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Abstract: The design of hierarchical structures from biomass has become one of the hottest subjects
in the field of microwave absorption due to its low cost, vast availability and sustainability. A
kapok-fiber-derived carbon microtube was prepared by facile carbonization, and the relation between
the structure and properties of the carbonized kapok fiber (CKF) was systematically investigated. The
hollow tubular structures afford the resulting CKF composites with excellent microwave-absorbing
performance. The sample with a 30 wt.% loading of CKF in paraffin demonstrates the strongest
microwave attenuation capacity, with a minimum reflection loss of −49.46 dB at 16.48 GHz and
2.3 mm, and an optimized effective absorption bandwidth of 7.12 GHz (10.64–17.76 GHz, 2.3 mm)
that covers 34% of the X-band and 96% of the Ku-band. Further, more than 90% of the incident
electromagnetic wave in the frequency from 4.48 GHz to 18.00 GHz can be attenuated via tuning
the thickness of the CKF-based absorber. This study outlines a foundation for the development of
lightweight and sustainable microwave absorbers with a high absorption capacity and broad effective
absorption bandwidth.

Keywords: biomass-derived carbon; kapok fiber; electromagnetic loss; microwave-absorbing performance

1. Introduction

Electromagnetic pollution has become one of the top concerns in modern daily life due
to the excessive use of wireless communication devices, high-power signal base stations
and even household WIFI transmitters [1,2]. In this context, microwave-absorbing materials
(MAMs) with high attenuation capacity over a wide frequency are designed to address
electromagnetic radiation and interference [3–5]. Traditionally, metals and alloys are used
as MAMs, but their heavy weight, low mechanical flexibility, poor corrosion resistance
and advancements in smart electronic devices have restricted further application [6–8].
Alternatively, carbon materials such as carbon nanotube and graphene have been consid-
ered promising candidates due to their unique advantages, including low density, tunable
electrical conductivity and good environmental stability [9,10]. It has been confirmed that
carbon-based hierarchical architectures demonstrate high adsorption capacity and broad ef-
fective absorption bandwidth. The three-dimensional structure is capable of elongating the
reflecting and scattering paths, thus generating new interfaces and adjusting the impedance
matching [11,12]. However, expensive raw fossil materials and complicated fabrication
procedures (such as chemical vapor deposition, arc discharge, solvent exfoliation, etc.) of
these materials are the main obstacles to their practical application [13]. Therefore, the
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need to explore sustainable raw materials in order to produce carbon-based MAMs with a
simple, economical, and efficient method is critical.

Sustainable biomass-derived carbonaceous materials have captured increasing at-
tention of late, becoming one of the hottest topics of current research due to their easy
availability, cost-effectiveness, high yield, renewability, eco-friendly properties and versa-
tile fabrication [14–16]. Confirmed by extensive studies, the fabrication of MAMs using
low-cost biomass as raw materials has proven to be a promising environmentally friendly
approach [17,18]. Specifically, carbonization not only maintains the natural evolution-
induced hierarchical structures, including periodic patterns and well-organized porous
structure, but also generates innumerous nanopores as well as defects. This helps to
decrease bulk density, improve impedance matching and boosts microwave attenua-
tion capacity. Previously, carbon materials originated from biomass such as wood [18],
spinach stem [19], walnut shell [20], mango leaf [21], bread [22] etc., and were fabricated
as lightweight MAMs. In order to further improve impedance matching and attenuation
capacity, biomass-derived carbon is always integrated with magnetic components in an
optimal structure [23–25]. However, the enhanced microwave-absorbing performance of
magnetic nano-block-anchored biomass carbon was achieved at the sacrifice of the native
characteristics of pure biomass carbon-material-based EM absorbers such as ultralight EM
absorbers, which have excellent chemical resistance. Therefore, it remains a challenge to de-
sign lightweight, biomass-derived, carbon-based MAMs with high microwave attenuation
capacity over a broad frequency range.

As regular architectures in biomass, the tubular structure is ubiquitous and abun-
dant in basal wood, catkin, polar bear hair and cancellous bone [26]. Extensive studies
have confirmed that biomass-derived tubular carbon materials possess many distinctive
features that are different from their counterparts that have an irregular structure [27].
In this context, extensive efforts have been made to fabricate biomass-derived carbon
from tubular or hollow materials by extending their use in water treatment [28], thermal
management [29], and energy conversion [30]. It has been confirmed that the presence of
multiscale (from nanoscale to microscale) pores in tubular, biomass-derived carbon not
only facilities impedance matching by abundant air–solid interfaces, but also contributes to
microwave attenuation via multiple reflections [31]. Possessing a typical hollow structure
with a thin cell wall of 0.8~1.0 µm and large lumen of more than 80% porosity, kapok fiber
(KF) originates from a tree grown primarily in South Asia, and contains intrinsic properties
similar to other types of tubular biomass [32]. Carbon microtube derived from KF has been
developed and utilized as adsorbents for organic dyes [33], sound absorption materials [34],
catalysis [30], etc. However, to the best of our knowledge there are no reports on the use
of KF-based microwave-absorbing material. To this end, a sustainable carbon microtube
for use as a broadband-microwave-absorbing material was prepared by pyrolyzing KF in
an inert atmosphere. As expected, this demonstrated an excellent microwave-absorbing
performance due to the synergistic effect from the hollow structure and good dielectric loss.
This work provides a new strategy for the innovative design of biomass-derived tubular
materials, with a potential application in the field of microwave attenuation.

2. Materials and Methods
2.1. Materials

Kapok fibers were collected from the South Subtropical Botanical Garden at the Chi-
nese Academy of Tropical Agricultural Sciences (Zhanjiang, China). High-purity argon
(>99.999%) was provided by the Zhanjiang Oxygen Factory (Zhanjiang, China). Absolute
ethyl alcohol was purchased from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All of the chemical reagents in the experiment were analytically pure, and were
used without further purification. All the water involved in the experiment was distilled
water that had been produced in our library with a Milli-Q reverse osmosis system.
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2.2. Preparation of CKF

CKF were prepared by carbonizing the KF. Briefly, the collected KF was washed with
distilled water and absolute ethyl alcohol to remove any impurities, and then vacuum dried
at 60 ◦C for 6 h. Then, the as-purified KF was placed into a typical ceramic crucible and
carbonized in a tube furnace under argon atmosphere, with a programmed temperature
from 25 ◦C to 600 ◦C and a heating rate of 10 ◦C/min. After being pyrolyzed at 600 ◦C for
2 h and then naturally cooled to room temperature, the final black product was obtained.

2.3. Characterizations

FTIR. The chemical structure of the samples was examined using a Nexus 470 Fourier
transformation infrared spectrophotometer (FTIR) (Thermo Nicolet, Waltham, MA, USA)
in a wavenumber range of 400–4000 cm−1.

TGA. Thermogravimetric analysis (TGA) is performed on a STA 449C thermogravi-
metric analyzer (NETZSCH, Selb, Germany) at a heating rate of 10 ◦C/min under a nitrogen
atmosphere with a flow rate of 50 mL/min.

XPS. The element identification and heteroatom functional group distribution were
measured by X-ray photoelectron spectra (XPS) (Shimadzu, Nakagyo-ku, Japan).

XRD. X-ray diffraction (XRD) patterns were recorded using a D8 Advance X-ray
diffractometer (Bruker, Bremmen, Germany) with a Cu Ka radiation (λ = 1.5418 Å) at a
scanning speed of 5◦/min from 10◦ to 80◦.

Raman. Raman spectra were collected using a Lab RAM HR Evolution confocal Raman
spectrometer (HORIBA, Longjumeau, France) in a range of 100–4000 cm−1.

BET. Pore structures were characterized by nitrogen adsorption analyses implemented on
an ASAP 2460 Brunauer–Emmett–Teller (BET) analyzer (Micromeritics, Norcross, GA, USA).

SEM. The morphology of all samples was visualized by a S4800 Scanning Electron
Microscope (SEM) (Hitachi, Tokyo, Japan) with an accelerate voltage of 3 kV.

Electromagnetic parameters. The electromagnetic parameters were determined using
a N5244A vector network analyzer (Agilent, Santa Clara, CA, USA) in the frequency range
of 2–18 GHz. Samples were prepared by pressing (0.5 Mpa, 1 min) the homogeneous
CKFs/paraffin mixture into a toroidal-shaped pipe with an outer diameter of 7.00 mm, an
inner diameter of 3.00 mm and thickness of 2.00 mm. The loadings of CKF in samples were
5 wt.%, 10 wt.%, 20 wt.%, 30 wt.% and 40 wt.%, which were designated as CKF-5, CKF-10,
CKF-10, CKF-20, CKF-30 and CKF-40, respectively.

3. Results
3.1. Overview of Fabrication and Nanostructure

As a natural biomass material derived from the kapok tree (Bombax ceiba L., Figure 1a),
mainly growing in South Asia, KF can be easily obtained from nature on a large scale
and at low cost. Moreover, KF naturally features hollow microstructures of more than
80% porosity that are in favor of improving impedance matching and attenuation capacity,
endowing it as a feasible candidate for addressing electromagnetic pollution. Figure 1
schematically describes the fabrication process of CKF, where the collected KF (Figure 1b)
was sequentially washed with water and ethanol to remove any impurities. Then, the
air-dried KF was carbonized at 600 ◦C for 2 h under an argon atmosphere to obtain the
CKF (Figure 1c), in which volatile constituents (such as CH4, CO2 and some organics) were
removed and the intriguing porous architectures in KF were retained. The morphological
features of the KF and CKF were visualized by SEM. It can be observed from Figure 1b′ that
cylindrical KFs present regular hollow tubular structures (with a diameter of 8.0–10.0 µm
and wall thickness of 0.8–1.0 µm), which is similar to Mohamed’s work [1]. It has a smooth
surface due to the presence of inherent plant wax. Carbonization affords CKF a rough
surface with subtle textures and wrinkles (Figure 1c’), indicating that the waxy coating has
been removed from the fiber’s surface [35]. In addition, the diameter of the microtube was
reduced from 15~30 µm for KF to 10~20 µm for CKF after carbonization.



Materials 2022, 15, 4845 4 of 13

Materials 2022, 15, x FOR PEER REVIEW 4 of 14 
 

 

addition, the diameter of the microtube was reduced from 15~30 μm for KF to 10~20 μm for 
CKF after carbonization. 

 
Figure 1. Schematic description of the fabrication of KF-derived carbon microtube for microwave 
attenuation. 

To gain more insight into the variation of the nanostructure during carbonization, FTIR, 
TGA and XPS of the pre- and post-carbonized cylindrical samples were performed and the 
results are depicted in Figure 2. It can be clearly observed that there are various cellulose mol-
ecules with induced characteristic peaks, where peaks at 3372 cm−1, 2916 cm−1, 1738 cm−1 and 
1248 cm−1 are ascribed to the stretching vibration of O−H, C−H, C = O and C−O, respectively 
[36]. The absorption peak at 1052 cm−1 is assigned to the carbohydrate or polysaccharide. Com-
pared with those of KF, all these peaks suppress or disappear completely for CKF, implying 
that the carbon-containing compounds have converted into inorganic carbon. Figure 2b shows 
the thermogravimetric analysis (TGA) curve of KF, which simulates the temperature-depend-
ent weight loss (%) during carbonization. Initially, the slight weight loss (∼5%) is observed 
over the temperature ranging from 30 to 85 °C, which is probably because of the evaporation 
of moisture content, including water or any other volatile compounds. Thereafter, the thermal 
decomposition of organic component begins at ~150 °C, then reaches its fastest rate at ~345 °C 
and completes at ~600 °C, evidenced by the dramatic weight loss from 95% to 25%. Finally, 
~19 % weight of the original sample remains, and this value stays the same even when the 
temperature further increases to 800 °C, indicating there are no extra chemical reactions at this 
stage. Although it has been confirmed that high specific area and porous carbon structures 
always form at a high carbonization temperature, 600 °C was selected for the carbonization of 
KF due to its high efficiency. The XPS survey spectra and high-resolution C1s spectra of the 
KF and CKF is shown in Figure 2c,d, respectively. The measured spectra show two peaks cor-
responding to C1s and O1s in the KF and CKF, respectively. The C1s spectrum ranging from 
280.03 to 291.53 eV for KF can be further divided into three obvious peaks corresponding to 
C−C (284.75 eV), C−O (285.44 eV) and C = O (288.75 eV) groups, accounting for 45.07%, 49.86% 
and 5.07%, respectively. The increased C−C (63.59%) and decreased C−O (32.65%)/C = O 
(3.76%) indicate that KF has been converted into a carbon microtube during carbonization [32]. 
The amorphous structure of the resulting CKF can be further confirmed by its XRD pattern 
and Raman shift. As depicted in Figure 3a,b, there are two peaks at 15.9° and 22.1° correspond-
ing to the (002) and (100) planes of CKF, respectively [37]. Evidenced by two peaks around 
1338 cm−1 (D-band) and 1589 cm−1 (G-band) stemming from the stretching of in-plane C−C 
bonds and the defect of the carbon crystallite, amorphous carbon is formed in CKF. N2 ad-
sorption–desorption experiment was performed to study the porosity of CKF. As shown in 
Figure 3c, the isotherm plots of N2 adsorption–desorption show a typical type-IV curve with 
a slight H4 hysteresis loop fast-rising over a wide range of P/P0, and the Brunauer–Emmett–

Figure 1. Schematic description of the fabrication of KF-derived carbon microtube for mi-
crowave attenuation.

To gain more insight into the variation of the nanostructure during carbonization,
FTIR, TGA and XPS of the pre- and post-carbonized cylindrical samples were performed
and the results are depicted in Figure 2. It can be clearly observed that there are var-
ious cellulose molecules with induced characteristic peaks, where peaks at 3372 cm−1,
2916 cm−1, 1738 cm−1 and 1248 cm−1 are ascribed to the stretching vibration of O–H, C–H,
C=O and C–O, respectively [36]. The absorption peak at 1052 cm−1 is assigned to the
carbohydrate or polysaccharide. Compared with those of KF, all these peaks suppress
or disappear completely for CKF, implying that the carbon-containing compounds have
converted into inorganic carbon. Figure 2b shows the thermogravimetric analysis (TGA)
curve of KF, which simulates the temperature-dependent weight loss (%) during carboniza-
tion. Initially, the slight weight loss (∼5%) is observed over the temperature ranging from
30 to 85 ◦C, which is probably because of the evaporation of moisture content, including
water or any other volatile compounds. Thereafter, the thermal decomposition of organic
component begins at ~150 ◦C, then reaches its fastest rate at ~345 ◦C and completes at
~600 ◦C, evidenced by the dramatic weight loss from 95% to 25%. Finally, ~19% weight
of the original sample remains, and this value stays the same even when the temperature
further increases to 800 ◦C, indicating there are no extra chemical reactions at this stage.
Although it has been confirmed that high specific area and porous carbon structures always
form at a high carbonization temperature, 600 ◦C was selected for the carbonization of
KF due to its high efficiency. The XPS survey spectra and high-resolution C1s spectra of
the KF and CKF is shown in Figure 2c,d, respectively. The measured spectra show two
peaks corresponding to C1s and O1s in the KF and CKF, respectively. The C1s spectrum
ranging from 280.03 to 291.53 eV for KF can be further divided into three obvious peaks
corresponding to C–C (284.75 eV), C–O (285.44 eV) and C=O (288.75 eV) groups, accounting
for 45.07%, 49.86% and 5.07%, respectively. The increased C–C (63.59%) and decreased
C–O (32.65%)/C=O (3.76%) indicate that KF has been converted into a carbon microtube
during carbonization [32]. The amorphous structure of the resulting CKF can be further
confirmed by its XRD pattern and Raman shift. As depicted in Figure 3a,b, there are
two peaks at 15.9◦ and 22.1◦ corresponding to the (002) and (100) planes of CKF, respec-
tively [37]. Evidenced by two peaks around 1338 cm−1 (D-band) and 1589 cm−1 (G-band)
stemming from the stretching of in-plane C–C bonds and the defect of the carbon crys-
tallite, amorphous carbon is formed in CKF. N2 adsorption–desorption experiment was
performed to study the porosity of CKF. As shown in Figure 3c, the isotherm plots of
N2 adsorption–desorption show a typical type-IV curve with a slight H4 hysteresis loop
fast-rising over a wide range of P/P0, and the Brunauer–Emmett–Teller-specific surface
area was measured to be 6.21 m2 g−1. The Barrett–Joyner–Halenda pore size distribution
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centered at approximately 1.48 and 6.34 nm demonstrates distinct micro- and mesoporous
features of CKF.
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SEM observations provide visual evidence for the morphology of CKF in paraffin. In
the case of neat paraffin, the dense packed paraffin fully coalesces into a smooth surface
due to the absence of CKF (Figure 4a). At low CKF concentration, only a few tubular CKFs
as well as coalesced paraffin are observed composites (Figure 4b), indicating that such a
low CKF loading is not sufficient to form an electromagnetic loss network. However, when
the amount of CKF increases to 30 wt.% or even 40 wt.%, the CKF-based network becomes
denser and results in the overlap of microtubes throughout the wax (Figure 4e,f). In other
words, the more CKF is loaded, the more an interconnected electromagnetic loss network
forms, which is in favor of an attenuating penetrated microwave.
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3.2. Microwave-Absorbing Performance

Generally, the microwave-absorbing performance of an MAM is expressed by reflec-
tion loss (RL), and the smaller RL means less reflected energy. Normally, a RL value of
lower than −10 dB refers more than 90% of penetrated electromagnetic energy can be
effectively converted into another form of energy. Correspondingly, the frequency range in
which RL value is smaller than −10 dB is defined as an effective absorption bandwidth [38],
representing the frequency window for practical application. For a desired MAM, the
RL should be as low as possible and the absorption bandwidth as wide as possible. On
the basis of transmission line theory, the RL of an absorber can be calculated from its EM
parameters according to the following formulas [2].

RL = 20lg
∣∣∣∣Zin − 1
Zin + 1

∣∣∣∣ (1)

Zin =

√
µr

εr
tanh

(
j
2π f d

c
√

µrεr

)
(2)

where Zin is the normalized input impedance of the absorber, εr is the complex permittivity,
µr is the complex permeability, f is the frequency of the microwave, d is the absorber
thickness and c is the velocity of the microwave in free space. To evaluate the microwave
absorption performance of obtained carbon microtube materials, the calculated RL is
shown three-dimensionally in Figure 5a–e. It can be observed that the match frequency
(fm) corresponding to minimum reflection loss (RLmin) moves towards lower frequency
when the absorber thickness increases, which can be explained by the quarter wavelength
matching model in the following equation [38]:

tm = nλm/4 = nc(4 fm|εr||µr|
1/2), n = 1, 3, 5 . . . (3)
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When the absorber thickness meets Equation (3), a phase cancellation effect occurs
between the reflected microwave from the air absorber and absorber–backboard interface,
resulting in the disappearance of the reflected waves.
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It can be observed that CKF-5 and CKF-10 show an RLmin of less than −10 dB at
the thickness range of 1.0–5.5 mm, indicating it is not of value in a practical application.
The microwave-absorbing properties of CKF-filled paraffin composites become stronger
when the loading of CKF increases from 5% to 30%, but deteriorates as the concentra-
tion increases further to 40%. Therefore, CKF-30 exhibits the best performance among
all the samples, demonstrating a RLmin of −49.46 dB at the thickness of 2.3 mm and a
broad EAB of 7.12 GHz (10.64–17.76 GHz, 2.3 mm) which covers 34% X-band and 96%
of Ku-band is obtained. Moreover, more than 90% of incident electromagnetic waves
over the frequency range of 4.48–18.00 GHz can be attenuated by CKF-30 by adjusting its
thickness, which means CKF shows a feature of broadband absorption. Table 1 summa-
rizes the typical reported biomass-derived MAMs in terms of loading, thickness, RLmin
and EAB [20,21,24,25,39–42]. Studies indicate that most of the biomass-derived carbon
absorbers are a form of hybrid with magnetic materials, which is compromised by compli-
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cated synthesis and high density. In this study, CKF demonstrates the balanced features of
broader EAB, stronger absorption, lower filler loading and a thinner layer, making it highly
comparable with its counterparts.

Table 1. Typical microwave-absorbing materials based on biomass-derived carbon and their performances.

Biomass-Derived Microwave Absorber Loading
(wt.%)

Thickness
(mm)

RLmin
(dB)

EAB
(GHz) References

Walnut shell-derived porous carbon 70 2.00 −42.40 1.80 (8.08–9.84) [20]
Mango-leaf-derived porous carbon 20 1.75 −23.60 5.17(12.83–18.00) [21]

Rice-based porous C/Co 25 1.80 −40.10 2.70 (9.30–12.00) [24]
Loofah-sponge-derived

carbon/Fe3O4@Fe 30 2.00 −49.60 5.30 (13.00–18.00) [25]

Porous carbon fiber/Fe3O4 30 1.90 −48.20 5.10(12.90–18.00) [39]
NiO/porous carbon 30 8.00 −33.80 6.70 (11.30–18.00) [41]

Porous carbon @NiFe2O4 30 2.50 −50.80 4.90 (12.40–17.30) [42]
Kapok-fiber-derived porous carbon 30 2.30 −49.46 7.12 (10.64–17.76) This work

3.3. Microwave Attenuation Mechanisms

It is well known that the microwave-absorption performances of MAMs are associated
with their relative complex permittivity (εr = ε′−jε′′) and relative complex permeability
(µr = µ′−jµ′′), where the ε′ and µ′ stand for the capacity of energy storage, and the ε′′ and µ′′

represent the ability of energy attenuation [43]. To obtain more insights into the microwave
attenuation mechanism of CKF, frequency-dependent electromagnetic parameters of the
as-fabricated CKF–paraffin composites are plotted in Figure 6. It can be observed from
Figure 6a,b that both the values of ε′ and ε′′ for all composites decrease with the increase in
frequency. This is in spite of a marginal decline for CKF-5 and CKF-10, which was ascribed
to a polarization hysteresis resulting from a high-frequency electromagnetic field [44].
It is worth noting that the values of ε′ and ε′′ gradually increase with the increase in
CKF loading, indicating enhanced storage and dissipation capabilities. Increasement in
ε′ and ε′ with the increased loading of CKF can be ascribed to a higher amount of mobile
charge carriers, micro-capacitors and polarization centers at higher CKF concentrations,
thus improving the microwave-absorbing performance of CKF-filled paraffin composites
via conduction loss and polarization loss [19]. Owing to the absence of the magnetic
loss component, the values of µ′ and µ′′ for as-prepared CKF composites exhibit slight
fluctuations around 1.0 and 0.0 (Figure 6a’,b’), implying negligible storage and dissipation
capacity. Additionally, the frequency-dependent dissipation factors represented by the
dielectric loss tangent (tan δε = ε′′/ε′) and the magnetic loss tangent (tan δµ = µ′′/µ′) of all
composites are calculated (Figure 6c,c’), where the dielectric loss-dominated attenuation
mechanism can be further confirmed by the much higher values of tan δε.

Moreover, due to the extensive carbonization-induced defects in CKF and the abundant
interfaces among CKF–paraffin composites, the corresponding orientation polarization
and interfacial polarization also greatly contribute to the improvement of dielectric loss
and favor the microwave-absorbing performance [45]. According to Debye theory, the
Cole–Cole semicircle can be used to prove the presence of multiple dielectric relaxation,
which can be deduced by the following equation [19]:(

ε′ − εs + ε∞

2

)2
+ (ε′′ )2 =

(
εs − ε∞

2

)2
(4)

where εs presents the static dielectric constant and ε∞ denotes the dielectric constant at
the infinite frequency. As depicted in Figure 7, several distinguishable Cole–Cole semi-
circles are observed with the increase in CKF loading, implying the presence of multiple
dielectric relaxation processes. With the increase in CKF loading, the semi-circles shift to
a higher permittivity range and the radiuses increase simultaneously, indicating a higher
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polarization loss of CKF–paraffin composites with a higher CKF loading. In addition,
the higher the CKF loading, the more heterointerface, charge transfer and defects, which
further contribute to the enhancement of relaxation processes [20].
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It has been widely accepted that the synergistic effects between magnetic loss and
dielectric loss account for the final microwave-absorbing performance of an absorber, which
can also be described by another two parameters. The first one is impedance matching (Z),
which represents the ability of allowing as much of the incident EMWs entering into the
absorber as possible. The other is the attenuation constant (α), which is associated with the
capability of a dissipating penetrated wave in another form of energy. A desired MAM
should allow as many electromagnetic waves to penetrate the MAM as possible, and then
convert them into another form of energy. According to electromagnetic wave theory [2], Z
and α can be evaluated by the following equations, respectively.

Z =

∣∣∣∣√ εr

µr

∣∣∣∣ (5)
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α =

√
2π f
c

√
(µ′′ ε′′ − µ′ε′) +

√
(µ′′ ε′′ − µ′ε′)2 + (µ′ε′′ + µ′′ ε′)2 (6)

Good impedance matching requires the values of εr and µr, to be close, so the values of
Z should be as close to 1 as possible. Figure 8a depicts the calculated Z values for CKF-filled
paraffin composites. It can be clearly seen that with the increase in CKF loading, the value
of Z declines from 0.57~0.64 for CKF-5 to 0.49~0.59 for CKF-10, 0.37~0.54 for CKF-20,
0.30~0.45 for CKF-30 and 0.28~0.44 for CKF-40, respectively. Therefore, CKF-5 show the
best impedance matching, confirmed by its Z value about 0.62. The calculated α curves for
all as-prepared CKF samples are plotted in Figure 8b, where the values of α ascend with the
increase in frequency, indicating that strong attenuation primarily occurs in a high frequency
range. Further, it can be seen that the α values of CKF-filled composites elevates with the
increase in CKF loading, which agrees with that of complex permittivity (Figure 6a–c),
confirming that the microwave attenuation capacity of CKF is dominated by dielectric
loss. Therefore, it is understood that the excellent microwave-absorbing performance of
CKF-30 stems from its balanced impedance matching and attenuation capacity. Neither
good impedance matching (CKF-5) nor strong attenuation ability (CKF-40) is enough to
produce considerable RL characteristics [46].
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According to the above analyses, a schematic diagram is proposed to illustrate the
microwave attenuation mechanism of CKF composites (Figure 9). It can be summarized
that the excellent microwave-absorbing performance of CKF primary stems from its proper
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concentration and intrinsic hierarchical structure, affording balanced impendence matching
and attenuation capacity. For the former, moderate loading of CKF tunes the electromag-
netic parameters of CKF-filled paraffin composites, thus improving impedance matching
and decreasing the reflected wave. Additionally, carbonization-induced high surface and
multiscale pores in CKF significantly regulate the permittivity, which is also beneficial
to optimize the impedance matching condition. When it comes to the latter, multiple
mechanisms including conductive loss derived from connected CKF networks, dipole
polarization stemming from carbonization-induced defects, and interfacial polarization
caused by abundant solid–void interface, contribute to the enhanced microwave attenu-
ation capacity of CKF. Finally, high porosity and hierarchical structures of CKF generate
multiple refection and scattering, which creates an extremely long transmission channel for
the penetrated microwave, affording a greater chance for CKF to consume them.
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4. Conclusions

In conclusion, a kapok-fiber-derived carbon microtube was fabricated by a versatile
process, and a concentration-associated relation between morphology and performance has
been systematically investigated. It has been found that carbonization-induced hierarchical
structure and moderate concentration play crucial roles in the final microwave-absorbing
performance. Due to the balanced impedance matching and attenuation capacity, CKF-30
with 30 wt.% CKF in paraffin demonstrate the best absorption performance, where the
RLmin reaches −49.46 dB at 16.48 GHz for CKF-30 with a thickness of 2.3 mm. Moreover,
an optimized effective absorption bandwidth of 7.12 GHz (from 10.64 GHz to 17.76 GHz)
is obtained at the thickness of 2.3 mm. Therefore, it is evident that kapok-fiber-derived
carbon microtube demonstrates great potential for applications in the field of broadband
microwave attenuation.

Author Contributions: Formal analysis, validation, writing—original draft, A.L.; conceptualization,
supervision, writing—review and editing, P.Z. and Y.Z.; funding acquisition, resources, validation,
L.L. and J.L.; investigation, validation, R.W., J.T. and X.L. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors appreciate the Foundation of Guangdong Provincial Key Laboratory of Natural
Rubber Processing, China (2019B121203004), the financial support from the Hainan Province Science
and Technology Special Fund (ZDYF2021SHFZ258), the Natural Science Foundation of Hainan
Province, China (521MS082) and the Central Public-interest Scientific Institution Basal Research Fund
for the Chinese Academy of Tropical Agricultural Sciences, China (1630122022011).



Materials 2022, 15, 4845 12 of 13

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to the Agricultural Products Processing Research
Institute of the Chinese Academy of Tropical Agricultural Sciences.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Mohamed, M.A.; Salleh, W.N.W.; Jaafar, J.; Ismail, A.F.; Mutalib, M.A.; Mohamad, A.B.; Zain, M.M.; Awang, N.A.; Hir, Z.A.M.

Physicochemical characterization of cellulose nanocrystal and nanoporous self-assembled CNC membrane derived from Ceiba
pentandra. Carbohydr. Polym. 2017, 157, 1892–1902. [CrossRef] [PubMed]

2. Zeng, X.J.; Cheng, X.Y.; Yu, R.H.; Stucky, G.D. Electromagnetic microwave absorption theory and recent achievements in
microwave absorbers. Carbon 2020, 168, 606–623. [CrossRef]

3. Cao, M.-S.; Cai, Y.-Z.; He, P.; Shu, J.-C.; Cao, W.-Q.; Yuan, J. 2D MXenes: Electromagnetic property for microwave absorption and
electromagnetic interference shielding. Chem. Eng. J. 2019, 359, 1265–1302. [CrossRef]

4. Oliveira, F.M.; Gusmão, R. Recent advances in the electromagnetic interference shielding of 2D materials beyond graphene. ACS
Appl. Electron. Mater. 2020, 2, 3048–3071. [CrossRef]

5. Pluss, T.; Zimmer, F.; Hehn, T.; Murk, A. Characterisation and Comparison of Material Parameters of 3D-Printable Absorbing
Materials. Materials 2022, 15, 1503. [CrossRef]

6. Wang, G.Z.; Peng, X.G.; Yu, L.; Wan, G.P.; Lin, S.W.; Qin, Y. Enhanced microwave absorption of ZnO coated with Ni nanoparticles
produced by atomic layer deposition. J. Mater. Chem. A 2015, 3, 2734–2740. [CrossRef]

7. Luo, C.J.; Jiao, T.; Tang, Y.S.; Kong, J. Excellent Electromagnetic Wave Absorption of Iron-Containing SiBCN Ceramics at 1158 K
High-Temperature. Adv. Eng. Mater. 2018, 20, 1701168. [CrossRef]

8. Sun, G.B.; Dong, B.X.; Cao, M.H.; Wei, B.Q.; Hu, C.W. Hierarchical Dendrite-Like Magnetic Materials of Fe3O4, γ-Fe2O3, and Fe
with High Performance of Microwave Absorption. Chem. Mater. 2011, 23, 1587–1593. [CrossRef]

9. Saini, P.; Aror, M. Microwave Absorption and EMI Shielding Behavior of Nanocomposites Based on Intrinsically Conducting
Polymers, Graphene and Carbon Nanotubes. New Polym. Spec. Appl. 2012, 3, 73–112.

10. Meng, F.B.; Wang, H.G.; Huang, F.; Guo, Y.F.; Wang, Z.Y.; Hui, D.; Zhou, Z.W. Graphene-based microwave absorbing composites:
A review and prospective. Compos. Part B 2018, 137, 260–277. [CrossRef]

11. Wang, G.H.; Ong, S.J.H.; Zhao, Y.; Xu, Z.J.; Ji, G.B. Integrated multifunctional macrostructures for electromagnetic wave absorption
and shielding. J. Mater. Chem. A 2020, 8, 24368–24387. [CrossRef]

12. Peymanfar, R.; Javanshir, S.; Naimi-Jamal, M.R.; Tavassoli, S.H. Morphology and medium influence on microwave characteristics
of nanostructures: A review. J. Mater. Sci. 2021, 56, 17457–17477. [CrossRef]

13. Huang, L.N.; Chen, C.G.; Li, Z.J.; Zhang, Y.P.; Zhang, H.; Lu, J.G.; Ruan, S.C.; Zeng, Y.-J. Challenges and future perspectives on
microwave absorption based on two-dimensional materials and structures. Nanotechnology 2020, 31, 162001. [CrossRef] [PubMed]

14. Yang, D.-P.; Li, Z.B.; Liu, M.H.; Zhang, X.Y.; Chen, Y.S.; Xue, H.; Ye, E.Y.; Luque, R. Biomass-Derived Carbonaceous Materials:
Recent Progress in Synthetic Approaches, Advantages, and Applications. ACS Sustain. Chem. Eng. 2019, 7, 4564–4585. [CrossRef]

15. Zhang, B.; Jiang, Y.Q.; Balasubramanian, R. Synthesis, formation mechanisms and applications of biomass-derived carbonaceous
materials: A critical review. J. Mater. Chem. A 2021, 9, 24759–24802. [CrossRef]

16. Du, Y.C. Advances in Carbon-Based Microwave Absorbing Materials. Materials 2022, 15, 1359. [CrossRef]
17. Zhao, H.Q.; Cheng, Y.; Liu, W.; Yang, L.J.; Zhang, B.S.; Wang, L.P.; Ji, G.B.; Xu, Z.J. Biomass-Derived Porous Carbon-Based

Nanostructures for Microwave Absorption. Nano-Micro Lett. 2019, 11, 24. [CrossRef]
18. Xi, J.B.; Zhou, E.Z.; Liu, Y.J.; Gao, W.W.; Ying, J.; Chen, Z.C.; Gao, C. Wood-based straightway channel structure for high

performance microwave absorption. Carbon 2017, 124, 492–498. [CrossRef]
19. Wu, Z.C.; Tian, K.; Huang, T.; Hu, W.; Xie, F.F.; Wang, J.J.; Su, M.X.; Li, L. Hierarchically Porous Carbons Derived from Biomasses

with Excellent Microwave Absorption Performance. ACS Appl. Mater. Interfaces 2018, 10, 11108–11115. [CrossRef]
20. Qiu, X.; Wang, L.X.; Zhu, H.L.; Guan, Y.K.; Zhang, Q.T. Lightweight and efficient microwave absorbing materials based on walnut

shell-derived nano-porous carbon. Nanoscale 2017, 9, 7408–7418. [CrossRef]
21. Negi, P.; Chhantyal, A.K.; Dixit, A.K.; Kumar, S.; Kumar, A. Activated carbon derived from mango leaves as an enhanced

microwave absorbing material. Sustain. Mater. Technol. 2021, 27, e00244. [CrossRef]
22. Yuan, Y.; Ding, Y.J.; Wang, C.H.; Xu, F.; Lin, Z.S.; Qin, Y.Y.; Li, Y.; Yang, M.L.; He, X.D.; Peng, Q.Y.; et al. Multifunctional Stiff

Carbon Foam Derived from Bread. ACS Appl. Mater. Interfaces 2016, 8, 16852–16861. [CrossRef] [PubMed]
23. Huang, L.; Li, J.J.; Wang, Z.J.; Li, Y.B.; He, X.D.; Yuan, Y. Microwave absorption enhancement of porous C@CoFe2O4 nanocompos-

ites derived from eggshell membrane. Carbon 2019, 143, 507–516. [CrossRef]
24. Fang, J.Y.; Shang, Y.S.; Chen, Z.; Wei, W.; Hu, Y.; Yue, X.G.; Jiang, Z.H. Rice husk-based hierarchically porous carbon and magnetic

particles composites for highly efficient electromagnetic wave attenuation. J. Mater. Chem. C 2017, 5, 4695–4705. [CrossRef]

http://doi.org/10.1016/j.carbpol.2016.11.078
http://www.ncbi.nlm.nih.gov/pubmed/27987909
http://doi.org/10.1016/j.carbon.2020.07.028
http://doi.org/10.1016/j.cej.2018.11.051
http://doi.org/10.1021/acsaelm.0c00545
http://doi.org/10.3390/ma15041503
http://doi.org/10.1039/C4TA06053A
http://doi.org/10.1002/adem.201701168
http://doi.org/10.1021/cm103441u
http://doi.org/10.1016/j.compositesb.2017.11.023
http://doi.org/10.1039/D0TA08515D
http://doi.org/10.1007/s10853-021-06394-z
http://doi.org/10.1088/1361-6528/ab50af
http://www.ncbi.nlm.nih.gov/pubmed/31645026
http://doi.org/10.1021/acssuschemeng.8b06030
http://doi.org/10.1039/D1TA06874A
http://doi.org/10.3390/ma15041359
http://doi.org/10.1007/s40820-019-0255-3
http://doi.org/10.1016/j.carbon.2017.07.088
http://doi.org/10.1021/acsami.7b17264
http://doi.org/10.1039/C7NR02628E
http://doi.org/10.1016/j.susmat.2020.e00244
http://doi.org/10.1021/acsami.6b03985
http://www.ncbi.nlm.nih.gov/pubmed/27295106
http://doi.org/10.1016/j.carbon.2018.11.042
http://doi.org/10.1039/C7TC00987A


Materials 2022, 15, 4845 13 of 13

25. Wang, H.G.; Meng, F.B.; Li, J.Y.; Li, T.; Chen, Z.J.; Luo, H.B.; Zhou, Z.W. Carbonized Design of Hierarchical Porous
Carbon/Fe3O4@Fe Derived from Loofah Sponge to Achieve Tunable High-Performance Microwave Absorption. ACS Sustain.
Chem. Eng. 2018, 6, 11801–11810. [CrossRef]

26. Sun, J.M.; Wu, Z.W.; Ma, C.H.; Xu, M.C.; Luo, S.; Li, W.; Liu, S.X. Biomass-derived tubular carbon materials: Progress in synthesis
and applications. J. Mater. Chem. A 2021, 9, 13822–13850. [CrossRef]

27. Ma, X.H.; Shen, B.; Zhang, L.H.; Chen, Z.P.; Liu, Y.F.; Zhai, W.T.; Zheng, W.G. Novel Straw-Derived Carbon Materials for
Electromagnetic Interference Shielding: A Waste-to-Wealth and Sustainable Initiative. ACS Sustain. Chem. Eng. 2019, 7, 9663–9670.
[CrossRef]

28. Wang, B.; Karthikeyan, R.; Lu, X.-Y.; Xuan, J.; Leung, M.K.H. Hollow Carbon Fibers Derived from Natural Cotton as Effective
Sorbents for Oil Spill Cleanup. Ind. Eng. Chem. Res. 2013, 52, 18251–18261. [CrossRef]

29. Sun, H.; Ji, T.; Bi, H.J.; Xu, M.; Cai, L.P.; Manzo, M. Synergistic effect of carbon nanotubes and wood-derived carbon scaffold on
natural rubber-based high-performance thermally conductive composites. Compos. Sci. Technol. 2021, 213, 108963. [CrossRef]

30. Cheng, M.R.; Su, H.; Xiong, P.X.; Zhao, X.X.; Xu, Y.H. Molten Lithium-Filled Three-Dimensional Hollow Carbon Tube Mats for
Stable Lithium Metal Anodes. ACS Appl. Energy Mater. 2019, 2, 8303–8309. [CrossRef]

31. Zhou, M.; Gu, W.; Wang, G.; Zheng, J.; Pei, C.; Fan, F.; Ji, G. Sustainable wood-based composites for microwave absorption and
electromagnetic interference shielding. J. Mater. Chem. A 2020, 8, 24267–24283. [CrossRef]

32. Song, P.; Cui, J.W.; Di, J.; Liu, D.B.; Xu, M.Z.; Tang, B.J.; Zeng, Q.S.; Xiong, J.; Wang, C.D.; He, Q.; et al. Carbon Microtube Aerogel
Derived from Kapok Fiber: An Efficient and Recyclable Sorbent for Oils and Organic Solvents. ACS Nano 2020, 14, 595–602.
[CrossRef] [PubMed]

33. Chen, L.; Yuan, H.; Chen, S.Q.; Zheng, C.; Wu, X.K.; Li, Z.Q.; Liang, C.Y.; Dai, P.Q.; Wang, Q.T.; Ma, X.; et al. Cost-Effective,
High-Yield Production of Biotemplated Catalytic Tubular Micromotors as Self-Propelled Microcleaners for Water Treatment. ACS
Appl. Mater. Interfaces 2021, 13, 31226–31235. [CrossRef] [PubMed]

34. Song, S.K.; Zhao, T.T.; Zhu, W.T.; Qiu, F.; Wang, Y.Q.; Dong, L.J. Natural Microtubule-Encapsulated Phase-Change Material
with Simultaneously High Latent Heat Capacity and Enhanced Thermal Conductivity. ACS Appl. Mater. Interfaces 2019,
11, 20828–20837. [CrossRef] [PubMed]

35. Wang, J.T.; Zheng, Y.A.; Wang, A.Q. Preparation and oil absorbency of kapok-g-butyl methacrylate. Environ. Technol. 2018,
39, 1089–1095. [CrossRef] [PubMed]

36. Zheng, Y.A.; Wang, W.B.; Huang, D.J.; Wang, A.Q. Kapok fiber oriented-polyaniline nanofibers for efficient Cr(VI) removal. Chem.
Eng. J. 2012, 191, 154–161. [CrossRef]

37. Wang, W.B.; Wang, F.F.; Kang, Y.R.; Wang, A.Q. Au nanoparticles decorated Kapok fiber by a facile noncovalent approach for
efficient catalytic decoloration of Congo Red and hydrogen production. Chem. Eng. J. 2014, 237, 336–343. [CrossRef]

38. Wang, Z.Q.; Zhao, P.F.; He, D.N.; Cheng, Y.; Liao, L.S.; Li, S.D.; Luo, Y.Y.; Peng, Z.; Li, P.W. Cerium oxide immobilized reduced
graphene oxide hybrids with excellent microwave absorbing performance. Phys. Chem. Chem. Phys. 2018, 20, 14155–14165.
[CrossRef]

39. Liu, Y.; Chen, Z.; Xie, W.H.; Song, S.K.; Zhang, Y.; Dong, L.J. In-Situ Growth and Graphitization Synthesis of Porous Fe3O4/Carbon
Fiber Composites Derived from Biomass as Lightweight Microwave Absorber. ACS Sustain. Chem. Eng. 2019, 7, 5318–5328.
[CrossRef]

40. Zhao, H.Q.; Cheng, Y.; Ma, J.N.; Zhang, Y.N.; Ji, G.B.; Du, Y.W. A sustainable route from biomass cotton to construct lightweight
and high-performance microwave absorber. Chem. Eng. J. 2018, 339, 432–441. [CrossRef]

41. Wang, H.Y.; Zhang, Y.L.; Wang, Q.Y.; Jia, C.W.; Cai, P.; Chen, G.; Dong, C.J.; Guan, H.T. Biomass carbon derived from pine nut
shells decorated with NiO nanoflakes for enhanced microwave absorption properties. RSC Adv. 2019, 9, 9126–9135. [CrossRef]
[PubMed]

42. Wang, Y.; Gao, X.; Zhou, H.W.; Wu, X.M.; Zhang, W.Z.; Wang, Q.G.; Luo, C.Y. Fabrication of biomass-derived carbon decorated
with NiFe2O4 particles for broadband and strong microwave absorption. Powder Technol. 2019, 345, 370–378. [CrossRef]

43. Wang, Z.Q.; Zhao, P.F.; Li, P.W.; Li, S.D.; Liao, L.S.; Luo, Y.Y.; Peng, Z.; He, D.N.; Cheng, Y. Hierarchical cerium oxide anchored
multi-walled carbon nanotube hybrid with synergistic effect for microwave attenuation. Compos. Part B 2019, 167, 477–486.
[CrossRef]

44. Geng, H.R.; Zhang, X.; Xie, W.H.; Zhao, P.F.; Wang, G.Z.; Liao, J.H.; Dong, L.J. Lightweight and broadband 2D MoS2 nanosheets/3D
carbon nanofibers hybrid aerogel for high-efficiency microwave absorption. J. Colloid Interface Sci. 2022, 609, 33–42. [CrossRef]

45. Wu, H.J.; Wu, G.L.; Ren, Y.Y.; Yang, L.; Wang, L.D.; Li, X.H. Co2+/Co3+ ratio dependence of electromagnetic wave absorption in
hierarchical NiCo2O4–CoNiO2 hybrids. J. Mater. Chem. C 2015, 3, 7677–7690. [CrossRef]

46. Cui, H.P.; Zhao, P.F.; Hu, B.X.; Long, A.C.; He, S.M.; Chen, G.J.; Liao, L.S.; Liao, J.H.; Zhao, Y.F. Sustainable Microwave Absorbing
Material based on Macadamia Nutshell Derived Porous Carbon. Nano 2022, 17, 2250010. [CrossRef]

http://doi.org/10.1021/acssuschemeng.8b02089
http://doi.org/10.1039/D1TA02412D
http://doi.org/10.1021/acssuschemeng.9b01288
http://doi.org/10.1021/ie402371n
http://doi.org/10.1016/j.compscitech.2021.108963
http://doi.org/10.1021/acsaem.9b01785
http://doi.org/10.1039/D0TA08372K
http://doi.org/10.1021/acsnano.9b07063
http://www.ncbi.nlm.nih.gov/pubmed/31891248
http://doi.org/10.1021/acsami.1c03595
http://www.ncbi.nlm.nih.gov/pubmed/34176260
http://doi.org/10.1021/acsami.9b04523
http://www.ncbi.nlm.nih.gov/pubmed/31117448
http://doi.org/10.1080/09593330.2017.1321689
http://www.ncbi.nlm.nih.gov/pubmed/28463052
http://doi.org/10.1016/j.cej.2012.02.088
http://doi.org/10.1016/j.cej.2013.10.044
http://doi.org/10.1039/C8CP00160J
http://doi.org/10.1021/acssuschemeng.8b06339
http://doi.org/10.1016/j.cej.2018.01.151
http://doi.org/10.1039/C9RA00466A
http://www.ncbi.nlm.nih.gov/pubmed/35517669
http://doi.org/10.1016/j.powtec.2019.01.025
http://doi.org/10.1016/j.compositesb.2019.03.018
http://doi.org/10.1016/j.jcis.2021.11.192
http://doi.org/10.1039/C5TC01716E
http://doi.org/10.1142/S1793292022500102

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of CKF 
	Characterizations 

	Results 
	Overview of Fabrication and Nanostructure 
	Microwave-Absorbing Performance 
	Microwave Attenuation Mechanisms 

	Conclusions 
	References

