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a b s t r a c t

Microwave absorption (MA) materials have gained wide range of applications including satellite com-
munications, radar detections, etc. Here, for the first time we designed high-performance porous
biomass-pyrolized carbon (PBPC) based on natural wood. The PBPC with orderly parallel channel
structure is on the top among all MA materials, showing excellent MA performance with maximum
reflection loss (RL) of �68.3 dB and absorption bandwidth (RL � �10 dB) up to 7.63 GHz. Furthermore,
we predict the reflection loss by calculation and point out regulation of electrical conductivity would
maximize MA performance. The combination of renewability, easy mass production and simple fabri-
cation provides PBPC practical application value, and the strategy of channel structure design followed by
permittivity adjustment casts a light for accessing new high-performance MA materials.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Electromagnetic pollution becomes nonnegligible to human
activity, and microwave absorbing materials are becoming indis-
pensable in civil and military fields [1]. Conventional magnetic
material like ferrite shows good microwave absorption (MA) per-
formance through magnetic loss ability [2,3]. However, ferrites are
always limited by high filling ratio and heaviness. In addition,
magnetic nanofillers mainly contribute to absorption in low-
frequency ranges, and few exhibit high permeability above
10 GHz [4]. Newly developed carbon materials including carbon
nanotube (CNT) and graphene are considered promising in MA due
to their high specific surface area and low density [1], so carbon-
based foams, carbon-polymer composites and carbon-ferrite com-
posites were fabricated to realize high MA performance [5e8].
However, most of the porous carbon MA materials are irregular in
their microstructure, the random structure may result in excessive
reflection at the interface, thereby reducing the MA capability.
Hence, designing novel carbon-based MA materials with regularly
aligned micropores is of significance.
Comparing with the artificial materials with irregular structure,

some natural materials like wood, shows highly ordered micro-
structure. Wood is ubiquitously used as a structural material across
the globe [9]. Its renewability, easy mass production and simple
processing methods make it valuable to prepare high-performance
materials. Recently, materials based on wood-extracted cellulose
nanocrystals and cellulose nanofibers were designed, showing
excellent optical and mechanical properties [10]. Additionally,
natural wood is directly engineered to serve as functional materials,
such as catalytic materials [11,12], supercapacitor [13], lithium-ion
battery [14], solar steam generator [15], and 3D bio-scaffold [16],
etc., where aligned channels are taken advantage to facilite their
performances. However, as far as we know, MA materials with
highly aligned pores based on wood have never been addressed.

Here, for the first time we made porous biomass-pyrolized
carbon (PBPC) with orderly parallel channel structures by thermal
annealing of fir wood, and demonstrate its MA performance par-
allel to the direction of channel in 2e18 GHz, which is occupied for
satellite communications, remote sensing, radar detections,
weapons guidance and tracking [17]. In contrast to the intuitive feel
that microwave may penetrate the PBPC through the straightway
channels, PBPC keeps the ability to attenuate microwave at the
same time minimize the reflection at the interface, and shows high
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MA capability. The maximum absorption bandwidth (RL � �10 dB)
[18] reaches 7.63 GHz, and the maximum reflection loss (RLmax)
reaches �68.3 dB, which is superior to most carbon materials with
irregular porous structure. We expect this unique structure will
shed light on the design for novel MA materials.

2. Experimental section

2.1. Preparation of PBPCs

The key to PBPC is obtaining the regularly aligned structure,
which is accomplished by a two-step process (Fig. 1a): I. Wood was
cut into slices and boiled in dilute ammonia to get rid of gums and
fatty acids; II. The defatted woodwas put into furnace and annealed
in nitrogen flow, obtaining PBPCs. Typically, fir wood (fir wood was
chosen owning to its regularmicrostructure) was cut perpendicular
to their annual rings into slices, and boiled in 5% dilute ammonia for
6 h to get rid of gums and fatty acids. After that the PBPC precursors
were repeatedly washed with deionized water, and freeze-dried to
get rid of water. Then, the dried wood precursors were annealed in
tube furnace (GSL-1400X, KEJING, HEFEI) at 660, 670, 680, 690, 700
and 720 �C. Heating rate is 2 �C min�1, and it keeps at the highest
temperature for 3 h. At last, the sample is cooled to room tem-
perature at cooling rate 5 �C min�1. The samples annealed at
different temperatures were denoted as PBPC-660, PBPC-670, and
Fig. 1. (a) Fabrication process of PBPC; (b) digital camera photograph of wood and PBPC-680
PBPC-680; (g) schematic representation of microwave absorption mechanism of PBPCs. (A
so forth.

2.2. Characterization

Scanning electron microscope (SEM) images were taken on a
Hitachi S4800 field-emission SEM system. The TG-FTIR was carried
out by a TGA 209 F1 instrument (NETZSCH, Germany) at heating
rate of 20 �Cmin�1 in nitrogen atmosphere, coupled with a Thermo
Nicolet iS10 FTIR spectroscopy (Thermofisher, Germany). FTIR tests
of PBPCs were conducted on a Vector-22 IR spectrometer at room
temperature.

X-ray photoelectron spectroscopy (XPS) was operated with
ESCALAB 250 photoelectron spectrometer (ThemoFisher Scientific)
with Al Ka X-ray source. X-ray diffraction (XRD) was done with
BL14B1 beam line station (Shanghai Synchrotron Radiation Facil-
ity). Raman spectra were conducted by Renishaw inVia-Reflex
Raman Microscopy (excitation wavelength 532 nm) Electrical
conductivity was measured with a chi-660e electrochemical
workstation by cyclic voltammetry method. The test samples were
made cubic and the two sides are adhered to copper foils by silver
colloid.

For permittivity tests, the PBPCs were impregnated with wax at
80 �C and then cut into cylindrical specimens with outer diameter
of 7 mm and inner diameter of 3 mm; all the samples are 4 mm in
thickness. The test was conducted with a ZNB 40 vector network
; (c,d) SEM images of radial section of PBPC-680; (e,f) SEM images of the axial section of
colour version of this figure can be viewed online.)
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analyzer (Rohde & Schwarz, Germany) through a pair of 50 U
double-shielded coaxial cables, and the samples were put in a
standard coaxial sample holder.
3. Results and discussion

The PBPC retains the original shape of wood, while it shrinks
and the color turns into shiny black after thermal annealing
(Fig. 1b). The axial shrinkage was ~79% and radial shrinkage was
~67%, and no significant morphology difference was observed be-
tween 660 �C and 720 �C samples. Highly ordered rectangular
micropores with side length ranging from several to several tens of
micrometers are clearly observed along radial direction (Fig. 1ced)
[19], which originates from the cellular structure of nature tree.
These micropores elongate up to several millimeters, forming lathy
channels across the whole axial surface (Fig. 1e), which are paral-
lelly arranged with several pits dotting on the side walls (Fig. 1f).
Since all the samples well retain the structure of natural wood and
the shrinkage ratio is the same, all the samples are similar in
structure and cell size (Fig. S1).

The unique microstructure of PBPCmakes it a great potential for
microwave absorption. As shown in Fig. 1g, when microwave
incident on the PBPC surface, only a little is reflected on the side
walls of channel, and most will enter in via the channels. The
elongated channels are regarded as numerous abreast tiny wave-
guides because of their similarity in shape. According to waveguide
theory, when the wavelength is two times higher than the length of
the waveguide's cross section, the microwave would attenuate in-
side the waveguide. Besides, smaller cross section size would
benefit to faster attenuation of the microwave. Since the wave-
length in 2e18 GHz (several centimeters) is far greater than the size
of channels' cross section (several micrometers), most of the elec-
tromagnetic energy would be consumed in these channels. More-
over, inside the channels the microwaves do not reflect, thereby
efficiently reducing the overall reflection of the material.
Comparingwith previous reports that constructed porous structure
and employed multi-reflection inside the multi interfaces to
attenuate wave energy by increasing wave-path [5,20,21], PBPC
keeps the microwave attenuation capacity while reducing unnec-
essary reflection, so it is supposed of better MA performance.

To evaluate MA performance, PBPCs were filled with wax to test
complex permittivity and complex permeability. The samples are
anisotropic with micro-channels parallel to the sample axis, to test
the absorption performance along the direction of the channels.
Considering there is no magnetic material, complex permeability is
taken as 1 (mr ¼ 1) [22]. Real permittivity (εr0) and imaginary
permittivity (εr00) test results are given in Fig. 2aeb: εr0 and εr

00 show
downward trend with increasing frequency, which has been
explained by free electron theory [7] or Debye equations [7,23,24];
εr
0 and εr

00 increase consistently when processing temperature in-
creases, indicating a sensitive response for them toward tempera-
ture. Reflection loss (RL) is decided by relative complex permittivity
(εr ¼ εr

0 þ iεr00, εr0 > 0, εr00 < 0, i is the imaginary unit), relative
complex permeability (mr ¼ mr0 þ imr00, mr0 > 0, mr00 < 0), wave fre-
quency (f) and sample thickness (l), and it can be calculated by
equations (1) and (2) [1e8].

Z0 ¼
ffiffiffiffiffi
mr
εr

r
� tanh

�
i$2pf

ffiffiffiffiffiffiffiffiffiffi
m0ε0

p ffiffiffiffiffiffiffiffiffi
mrεr

p
$l
�

(1)

RL ¼ 20� log10

�
Z0 � 1
Z0 þ 1

�
(2)

where Z0 is input impedance, tanh is hyperbolic tangent function, i
is imaginary unit, m0 is vacuum permeability
(m0 ¼ 4p � 10�7 H m�1), and ε0 is vacuum permittivity
(ε0 z 8.854187817 � 10�12 F m�1). Reflection loss was calculated at
the given frequency (2e18 GHz) and absorber thickness (3 and
4 mm), and the results are presented in Fig. 2ced. Difference in
thickness brings huge changes in MA performance, caused by
quarter wavelength interference enhancement [9]. When the
thickness is 3 mm, PBPC-690 performs the best: RLmax
reaches �36.9 dB and absorption bandwidth reaches 5.85 GHz
(12.15e18.00 GHz); when the thickness is 4 mm, PBPC-680 out-
performs with RLmax and absorption bandwidth reaching �35.6 dB
and 5.98 GHz (8.96 GHz-14.94 GHz), respectively. However, except
that PBPC-670 shows modest MA performance (RLmax ¼ �19.1 dB,
bandwidth ¼ 5.45 GHz (8.07e13.52 GHz)), the other 3 samples
shows little absorption performance at any thickness (Fig. S2).

MA performances of PBPC-680 and PBPC-690 at different
thicknesses are further evaluated, and an optimized thickness is
given in each sample (Fig. 2eef). Absorption peak shifts to lower
frequency when thickness increases because of quarter wavelength
interference enhancement [24,25]. Absorption performance rea-
ches the highest at 4.28 mm for PBPC-680, when RLmax gets
to �68.3 dB with 6.13 GHz absorption bandwidth (8.2e14.33 GHz);
For PBPC-690, it achieves broadband absorption up to 7.63 GHz
(9.83e17.46 GHz) at 3.73 mm. Typical MA materials and their MA
performance are listed in Table 1 [1,4e8,12,20e29]. PBPCs are
among the best regardless of its peak intensity or absorption
bandwidth. What's more, renewability, simple processing methods
make PBPCs easy to fulfill mass production and practical applica-
tions compared with other carbon-based MA materials.

Since the six samples are similar in microstructure, it is desir-
able why only PBPC-680 and PBPC-690 are good at microwave
absorption, and the MA performance is so sensitive that even 10 �C
difference brings huge changes. To figure out this problem, we
made series of characterizations to find the differences between
different temperature-annealed samples. The process of heat
annealing was monitored by thermogravimetric-fourier transform
infrared spectrometry analysis (TG-FTIR). Consistent with previous
researches [30], weight loss of defatted wood mainly happens at
220e420 �C. Weight loss reaches its maximum (18 wt% min�1) at
383 �C, which corresponds to decomposition of cellulose and
hemicellulose [31]. Above 420 �C decomposition reaches the end
for cellulose and hemicellulose, so weight loss keeps slowing down
at a low level (<1.5 wt% min�1), predominated by carbonization of
lignin (Fig. 3a). The on line FTIR signal (Fig. S3a) reaches the
maximum in 220e420 �C, corresponding to the high weight loss
rate in this temperature range. The main products are water
(3500e4000 cm�1), hydrocarbons (2800e3200 cm�1), CO2
(2230e2400 cm�1), CO (characteristic peaks at 2110 and
2170 cm�1) and some carbonyl compounds (1745 cm�1) (Fig. S3b).
However, above 660 �C the escaped gases are so few that little
infrared absorption is observed except the absorption peak of CO
and CO2 (Fig. S3c).We also tested PBPC sampleswith FTIR (Fig. S3d),
and the results are similar for the six samples: alkyl groups
(2850e2962 cm�1), carbonyl groups (1740 cm�1) and phenyl
groups (1450e1600 cm�1) are observed in these samples.

Element and molecular structure information was examined by
X-ray photoelectron spectroscopy (XPS), X ray diffraction (XRD)
and Raman spectra. As shown in Fig. 3bec, XPS analysis indicates
carbon element (284 eV) predominates in PBPCs, with a little ox-
ygen element (532 eV). C/O ratio increases from 11.0 at 660 �C to
13.6 at 720 �C, indicating higher temperature leads to higher
carbonization degree. In XRD spectra (Fig. 3d), all the samples show
2 broad peaks at ~23� and ~44�, which correlate with (002) and
(100) diffraction of graphite. Furthermore, similarity of XRD spectra
to the amorphous carbon indicates PBPCs are a few graphite



Fig. 2. (a,b) Real and imaginary permittivity of PBPCs; (c,d) calculated reflection loss of 6 samples at 3 and 4 mm; (e) calculated reflection loss of PBPC-680 at different thicknesses;
(f) calculated reflection loss of PBPC-690 at different thicknesses. (A colour version of this figure can be viewed online.)

Table 1
Typical MA materials and their MA performance.

Materials Filler fraction wt% Thickness (mm) Tested frequency range RLmax (dB) Absorption bandwidth (GHz) Refs

PBPC-680 4.28 2e18 �68.3 6.13 (8.2e14.33) This work
PBPC-690 3.73 2e18 �16.3 7.63 (9.83e17.46) This work
Graphene/CNT/PDMS 5 2.75 8e12 �55 3.5 1
graphene/silica textile 4.1 4 8.2e12.4 �22 4.2 (8.2e12.4) 4
Graphene/CNT/Fe3O4 2 2e18 �36 3.6 (12e15.6) 5
rGO/Fe3O4 50 1.7 2e18 �65.1 4.64 (13.36e18) 6
Laminated graphene/Fe3O4 40 2 2e18 �15.38 2.8 (10.4e13.2) 7
Fe3O4/graphene 10 3 2e18 ~�21 ~3.5 (7e10.5) 8
CNT-ZnO composite 3 2.72 8.2e12.4 �70 3.4 (9e12.4) 12
Graphene networks 1 3.5 2e18 �44.5 7.47 (9.36e16.83) 20
Poly (3,4-ethylenedioxythiophene)

Nanofiber-Decorated Graphene
25 2 2e18 �48.1 3.1 (9.2e12.3) 21

Carbon foam composite 20 2.5 2e18 �45.12 2.5 (6.9e9.4) 22
polypyrrole aerogel 7 2.5 2e18 ~�24 6.20 (10.72e16.92) 23
Fe3O4/graphene 15 1.48 2e18 �30.1 ~3 (15e18) 24
graphene/poly

(3,4-ethylenedioxythiophene)/Fe3O4

50 2.9 2e18 �56.5 3 (7.6e10.6) 25

Graphene/Fe 20 2.5 2e18 �31.5 ~4.5 (12e16.5) 26
Graphene/carbonyl iron 60 3 2e18 �52.46 4.19 (7.79e11.98) 27
Fe3O4-glass spheres-rGO 2.5 2e18 �15.8 3.6 (10.3e13.9) 28
Graphene/CuS 5 2.5 2e18 �32.8 ~2.6 (8.8e12.4) 29
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Fig. 3. (a) TG curve of defatted wood; (b) XPS full spectra; (c) XPS C1s spectra; (d) XRD spectra; (e,f) Raman spectra of PBPCs. (A colour version of this figure can be viewed online.)
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nanocrystals dispersed in amorphous or glassy carbon matrixes
[32]. Raman spectra demonstrates typical carbon-based materials
with a D band at ~1350 cm�1 and a G band at ~1580 cm�1 (Fig. 3e).
Band intensity ratio (ID/IG) obviously increases with increasing
temperature (Fig. 3f), because graphite nanocrystals grow with
higher temperature [33]. Therefore, different temperature-
annealed samples mainly shows difference in carbon content and
carbon crystal size, which leads to difference in electrical
conductivity.

Electrical conductivity of PBPCs grows from 5.04 � 10�3 to
2.54 S m�1 from 660 �C to 720 �C (Fig. 4), consistent with permit-
tivity growth in this temperature range. Permittivity of PBPC pro-
cessed at 600 �C (PBPC-600) is closed to PBPC-660 (Fig. S4),
probably because of their almost the same electrical conductivity
(both near zero). Above 660 �C, even with 10 �C temperature step,
permittivity increases remarkably, and the same trend can be
observed in the electrical conductivity curve. These results
demonstrate the positive correlation between conductivity and
permittivity, which is generally interpreted by free-electron theory
[7]. For electronic conductor like metals or carbon, real permittivity
is contributed by bound electron, and imaginary permittivity is
Fig. 4. Electrical conductivity vs. different temperature-annealed samples.
contributed by free electronwhich determines conductivity as well.
Therefore, permittivity always shows a strong positive correlation
toward conductivity, which can be found in series of previous re-
ports [4,11,13,20,29].

According to equation (1), εr0 and εr
00 together determines the

MA performance for non-magnetic materials. Typically, εr0 and εr
00

correspond to storage capability and loss ability, respectively [17],
and the two parameters together determine the impendencematch
towards free space. For nonmagnetic materials, complex permit-
tivity is required near 1 (εr0 ¼ 1 and εr

00 ¼ 0) to meet the require-
ment of impendence match. However, εr00 ¼ 0 means the material
shows no loss ability and no MA capability. When εr

00 becomes
large, loss ability is enhanced andmore eddy current is generated to
transform electromagnetic energy into heat, but at the same time
impedance mismatch is intensified. Therefore, neither εr

00 is zero
nor infinity will show any MA properties. Good MA performance
can only be found when εr

00 is between the two limits.
We estimated RL by setting εr

0 and εr
00 as constant in equations

(1) and (2), to show the direct relationship between permittivity
and RL (Fig. 5, the color reflects the absolute value of RL). Generally,
the value of RLmax is irregular with different εr

0 and εr
00, because

RLmax mainly rests with wavelength interference enhancement;
while preferable absorption region (reflected by the light blue and
warm color area) is always obtained when εr

0 and εr
00 are at modest

values. Taking the structure of material into account, the functional
relationship of εr0 and εr

00 is probably correlated with the material
structure. Dependence of εr0 to εr

00 makes it infrequent to simulta-
neously reach the best εr0 and εr

00 that yield the best MA capability.
So, best εr0 and εr

00 may likely arises together for an excellent MA
structure. In this work, 680e690 �C is exactly the temperature to
get appropriate conductivity that makes balance to impendence
match and loss ability. The great MA capability confirms the su-
periority of PBPCs' structure, and the adjustment of electrical
conductivity is the way to make fullest use of the structure.

The relationship between the permittivity and conductivity can
be found in other reports [17]. However, structural changes asso-
ciated with changes in conductivity are always more focused. As a
result, the influence of conductivity and permittivity has not gained
enough attention. Thanks to the fixed structure of PBPCs, wewould



Fig. 5. (aed) Evaluation of the relationship between εr
00 and RL with settled εr

0: (a) εr0 ¼ 1, (b) εr0 ¼ 2, (c) εr0 ¼ 3, (d) εr0 ¼ 4; (eeh) evaluation of the relationship between εr
0 and RL

with settled εr
00: (e) εr00 ¼ 1, (f) εr00 ¼ 2, (g) εr00 ¼ 3, (h) εr00 ¼ 4. Sample thickness is settled as 4 mm. (A colour version of this figure can be viewed online.)
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emphasize the importance of controlling conductivity, which can
be realized by optimizing annealing temperature. We believe more
high-performance MA materials can be designed by selecting a
proper structure and then maximum its permittivity.

4. Conclusion

In conclusion, we demonstrated a general and facile route to
convert natural wood into anisotropic porous material, exhibiting
excellent microwave absorption capabilities. The absorption
bandwidth reaches 7.63 GHz for PBPC-690 and peak intensity
achieves �68.3 dB for PBPC-680, which is better than other carbon
materials based on newly-developed carbon nanotube and
graphene. We attribute the high MA performance of PBPC-680 and
PBPC-690 to their unique elongated channel structure and appro-
priate permittivity. The strategy of structural design followed by
conductivity control can help in the future to access high perfor-
mance MA materials.
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