measured on a network analyzer (N5244A PNA-X, Agilent,
toroidal-shaped samples with 25 wt% products in a paraffin wax
matrix, coaxial waveguide method, frequency range: 2-18 GHz).

Results and discussion

A one-step method to prepare a porous carbon/magnetic
nanoparticle EMW absorber via the liquid-liquid phase sepa-
ration method and pyrolysis process has been designed. As
shown in Scheme 1, the porous carbon/magnetic composites
were synthesized from porous polymer membranes containing
PI as the carbon source and cobalt metal salt (CoCl,) as the
magnetic particle source. Then, the prepared polymer
membranes were subjected to imidization and carbonization
via thermal treatment under appropriate conditions. The
imidization of PAA is evident in the FT-IR spectra shown in
Fig. 1(a). The presence of the PAA material is confirmed by the
characteristic peaks at 1720, 1660, and 1560 cm ™" for the C=0
(acid), C=0 (amide), and C-N (amide) stretching vibrations,
respectively. PAA was then transformed into PI via thermal
imidization, as shown by the characteristic absorption double-
peaks at 1781 and 1720 em ™' for the symmetric and asym-
metric C=0 stretching vibrations of the imide group, respec-
tively, and the peak shifts at 1376 cm ™' and 725 cm™ " for the C-
N-C stretching vibration of PI. To determine the thermal
properties of the synthesized PI, the TGA and DTG results are
shown in Fig. 1(b). The 5% weight-loss temperature and initial
weight-loss temperature were 548 °C and 592 °C, respectively.
To further confirm the changes to the cobalt metal salt, the
XRD patterns were recorded. As shown in Fig. 2(a), after pyrol-
ysis at 1000 °C, PI was carbonized; a broad diffraction peak at
20°-25° was detected due to the low graphitization degree of

Imidizatig

& Pyrolysisﬁ
Porous Porous

PAA/CoCl, Carbon/Co

Scheme 1 Synthetic route of the polyimide-derived porous carbon/Co particle-based composites (PIC/Co-800 and PIC/Co-1000).
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Fig. 2

PIC. Additionally, for PIC/Co, the characteristic peaks at 44.21°,
51.51°, and 75.51° are assigned to the (111), (200), and (220)
planes, respectively, of the face-centred cubic structure of Co
nanoparticles (fcc-Co).*® Thus, when the PAA/CoCl, composite
underwent the carbonization process, the cobalt salt was
chemically reduced to Co particles. Additionally, the graphiti-
zation peaks at 20°-25° become narrower than those of PIC,
indicating a relatively high degree of graphitization in PIC/Co,
which implies that Co particles catalysed the crystallization
process of PIC. This result was further verified using Raman
spectroscopy, as depicted in Fig. 2(b). The Raman spectra show
two board peaks at approximately 1360 cm™ " and 1592 cm ™',
which are attributed to the D and G bands, respectively, of
carbonaceous materials. The intensity ratios of the D/G bands
of PIC-800, PIC/Co-800, PIC-1000, and PIC/Co-1000 are 0.97,
0.89, 0.96, and 0.88, respectively. Therefore, under the catalysis
of Co particles, PIC/Co-800 and PIC/Co-1000 have a higher
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(a) XRD patterns and (b) Raman spectra of PIC-800, PIC-1000, PIC/Co-800, and PIC/Co-1000.

degree of graphitization compared with PIC-800 and PIC-1000,
respectively.

The change in morphology from the precursor PAA
membrane to PIC and PIC/Co was characterized by scanning
electron microscopy. As shown in Fig. 3(a) and (b), during the
phase-separation process, the exchange of DMAC and water
created obvious wormhole-like pores inside the PAA membrane.

Further, there are coral-like pores observed as a substructure
on the wormhole-like pore surface. It can be seen that the coral-
like pore size is about 400-500 nm. After imidization and
carbonization, the pore size and structure of PIC-800 and PIC-
1000 did not show any obvious change, as shown in Fig. 3(c)
and (d), respectively. This means that carbonization had little
impact on the pore morphology because of PI's excellent heat
resistance and structural stability. As shown in Fig. 3(e) and (f),
Co nanoparticles with a size of about 200 nm were randomly
dispersed on the surface of PIC. Therefore, the porous PIC and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a and b) porous PAA, (c) PIC-800, (d) PIC-1000, (e) PIC/Co-800, and (f) PIC/Co-1000.

Co nanoparticle composites were successfully synthesized as
expected.

To verify the EMW absorption ability of our PIC/Co-800 and
PIC/Co-1000 composites, the complex permittivity and complex
permeability are shown in Fig. 4. The real part (¢') of complex
permittivity (e, = ¢ — i¢”) and the real part (1) of complex
permeability (u, = u' — iu”) are related to the storage of EMW
energy, and their imaginary parts (¢” and u”, respectively)
represent the dissipation of EMW energy. As shown in Fig. 4(a),
PIC/Co-1000 has larger ¢’ (11.85-6.49) and ¢” (4.72-2.78) values

—4— ¢' of PIC/Co-1000
—o— ¢' of PIC/Co-800

—— ¢" of PIC/Co-1000
—&— ¢'" of PIC/Co-800

(a)

2 4 6 8 10 12 14 16 18
Frequency (GHz)

than PIC/Co0-800 (8.78-7.65 and 1.33-1.25, respectively), with
a stronger dependence on the EMW frequency. The real and
imaginary parts of permittivity are connected to the polarization
and dielectric loss, which suggests that PIC/Co-1000 has a rela-
tively strong dielectric loss performance. Fig. 4(b) shows the real
and imaginary parts of the complex permeability of the PIC/Co-
1000 nanocomposite. PIC/Co-1000 exhibited high w' and u”
(1.08-0.93 and 0.04-0.008, respectively). In general, these
samples have weak magnetic loss relative to their dielectric loss,
which can be attributed to the low content of magnetic Co

—4—p' of PIC/Co-1000
—o—p' of PIC/Co-800
1.4 —&o—pn" of PIC/Co-1000
—&—p"" of PIC/Co-800

Permeability

2 4 6 8 10 12 14 16 18

Frequency (GHz)

Fig. 4 Relative (a) permittivity and (b) permeability of PIC/Co-800 and PIC/Co-1000 with absorber contents of 25%.
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nanoparticles (see the content information of Co particles in
PIC/Co-800 and PIC/Co-1000 in Fig. S2 in the ESI}).

The dielectric tangent loss (tan de = ¢”/¢’) and magnetic
tangent loss (tan éu = u”/u) are common quantities used to
determine the dielectric and magnetic loss abilities, respec-
tively, of EMW absorbers. As shown in Fig. 5(a), the variations in
tan 0¢ and tan ou are associated with ¢” and u”, respectively.
Because the absorption properties are associated with tan de
and tan du, the high tan ¢e values imply that the dielectric loss
might make a major contribution to the absorption property in
the case of PIC/Co-1000 and PIC/Co-800, while the magnetic Co
particles were used as an accessorial promoter to achieve better
impedance matching, which can also contribute to the final
EMW absorption performance. Moreover, although the differ-
ence in tan éu between PIC/Co-800 and PIC/Co-1000 is small,
the tan de of PIC/Co-1000 is higher than that of PIC/Co-800.
Therefore, PIC/Co-1000 has a higher EMW loss ability than
PIC/Co0-800.

For dielectric loss materials, the dielectric loss can be
divided into polarization loss and conduction loss in the
measured 2-18 GHz range. To investigate the dielectric mech-
anisms of PIC/Co0-800 and PIC/Co0-1000, the plots of " versus ¢’
are shown in Fig. 6(a) and (b), respectively. According to these
results, PIC/Co-800 and PIC/Co-1000 have several semicircular
segments. Hence, multiple dielectric relaxations occur. More-
over, there is also a linear segment in the plot of ¢’ versus ¢,
which represents the conduction-induced dielectric loss.*
Therefore, according to Fig. 4 and 6, the conductive loss is
mainly in the range of 2-5 GHz, while the dipolar polarization is
mainly in the range of 5-18 GHz.

To investigate the EMW absorption performance of PIC/Co,
the reflection loss (RL), which is a function determined theo-
retically by the obtained electromagnetic parameters, was
studied. According to transmission line theory, the RL can be
calculated with the measured EMW parameters of the synthe-
sized materials using the following equations:*

RL =20 1g|(Zm — ZO)/(Zin + Z())| (1)

0.20 4

0.15 1

Tands

0.00 4
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[+
-
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Fig. 7(a) presents the calculated RL curves of PIC/Co-1000.
When the content of the absorber is 25 wt%, PIC/Co-1000
shows a strong EMW loss ability (RL < —10 dB) when the
thickness is more than 1.4 mm. When the thickness is 5.3 mm,
PIC/Co0-1000 has the strongest EMW loss ability at 4.56 GHz,
and the RL is —40.22 dB (over 99.99% absorption). When the
thickness of PIC/Co-1000 is 1.9 mm, the EMW loss of PIC/Co-
1000 in the frequency range of 17.5-13.4 GHz is more than
—10 dB, showing a broadband absorption characteristic (4.1
GHz). In addition, when the thickness is between 1.4 and 5.3
mm, PIC/Co-1000 shows strong absorption of electromagnetic
waves in the frequency range of 3.8-18 GHz, and the maximum
reflection loss of each thickness is more than —15 dB. As shown
in Fig. S3,T the EMW absorption performance of PIC/Co-800 is
not as good when as that of PIC/Co-1000. As mentioned above,
PIC/C0-1000 has a stronger EMW loss ability than PIC/Co-800.
Therefore, the difference in EMW attenuation ability yields
a significant difference in EMW absorption performance.

To further investigate the EMW performance of PIC/Co-1000,
a single-layer homogeneous absorber model was used. As shown
in Fig. 8, the interaction between the incident EMW energy (E,)
and the absorber layer can be divided into three parts: the re-
flected EMW energy on the air-absorber interface (E,), the
absorbed EMW energy inside the absorber (E,), and the reflected
EMW energy on the absorber-metal interface (E3).** An excellent
EMW absorber should have a low E;, high E,, and low E;.

The impedance matching characteristic (Z), which is an
important parameter for reducing E;, is expressed by the
following equation:

Z = \/u.Je tanh {j(ZTCfd/c)w/ur /er] 3)

The frequency dependence of Z for PIC/Co-1000 is depicted
in Fig. 7(c). At the absorber layer thicknesses of 4.4, 4.8, and 5.3

2 4 6 8 10 12 14 16 18

Frequency (GHz)

Fig. 5 Dielectric tangent loss and magnetic tangent loss of (a) PIC/Co-800 and (b) PIC/Co-1000.
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Fig. 6 Plots of ¢” versus ¢ for (a) PIC/Co-800 and (b) PIC/Co-1000.
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Fig. 7 (a) Reflection loss (RL) frequency curves of PIC/Co-1000 in the
range of 2-18 GHz with absorber thicknesses in the range of 1.4-
5.3 mm and an absorber content of 25%. (b) Relationship between the
simulated thickness and the peak frequency of PIC/Co-1000. (c)
Relationship between Z;,/Zy and EMW frequency for PIC/Co-1000.

mm, the corresponding Z values are approximately 1 at 4.48,
4.96, and 5.52 GHz, respectively. Moreover, a minimum RL is
obtained at these frequencies. Interestingly, coral-like pore
structures can be assumed to be two-phase composites con-
taining solids (carbon) and pores (air). This structural

© 2022 The Author(s). Published by the Royal Society of Chemistry
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framework can lower the effective permittivity and maintain
a balance between permittivity and permeability.*® Therefore,
the EMW can easily propagate into the absorber to be attenu-
ated instead of being reflected at the absorber surface (low Ej).
This is the precondition for EMW absorption.

As discussed above, PIC/Co-1000 has a relatively strong EMW
attenuation ability. The incident EMW can be attenuated
through dielectric loss and magnetic loss at the same time (high
E,). This is the key factor in EMW absorption.

Further, according to the quarter-wavelength cancellation
model, it is known that at a proper thickness, the EMWs from
the air-absorber interface (E;) and absorber-metal interface (E5)
are out of phase by 180°, leading to their extinction at the air-
absorber interface. Thus, minimal reflection can be achieved at
a certain EMW frequency (fn, frequency related to the
minimum RL value) if the thickness (¢,) of the absorber
composite satisfies the following matching equation:*®

= — % (n=1,3,5,...) (4)

4fm/ I x|

According to this model, the peak frequency is inversely
proportional to the thickness. As shown in Fig. 7(b), all the red
symbols (thickness related to the minimum RL value in
Fig. 7(a)) are located around the 4/4 curve (the blue line; 2 is the
wavelength of the EMW). Consequently, the PIC/Co-1000-based
EMW absorber obeys the 1/44 matching conditions and thus
contributes to the attenuated EMW absorption performance of
PIC/Co-1000.

Therefore, the fine impedance matching condition, the
relatively strong EMW attenuation ability, and the 1/41 match-
ing conditions endow PIC/Co-1000 with excellent absorption
performance.

As shown in Fig. 8, the incident EMW (E,) can be divided into
three parts: reflected EMW (E;), absorbed EMW (E,), and
transmitted EMW (E;). Moreover, the reflection of the EMW
includes surface reflections and multiple reflections. Moreover,
the multiple reflections or scattering inside the synthesized
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Fig. 8 Single-layer homogeneous absorber model for EMW absorption and the enhanced interaction via multiple reflections and scattering

between the EMWs and PIC/Co.

absorber PIC/Co may lead to extended transmission routes of
the EMW, which in turn improves the interaction between the
EMW and absorber, achieving better EMW absorption perfor-
mance.”” Further, PIC/Co could effectively reduce the reflection
of EMW at the air-absorber interface and enhance the absorp-
tion of the incident EMW (E;) in the absorber layer, as
demonstrated above. Accordingly, it can be concluded that PIC/
Co exhibits good EMW absorption performance. Considering
the EMW absorption performance, PIC/Co with a specially
designed honeycomb-like porous structure is expected to be
used as the first layer of multilayer EMW-absorbing materials to
promote incident EMWs.

Conclusions

In summary, polyimide-derived porous carbon/magnetic
EMW absorbers (PIC/Co-800 and PIC/Co-1000) were success-
fully synthesized by combining the liquid-liquid phase
separation process with the pyrolysis method. The porous
structure remaining intact during pyrolysis due to the excel-
lent heat resistance is a major contributor to the improved
EMW absorption. Furthermore, coral-like pore structures
improve the impedance matching and interfacial polariza-
tion. Importantly, the EM impedance matching condition and
the EMW dissipation ability of the absorber are attributed to
the synergistic effect of carbon-induced dielectric loss and Co
nanoparticle-induced magnetic loss. At the thicknesses of
1.4 mm and 5.3 mm, PIC/Co-1000 achieves minimum RL
values of —18.97 and —40.22 dB at 14.96 and 4.48 GHz as well
as EABWs of 4.10 and 1.36 GHz, respectively. Moreover, the
minimum RL at each thickness is lower than —15 dB in the
thickness range of 1.4-5.3 mm. Accordingly, the design
strategy presented in this work can be extended to synthesize
other high-performance absorbers and mitigate EMW-
induced pollution.
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