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ABSTRACT

Recently, biomass-derived three-dimensional (3D) porous carbon materials have been gaining more interest as promising microwave
absorbers due to their low cost, vast availability, and sustainability. Here, a novel 3D interconnected porous magnetic carbon foams are
in-situ synthesized via a combination of sol-gel and carbonization process with wheat straw as the carbon source and FeCls:6H,0 as the
magnetic regulating agent. During the process of foams formation, the lignocelluloses from the steam-exploded wheat straw are converted
into interconnected carbon sheet networks with hierarchical porous structures, and the precursor FeCls:6H,O is converted into magnetic
nanoparticles uniformly embedded in the porous carbon foams. The generated magnetic nanoparticles are benefit to enhance the interface
polarization and magnetic loss ability to improve the efficient complementarities between the dielectric and magnetic loss, thus increasing the
impedance matching. The obtained sample treated at 600 °C displays the best microwave absorption (MA) performance. It presents a
minimal reflection loss (RL) of —-43.6 dB at 7.1 GHz and the effective bandwidth (RL < -10 dB) is 3.3 GHz with the thickness of 4.7 mm. The
3D porous structure, multi-interfaces and the synergy of dielectric loss and magnetic loss make great contribution to the outstanding MA

performance.
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1 Introduction

To solve the more and more serious electromagnetic wave
interference issue, many efforts have been done to search for
high-performance microwave absorption (MA) materials, which
can effectively absorb the incident microwaves by transforming
them into heat through magnetic/dielectric loss or dissipating them
through interference [1-4]. Nevertheless, developing MA materials
with special features of broad frequency, low density, strong absorption
intensity, low thickness, and high thermal stability is still a
challenge [5]. Among the MA materials, combination of dielectric
lossy carbon materials (graphene, carbon nanotubes, helical carbon
nanotubes, etc.) and magnetic lossy materials (magnetic metals,
ferrites, and magnetic oxides) has gained more attention to broaden
the effective bandwidth of MA materials, such as Fe.O,/rGO [6, 7],
rGO/MoS: [8], N-rGO/FeNis [9], CNTs/FesO4 [10], CuFei0A1O1s/
MWCNT [11], RGO/MWCNTs/ZnFe;O, [12]. This combination
strategy can not only improve the impedance matching but also
enhance MA attenuation deriving from the efficient complementarities
between the dielectric loss and magnetic loss [13]. Besides, design
of absorbers structure with special morphologies is another
important strategy to impact on the density and the microwave
absorption performance. Among the various structures, porous/
hollow structure has been anticipated to be one of the most
promising candidates for MA applications, not only due to the
high interfacial polarization and enhanced multiple scattering of
incident microwaves, but also for their lightweight and low-density
features, which are of great importance for the MA materials [14, 15].

Furthermore, porous structures are advantageous for incorporating
different types of nanoparticles to obtain better MA materials due
to improving impedance matching [16, 17]. As reported, porous
carbon nanowires, fibers, nanotubes, graphene foams and their
related composites have been synthesized and proved to get high-
performance MA. Nevertheless, these kinds of materials display
some disadvantages for MA application, such as toxic precursors,
high costs, and complicated synthesis process, which noticeably hamper
their commercialization. Therefore, it is still necessary to search
low-cost porous carbonaceous materials with excellent MA properties.
Recently, to reduce the cost of the porous carbon materials,
renewable precursors such as biomass or bio-wastes are highly
expected to be explored to produce high-performance carbonaceous
MA materials [18, 19]. Wheat straw, an important source of
lignocellulose biomass of agricultural residue, is usually burned or
used as animal feed and bedding materials [20]. Therefore, take full
advantage of lignocellulose biomass from wheat straw as the
carbonaceous MA materials seems to be an efficient strategy
due to their low cost, abundance, and relatively high carbon content
[21-23]. Furthermore, the use of lignocelluloses other than three
primarily polymeric components in wheat straw (cellulose,
hemicellulose, and lignin) is mainly due to the isolation of each
components always involving in hazardous chemicals and environ-
mental pollution [24]. To get high quality lignocellulose, hydroxide
anion is considered as an ideal substitution reported by Zhong [25].
Furthermore, in order to increase the dissolution of lignocellulose,
steam-exploded pretreatment is further applied [26]. Therefore, in
this study the wheat straw was pretreated by steam explosion, and
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then mixed FeCl;:6H.O with dissolving in tetrabutylammonium
hydroxide (TBAH)/dimethyl sulfoxide (DMSO) aqueous solution
to obtain Fe’* chelated lignocellulose foams through sol-gel and
freeze-drying. The magnetic lignocellulose-derived porous carbon
foams were formed after carbonization. During the carbonization
process, the Fe** salt was transferred into iron oxide nanoparticles
embedded in the porous carbon, which are not only benefit to
the impedance matching behavior for MA applications, but also
increasing the interface polarization and magnetic loss ability.

2 Experimental

2.1 Raw materials

The wheat straws were collected from the suburb of Deyang City in
Sichuan Province, China. A pre-treatment process must be carried
out by steam explosion. The straws were heated with steam up to
2.6 MPa for 40 min, and then the exploded sample was oven-dried
at 70 °C for 24 h. After that, the obtained samples were milled in
order to pass through a 380 um particle size sieve. FeCl;-6H.O
and DMSO were provided by Chengdu Kelong Chemical Reagent
Co. Ltd. (Chengdu, China). The aqueous solution of TBAH (15 wt.%)
was supplied by Runjing Chemical Co. Ltd. (Zhenjiang, China). All
chemical regents used were of analytical and used without further
purification.

2.2 Preparation of magnetic carbon foams

The fabrication process of the magnetic carbon foams is shown in
Scheme 1. Firstly, the obtained dried steam-exploded wheat straws
(0.6 g) were swelled in DMSO (16.3 g), and then the lignocellulose
was dissolved by adding the aqueous solution containing TBAH
50% (3.1 g) with magnetic stirring for 1 h. After dissolution, the
mixture was separated by centrifuging. FeCl:-6H.O (1.0 g) was
dissolved in the 2 mL DMSO under stirring to obtain yellow homo-
geneous solution. Subsequently, the yellow solution was mixed with
the obtained lignocellulose solution and stirred to ensure homo-
geneity. The mixed gel solution was then poured into a cylindrical
weighing bottle and then immediately immersed in water for 24 h.
This immersion process was repeated several times until the
formation of a cylindrical hydrogel. Finally, the gel underwent was
freeze-dried to obtain the lignocellulose-based foams (Fig. S1 in the
Electronic Supplementary Material (ESM)). After that, the obtained
porous materials were transferred into a tubular furnace (OTF1200X,
Hefei Kejing Materials Technology Co. Ltd., China) for pyrolysis. It
was heated up to various temperatures (500-700 °C) for 2 h at 2 °C-min*
under an argon atmosphere to get magnetic lignocellulose-based
porous carbon. The samples annealed at different temperatures
(500, 600, and 700 °C) are named MLPC-500, MLPC-600 and
MLPC-700.

2.3 Characterization

X-ray diffraction (XRD) analysis was carried out on a Bruker D8
ADVANCE A25X XRD instrument with Cu Ka (target) radiation
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Scheme 1 Schematic of the fabrication of the magnetic carbon foams.
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(A =1.5418 A) at a scan rate (26) of 4 °>min™" and a scan range from
5° to 80°. The bonding states of carbon were evaluated by a Thermo
fisher in Via DXR Raman microscopes using 532 nm incident
radiations. X-ray photoelectron spectroscopy (XPS) was measured
using Thermo fisher Escalab 250Xi spectrometer. The morphologies
were characterized on a field emission scanning electron microscopy
(FE-SEM, JEOL, JSM-7001F) and a transmission electron microscopy
(TEM, JEOL, JEM-2100F). The pore structures of the samples were
measured by N adsorption-desorption isotherms on a physisorption
analyzer (JWGB, JW-BK132F) at 77 K for P/Py of 0.01-0.99. The
complex permeability and permittivity were measured in the
frequency of 2-18 GHz with a vector network analyzer (AV3618,
CETC, China). Before testing, the samples mixed with wax at a
mass ratio of 30 wt.% were pressed into toroidal rings (7.0 mm in
outer diameter, 3.0 mm in inner diameter, and 3.0 mm in thickness).
Finally, the reflection losses (RL) values of the composites were
calculated based on the transmission line theory, using the measured
values of complex permeability and permittivity.

3 Results and discussion

XRD is first used to analyze the crystalline structure of the as-
prepared magnetic carbon foams (Fig. 1(a)). The diffraction peaks
30.1°, 35.5° 43.1° 53.6° 57.1° and 62.3° can be assigned to the
(220), (311), (400), (422), (511), and (440) of crystal planes of the
face-centered cubic lattice of FesO4 (JCPDS card No. 01-1111, marked
as “#”). Besides, two additional diffraction peaks at 44.7° and 65.2°
can be found in MLPC-600 and MLPC-700, which are attributed to
the (110) and (200) crystal planes of a-Fe (JSPDF Card No: 06-0696,
marked as “@”) due to the partial reduction of Fe;O, after further
carbonization treatment. Interestingly, the diffraction peaks intensity
of Fe become stronger with the increase of carbonization temperature,
indicating the growing content of Fe [27]. Therefore, more
interfaces between Fe;O, and Fe could be generated, which is in favor
of interface polarization, thus enhancing the MA performance. In
addition, there are no obvious diffraction peaks at about 24° and
43° of carbon materials. This is because the carbonized biomass-based
carbon is existence of low graphitization degree of carbon [2].
Raman spectra are used to investigate the structures of carbonaceous
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Figure1 (a) XRD patterns of MLPC composites. (b) The Raman spectra of all the samples. (c) XPS spectrum of Fe 2p of sample MLPC-600.
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materials. As displayed in Fig. 1(b), the D band at about 1,330 cm™
is induced by disorder carbon or defective graphite and the G band
at about 1,590 cm™ corresponds to the graphitic layer [28]. The
intensity ratio of D band to G band (In/Ic) is generally utilized to
determine the defects within the carbon materials [29]. The In/Ic
ratios of composites with various carbon temperatures (500, 600,
and 700 °C) are 0.76, 0.89, 0.98, respectively, indicating that defect
is increasingly generated with elevating annealing temperature,
probably associated to more armchair edges of graphite [30]. The
existing of amorphous carbon leads to defects, which might act
as effective polarization centers when exposed to electromagnetic
wave irradiation, contributing to the MA performance [31]. In
order to further analyze the composition of the as-obtained foams,
the component analysis is conducted by XPS. Three elements (C,
O, Fe) can be found in all samples (Fig. S2 in the ESM). Further,
the high-resolution Fe 2p XPS spectrum of MLPC-600 is used to
distinguish the difference between Fe** and Fe’* (Fig. 1(c)). The
characteristic peaks of Fe;O4 were observed at 711.2 and 725.2 eV
(Fig. 1(c)), corresponding to the Fe 2ps;» and Fe 2pup, respectively
[32]. Especially, no satellite peak at about 719.0 eV of a-Fe;Os,
y-Fe:0; can be observed, further indicating that the information
of the mixed Fe’* and Fe’" oxide is Fe;O.. However, peak located
around 707 eV corresponding to a-Fe phase is not observed,
suggesting that the Fe may be covered by the carbon in MLPC-600.
Thus, all those results suggest that Fe;O is successfully prepared in
the composite.

The morphologies of the obtained samples are further studied by
SEM, as shown in Figs. 2(a)-2(d). Before carbonization, the pure
lignocellulose foams exhibit a typical crosslinked three-dimensional
(3D) network structure with two-dimensional (2D) sheet-like
skeleton (Fig. 2(a)) (the pore size ranging from 2 to 3 um), which
seems to be caused by ice crystal formation during the freezing
process due to the trapped water in the lignocellulose hydrogel,
leading to squeezing out of lignocellulose to form the film-like
structure [33, 34]. When Fe’* is introduced, many pores are
generated in the 2D sheet-like skeleton, and the pore size of 3D
network increases to 2-4 pm compared to that without Fe’* (Fig. 2(b)),
which may be attributed to the cross-linking reaction between
Fe** and abundant functional groups (such as ~-COOH, -OH) of
lignocellulose [35, 36]. After carbonization at 600 °C, the 3D
network structure still exists, but its pore size of 3D network
reduces due to the carbonization reaction [2]. Furthermore, the
generated Fe;Os nanoparticles can’t be clearly observed due to
extremely small size, which can be characterized by the following
TEM images. However, the corresponding element mappings of C,
O, and Fe can confirm the uniform distribution of Fe;O4 nanoparticles

Figure 2 SEM images of the lignocellulose foams without Fe** (a) and with
Fe’* (b), magnetic carbon foams under carbonization temperature 600 °C:
MLPC-600 (c), with corresponding elemental mapping (d), TEM image of
MLPC-600 (e) and HRTEM image of MLPC-600 (f).
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within the interconnected networks (Fig.2(d)). Besides, the
carbonization temperature also influences the pore size of 3D
network, and its size will be reduced with the increase of carbonization
temperature by comparing MLPC-500, MLPC-600 and MLPC-700
(Fig. 2(c) and Fig. S3 in the ESM). TEM and high-resolution TEM
(HRTEM) are carried out to further investigate the microstructures
of as-obtained MLPC-600. As shown in Fig. 2(e), there exists
obvious 3D cross-linked porous network structure, and numerous
of ultra-small Fe;O4 nanoparticles with average size of 9 nm also
can be observed and embed in carbon sheets without aggregation.
Meanwhile, the HRTEM image (Fig. 2(f)) further presents the
lattice fringes with d-spacing values of 0.25 nm, corresponding to
the (311) plane of FesO. [37]. This is consistent with the XRD
analysis (Fig. 1(a)). Moreover, as the increase of carbonization
temperature, the size of Fe;Os nanoparticles gradually increases
accompanied by serious agglomeration (Fig. S4 in the ESM).

The porous structures of the products are further measured by
nitrogen adsorption-desorption isotherms (Fig.3). Figure 3(a)
shows that all three samples exhibit a typical type H3 hysteresis
loop according to the International Union of Pure and Applied
Chemistry (IUPAC), indicating the existence of mesoporous structure
in MLPC. Figure 3(b) displays the pore size distribution curves of
MLPC-500, MLPC-600, and MLPC-700 calculated by the Barret-
Joyner-Halender (BJH) method using the desorption isotherms. It
can be seen that all three samples show dominant pore size regions
in the range of 2.0-7.0 nm. The Brunauer-Emmett-Teller (BET)
surface areas, average pore sizes and pore volumes of MLPC-500,
MLPC-600, and MLPC-700 are summarized in Table 1. Among
them, MLPC-600 demonstrated an ultrahigh BET surface area of
293 m*g™" with very good pore volume of 0.30 cm®-g™" and pore size
of 4.55 nm. As discussed above, the porous structure not only
provides the composites with large specific surface area and total
pore volume but also produces multiple reflections and scattering
for energy dissipation, converting microwave energy to heat or
other energy during prolonged propagation. Moreover, the porous
structure contributes to reducing the weight density of the absorber.

Based on the structure characters, we study the electromagnetic
properties of composites. Electromagnetic absorber has the ability
to convert the electromagnetic wave into thermal energy due to
their intrinsic physical features [38-40]. According to the electro-
magnetic energy conversion theory, the real permittivity (¢) and
the real permeability (4') represent the ability to store electric and
magnetic energy, while the imaginary permittivity (¢”) and the
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Figure 3 (a) N, absorption-desorption isotherms and (b) the pore size distributions
calculated using BJH method of MLPC-500, MLPC-600 and MLPC-700.

Table 1 Pore properties of the products

Sample Sper® (m*g™") Vot (cm®-g™") Dy (nm)
MLPC-500 82 0.37 16.3
MLPC-600 293 0.30 4.55
MLPC-700 152 0.33 8.54

*Specific surface area estimated using BET method.

"Total pore volume calculated using single-point method at P/Po = 0.99.
“Pore size calculated using BJH method.
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imaginary permeability (") represent the dissipation of dielectric
and magnetic energy [41, 42].

To obtain the complex relative permittivity and permeability, two
equations are used [43]

& = 8/ — jé‘” and Yy = Iu/ —j‘u” (1)

The complex permittivity plots of MLPC carbonized at various
temperatures are shown in Figs. 4(a) and 4(b). It can be found that
¢'and &" values of samples decrease roughly with the increasing of
treatment temperature. The &' and ¢” values of MLPC-500 keep
nearly stable in the frequency of 2-18 GHz. The ¢"and ¢” values of
MLPC-600 roughly decrease with the increasing in the frequency of
2-4 GHz and keep nearly stable in the frequency of 4-18 GHz. The
¢"and ¢” values of MLPC-700 decrease with the increasing in the
frequency of 2-6 GHz and keep nearly stable in the frequency of
4-18 GHz. Four types of polarization occurs at a heterogeneous
system, which can be called as electronic, atomic, Debye (dipolar)
and interfacial polarization [44]. Generally, electronic, atomic
polarizations exist at higher frequency [44], which can be excluded
from the following discussion. According to Debye theory, the
relationship of ¢ and ¢" can be presented as [45]

e, e\ 2 g, —e. )

/ s 0 " s 0
egsfrerss]
where & indicates the static permittivity and e. presents the relative
dielectric constant at the high-frequency limit. From Eq. (2), it can
be concluded that the curves of &' to ¢” for an absorber should be a
semicircle during the Debye relaxation process. The semicircle is
usually termed as the Cole-Cole semicircle, and each semicircle
corresponds to a Debye relaxation process. Each Cole-Cole semicircle
represents one Debye relaxation process. Figure S5 in the ESM shows
the €'vs. ¢” curves of MLPC-600 in the frequency of 2-18 GHz.

The Cole-Cole plots of MLPC-500 show an obvious semicircle
(Fig. S5(a) in the ESM), indicating that the relaxation occurs due to
interfacial polarization. The interfacial polarization results from
the multiple interfaces including C/air, C/Fe;O0:@Fe, Fe;Os@Fe. It is
worth pointing out that the conductivity loss due to the enhanced
conductive network in the foams should not be neglected even
when no obvious semicircles in the high frequency region are
observed. As the increase of carbonization temperature, the role of

(a) (b)
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interface polarization is weakened. Meanwhile, the conduction loss
plays a major contribution to dielectric loss, as show in Figs. S5(b)
and S5(c) in the ESM.

Not only the relative complex permittivity but also the relative
complex permeability can influence microwave absorption properties.
p' and u” of all composites with the carbonization treatment at
500-700 °C are given in Figs. 4(d) and 4(e). The y'and u" values of
samples increase with increasing temperature, it means that when
the temperature is higher, as-prepared samples exhibit the good
dissipation capability of magnetic energy, which is beneficial to
microwave absorption.

In order to explain the mechanism of MA, we also calculated the
dielectric loss tangent (tan &t = £"/¢") and the magnetic loss tangent
(tan 8m = p"/p'), as shown in Figs. 4(c) and 4(f). The composites
treated at 500 °C show relative low dielectric loss factor among the
range of whole frequency because of its small ¢” values, indicating
poor dielectric loss. With the increasing of treatment temperature,
the dielectric loss factor was improved. Correspondingly, the magnetic
loss factor also enhances as the pyrolysis temperature rises. The
MLPC-500 and MLPC-600 have close value of tan dz and tan dm. But
the difference between tan dx and tan éu of 700 °C is great. Therefore,
treatment at 500 and 600 °C should have better impedance matching.

The magnetic loss is another vital factor that leads to electro-
magnetic wave attenuation in the composites. Generally, magnetic
loss comes from the eddy current effects, exchange resonance and
natural resonance in the microwave frequency band [46]. The
resonance peaks of the 4" at 2-8 GHz should correspond to natural
resonance [47]. If the eddy current occurs on the composites, the
Co (Co = pu"(u)*f") will be a constant [48]. Whereas, it can be seen
in Fig. $6 in the ESM that the values of C, are not fixed at the whole
frequency region for the MLPC samples under various temperatures
because the natural resonance might derive from the geometrical
configuration effect. However, the C, values of MLPC-500, MLPC-
600, and MLPC-700 keep relatively constant in 13.6-15.8, 13.0-14.8,
and 9.6-10.5 GHz, respectively, indicating that the magnetic loss
partly comes from the eddy current loss. Also, according to Aharoni’s
theory which has been proved in ferromagnetic nanoparticles, the
resonance at higher frequency should be caused by the exchange
resonance [46].

Based on the above-mentioned electromagnetic wave parameters
at a given absorber thickness and frequency, the refection loss (RL)
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Figure 4 Frequency dependence of (a) the real part (¢') and (b) imaginary part (¢") of complex permittivity, (c) dielectric loss (tan 8), (d) real part (4') and
(e) imaginary part (4") of complex permeability, and (f) magnetic loss (tan dm) for MLPC composites with various carbonization treatment in the 2-18 GHz.
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value is used to evaluate the microwave absorption efficiency of
materials and can be calculated by the following equations according
to transmission line theory [49].

Z,—1
RL (dB) = 201 - 3
(dB) og Zm+1‘ (3)

u (2nfd
Zi“ :ZO S—Ztanh ][T]d‘b{vsv (4)

where Zi, is the input impedance of the absorber, y: and & are
respectively the relative complex permeability and permittivity, f is
the frequency of microwave, d is the thickness of the absorber, and
c is the velocity of light in free space. Typically, the RL value is used
to evaluate the microwave absorption efficiency of materials. When
the value of reflection loss is below -10 dB, indicating that 90% of
the electromagnetic energy will be absorbed. The RL values for the
samples treatment at 500 and 700 °C (Figs. 5(a) and 5(c)) cannot
reach —10 dB within the thickness range of 2.0-5.0 mm, indicating
that the samples could not be used for practical applications.
For the composite treatment at 600 °C (Fig. 5(b)), the RL values
exceeding -10 dB, reached in the 6.0-17.5 GHz range with absorber
thicknesses of 2.0-5.0 mm and a minimum RL of -43.6 dB is
obtained at 7.1 GHz with the matching thickness of 4.7 mm. The
results suggest that the composites have remarkable absorbing
characteristics in wide frequency bands from the C to Ku band
(4-18 GHz). Figure 5(d) shows the comparison of the minimum RL
values at different matching thicknesses for the samples. The
composite with 600 °C treatment exhibits remarkable microwave
absorption properties at thickness of 4.7 mm when compared to the
other two samples. The results demonstrate that the calcination
temperature has a significant effect on the microwave absorption

\

\

o
T
o
@
o
3
9
%

\

Refle:

—
Q.
~

—=—MLPC-500
——MLPC-600
——MLPC-700

-43.6 dB, 7.1 GHz
4 6 8 10 12 14 16 18
Frequency (GHz)

Figure 5 The three-dimensional representations wave reflection losses of the
MPC materials ((a) MLPC-500, (b) MLPC-600, and (c) MLPC-700). (d) The
comparison of minimum reflection loss of samples under the different temperatures.
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Figure 6 The calculated delta value maps of samples (a) MLPC-500, (b) MLPC-600 and (c) MLPC-700.
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properties. Table S1 in the ESM summarizes the reflection loss
performance of several excellent porous microwave absorption
materials reported recently. Compared with other literatures,
MLPC-600 has stronger absorption intensity (-43.6 dB), broader
frequency bandwidth (11.5 GHz) and lightweight feature.

In generally, the excellent electromagnetic wave absorption of
MLPC-600 should be derived from the synergistic effects between the
magnetic Fe;Os and the dielectric amorphous carbons components,
which result in the good impedance matching and strong electro-
magnetic wave attenuation in the interior of the absorber. The
characteristic impedance of microwave-absorbing materials should be
equal/close to that of free space (377 1), achieving zero reflection
at the front surface of the materials. Thus, a delta-function method
for validating impedance matching degree had been proposed in
the following equation [50]

|A| = sinh* (Kfd) — M| (5)

where K and M are further calculated by the complex permittivity
and permeability through the presented below equations

an e sin@

K= (6)

ccosd, cosd,,

44/ cos 8, cosé,,

M=
(4’ cosé, — €' cosd,, )2 +

2
tan[@” (4'cosd + €' cosd)’
™)

The small delta value and the area close to zero (|4| < 0.4) usually
mean good impedance matching. Figure 6 shows the calculated
delta value maps of samples treatment at different temperature with
thickness from 2 to 5 mm and frequency range from 2 to 18 GHz.
Clearly, MLPC-500 (Fig.6(a)) and MLPC-600 (Fig. 6(b)) have
larger area close to zero as compared with MLPC-700 (Fig. 6(c)),
suggesting that their employ excellent impedance match, which is
corresponding to their superior microwave absorption performance.
However, it is clear that the area close to zero of the sample
treatment at 700 °C displays almost nonexistent (Fig. 6(c)), showing
the quite high complex permittivity pushes them into the region of
impedance mismatch. Based on the results, the porous sample
treatment at 500 and 600 °C can not only carry out high perform
special dielectric loss ability, but also be beneficial to improving the
impedance matching, and these preferable advantages will lead to
significantly enhancing microwave absorption properties.

As one of the most important factors in judging the high-
efficiency MA property, the attenuation constant « is used to reflect
the integral dissipation properties of materials, which can be
calculated by the following equation [51]
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where f and ¢ are the frequency and velocity of light, respectively.
As shown in Fig. 7, MLPC-700 displayed the largest value over the
whole frequency range. Though the attenuation constant of MLPC-
600 is not the largest, the impedance matching is the best among
them (Fig. 6(b)). Therefore, a relative balance between impedance
matching and the attenuation factors is achieved and endows
MLPC-600 with the best MA performance.

Overall, the enhanced MA performance of MLPC-600 should
derive from the synergistic effects between straw-derived carbon
foams and Fe;O.@Fe nanoparticles, which lead to the good
impedance matching and multiple reflections and strong scatterings
in the interior of the absorber. A schematic to clarify the potential
absorbing mechanisms is proposed as shown in Fig. 8. According to
Eq. (5) and corresponding calculated delta values (Fig. 6), MLPC-
600 shows the optimal impedance matching, which implies the
incident electromagnetic wave can enter this absorber with minimum
reflection. After entering the absorber, the electromagnetic energy
is then converted to heat energy by strong dielectric loss caused
mostly by the conductive loss and partly by the interface
polarization, and by the magnetic loss from natural resonance and
exchange resonance of Fe;0s@Fe nanoparticles. Additionally, porous
structures are beneficial for multiple reflections and scattering of
microwave, which can increase the propagation paths for electro-
magnetic wave. Hence, the best impedance matching together with
large attenuation capability endows MLPC-600 with the best MA
performance.

4 Conclusions

In summary, a facile approach has been developed to prepare
magnetic porous carbon materials with agricultural straw as the
raw material and FeCls-6H.O as the regulating agent. The structure
of the porous carbon can be adjusted by the annealing condition,
resulting in an important effect on the MA properties. As an optimized
result, the porous carbon treated at 600 °C exhibits excellent
microwave absorption property due to the distinct 3D porous
carbon framework and better impedance matching. The minimal
reflection loss is —43.6 dB at 7.1 GHz and the effective bandwidth
with 3.3 GHz when the thickness is 4.7 mm. Thus, we believe the
approach presented in this work offers a new opportunity for
microwave absorption from the renewable agricultural straws.
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Figure 7 The values of attenuation constant (a) for composites in the
frequency range of 2.0-18.0 GHz.
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Figure 8 Schematic illustration of possible microwave absorption mechanisms
of the MLPC absorbers.
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