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ABSTRACT: Aiming at the disadvantages of high cost, complex
processes, low yield, and narrow bandwidth of carbon-based
microwave absorbing materials, this paper provides a novel and
efficient method for synthesizing metal oxide/carbonized bamboo
fibers using renewable natural bamboo fibers as a carbon source.
The results suggested that the metal oxides such as NiO and Fe;0,
were uniformly dispersed on the carbonized bamboo fibers and
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absorption performance of the carbonized bamboo fibers. As
expected, the NiO/carbonized bamboo fibers showed excellent
microwave absorption performance due to the appropriate
complex permittivity, high impedance matching, and attenuation
coeflicient. A wide effective bandwidth of 6.4 GHz with 2.2 mm thickness is achieved, covering the entire Ku-band. Remarkably, the
reflection loss (RL) values less than —10 dB covered the whole X-band at a thickness of 3.0 mm. This work reveals the potential of
carbonized bamboo fibers-based composite as an economic and broadband microwave absorbent and offers a new strategy for
designing promising microwave absorption materials.

1. INTRODUCTION

With the wide application of electromagnetic waves, micro-
wave absorbing materials have become the focus of
attention.' ™ There are two main applications of microwave
absorbing materials. First, the absorbing materials can absorb
the electromagnetic waves emitted by the radar, and reduce the
probability of being detected. Second, the absorbing materials
can absorb electromagnetic waves in people’s living environ-
ment, and reduce signal pollution and protect people’s physical
and mental health. Microwave absorbing materials have
increasingly high requirements for the preparation and
performance of materials. Lightweight, thin thickness, strong
absorption, wide frequency band, low cost, high output, and
easy manufacturing are the research goals of microwave
absorbing materials.~” In addition, modern practical applica-
tion has abundant multiple scenes, including high temperature,
intense light, water flow, etc. Under the circumstances,
microwave absorbing materials should be multiply function-
alized with outstanding tunable properties, which bring more
challenges to the research of materials.”~"’

In recent years, carbon materials have attracted extensive
attention as microwave absorbing materials because of their
excellent chemical and thermal stability, excellent electrical
conductivity, and low density."'~"* Biomass is a cheap, eco-
friendly, and rich renewable resource. After the carbonization
of biomass, porous carbon can be obtained. Recent studies
have found that porous carbon structure can not only reduce
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the density of materials, but also shows a strong dielectric loss,
which is good for microwave absorption.ls’16 Therefore,
obtaining porous carbon from biomass is a sustainable and
low-cost method. It is desirable to prepare porous carbon
materials from biomass under mild conditions and apply them
for microwave absorption. However, due to the strong
conductivity, carbon materials alone have poor impedance
matching in a wide frequency range. The best method is to
combine with magnetic or dielectric components to form
composites, which can decrease complex permittivity and
increase impedance matching.'”"®

Recently, researchers have adjusted the microwave absorp-
tion properties of materials by adjusting the dielectric/
magnetic properties.’”~>' As a p-type semiconductor, nickel
oxide (NiO) has been intensively studied in electrochemical,
catalytic, and magnetic applications.”” Cao et al. have reported
that NiO may significantly improve the dielectric properties of
electromagnetic wave absorbing materials owing to its high
permittivity, oxidation resistance, and electronic properties.23
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Figure 1. XRD patterns (a) and Raman spectra (b) of CBF and NiO/CBF.
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Figure 2. SEM images of CBF (a—c) and NiO/CBF (d—f); EDS pattern (g) and TEM images (h,i) of NiO/CBF.

Yao et al. have reported that NiO has the characteristics of
high hole mobility, moderate dielectric loss, environmental
friendliness, low cost, natural abundance, and low conductivity,
which is a potential candidate for microwave absorption at
gigahertz frequencies.”* As a typical magnetic material,
ferroferric oxide (Fe;O,) has gained much attention in
electrocatalysis and energy storage.zs’26 Moreover, Fe;O,-
based composite has become a research hotspot because it has
enhanced magnetic loss, low dielectric constant, and interfacial
polarization, which is conducive to impedance matching and
microwave absorption.”” Therefore, the combination of metal
oxides such as NiO and Fe;O, with biomass-derived porous
carbon has the potential to be a lightweight, economic, and
highly efficient microwave absorbent.

Bamboo fiber is one of the new friendly environment
cellulose fibers extracted from natural bamboo. Herein, we
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prepared carbonized bamboo fibers by using cheap and readily
available natural bamboo fibers as raw materials. Then, the
metal oxides such as NiO and Fe;O, were uniformly dispersed
on the carbonized bamboo fibers by a facile impregnation
method, followed by calcination. The microwave absorption
properties of NiO/CBF and Fe;0,/CBF were studied in detail
to investigate the effects of magnetic metal oxides and
dielectric metal oxides on microwave absorption properties.
As expected, the rich raw materials, low cost, easy
manufacturing, high output, low density, good thermal
stability, and wide absorption bandwidth make the microwave
absorbing materials based on this work have a promising
prospect as an economic, lightweight, and broadband micro-
wave absorbent.
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Figure 3. (a) SEM image and (b—d) elemental mapping images of NiO/CBF.
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Figure 4. XRD pattern (a) and hysteresis loop (b) of Fe;0,/CBF.
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2. RESULTS AND DISCUSSIONS

Figure la shows the XRD patterns of CBF and NiO/CBF. For
CBF, two broad peaks at about 15°—30° and 40°—50° indicate
an amorphous carbon.”® For NiO/CBF, apart from the
diffraction peaks of amorphous carbon, other diffraction
peaks are consistent with NiO (JCPDS No. 47-1049), proving
that the Ni(NO,), is decomposed to NiO after calcination
treatment in the muffle furnace. Figure 1b shows the Raman
spectra of CBF and NiO/CBF. Two broad peaks can be seen
at about 1350 and 1588 cm™}, corresponding to the D-band
and G-band of carbon, respectively. The D-band can be
attributed to the sp’® defects in carbon, while the G-band
represents the sp* structure of graphite.”” The intensity ratio of
the D-band and G-band (Ip/I;) can be used to evaluate the
graphitization degree of carbon. For CBF and NiO/CBF, the
values of Ip/Ig are 0.92 and 0.97, respectively. The NiO/CBF
has a higher I,/I, indicating the decrease of the graphitization
degree and the reduction of the conductivity of the material. In
addition, after the CBF is loaded with NiO, the intensity of the
D-band and G-band decreases, which is consistent with the
XRD results.
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Figure 2a—c shows the SEM images of CBF. The surface of
the carbonized bamboo fibers is smooth, and there are regular
stripes along the fiber direction. The fiber has a diameter of
about 50 ym and a thickness of 3 ym. Figure 2d—f shows the
SEM images of NiO/CBF, and the surface of the fiber
becomes rough, indicating that the NiO particles were
successfully loaded on CBF. Figure 2g shows the EDS pattern
of NiO/CBF, from which the NiO/CBF consists of C, O, and
Ni elements. Figure 2h shows the TEM images of NiO/CBF.
The NiO nanoparticles are uniformly dispersed on the
carbonized bamboo fibers. Figure 2i shows the HRTEM
image of the NiO nanoparticles in NiO/CBF, and the size of
the NiO nanoparticles is about S nm. Two kinds of lattice
fringes can be identified. The crystal plane spacing is 0.208 and
0.240 nm, respectively, corresponding to the (200) and (111)
crystal planes of NiO. In conclusion, the XRD pattern, SEM,
and TEM images proved the successful synthesis of NiO/CBF
composites.

To illuminate the distribution of the elements of NiO/CBF,
the corresponding elemental mapping was characterized by
EDS and shown in Figure 3. It can be seen that the Ni and O
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Figure S. (a—e) SEM images, (f) EDX spectra, and (g—i) elemental mapping images of Fe;O,/CBF.

elements are displayed in different colors and evenly
distributed on the carbonized bamboo fiber.

Figure 4a shows the XRD pattern of Fe;O,/CBF. The broad
diffraction peaks at about 15°—30° and 40°—50° indicate an
amorphous carbon. All other diffraction peaks are consistent
with the diffraction peaks of Fe;O, (JCPDS No. 19-0629). The
narrow and sharp diffraction peaks show that the Fe;O, has
good crystallinity. The XRD result shows that the facile
calcination method can realize the coexistence of Fe;O, and
carbonized bamboo fibers. Figure 4b displays the hysteresis
loop of Fe;O0,/CBF at room temperature, and the hysteresis
loop shows a typical ferromagnetic behavior with a saturation
magnetization (M) of 7.02 emu/g. The value of Mg is much
lower than the pure Fe;O,, which is attributed to nonmagnetic
carbonized bamboo fibers. Figure Sa—d shows the SEM images
of Fe;O,/CBF at different magnifications. From the SEM
images, we can observe that the Fe;0, is tightly attached to the
surface of the carbonized bamboo fibers. Figure 5f—i shows the
element diagram and elemental mapping images of Fe;O,/
CBF in Figure Se. It shows that the Fe;O,/CBF is mainly
composed of C, O, and Fe elements, and the Fe and O
elements are evenly distributed along the carbonized bamboo
fiber.

To quantitatively analyze the loading amount of NiO and
Fe;O, on the carbonized cotton fibers, we studied the TG
curves of NiO/CBF and Fe;O,/CBF in air atmosphere
(Figure. 6). Since the carbonized cotton fiber can be burned
completely in an air atmosphere at high temperature, the
residual product of NiO/CBF is NiO. It is estimated that the
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Figure 6. TG curves of NiO/CBF and Fe;O,/CBF in air atmosphere.

loading amount of NiO nanoparticles on carbonized bamboo
fibers is 9.5 wt %. For Fe;O,/CBF, the Fe;O, can be
transformed into @-Fe,O; under an air atmosphere. The
content of the Fe;O, on the carbonized cotton fibers can be
calculated by the following formula®

wt % M = 2M(Fe,0,) X R/3M(a — Fe,0,) (1)

where R represents the residual weight percentage, M(Fe;0,)
and M(a-Fe,0;) stand for the molecular weights of Fe;O, and
a-Fe,0;, respectively. According to the above analysis, the
loading amount of Fe;O, on the carbonized cotton fibers is
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Figure 7. Frequency dependence of (a) complex permittivity and (b) complex permeability of CBF, NiO/CBF, and Fe;O,/CBF.
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Figure 8. RL curves of (a) CBF, (b) NiO/CBF, and (c) Fe;0,/CBF with different thicknesses.

10.2 wt %. In addition, the NiO/CBF and Fe;O,/CBF have
small weight loss below 400 °C, displaying good thermal
stability.

According to the principle of electromagnetic energy
conversion, the reflection and attenuation characteristics of
electromagnetic absorbing materials are determined by the
complex permittivity (e,= &'— je¢”) and the complex
permeability (p,= u'— ju”). The ¢ and &” represent the
capacity and loss of electric field energy, while the y’ and p”
express the capacity and loss of magnetic energy.’"’
Generally, an excellent electromagnetic absorbent must meet
two requirements: (1) Good impedance matching enables
electromagnetic waves to fully propagate into the absorbent,
avoiding strong reflection. Specifically, if the complex
permittivity is too large, most incident electromagnetic waves
will be reflected from the material surface, so the impedance
matching is poor. (2) Good attenuation performance ensures

39023

the rapid attenuation of incident electromagnetic waves, which
depends on the electromagnetic loss capacity. Figure 7a shows
the complex permittivity of CBF, NiO/CBF, and Fe;O,/CBF.
It is clear that the values of ¢’ decrease from 28.18, 12.58, and
15.78 to 11.15, 5.70, and 10.23, respectively, while the values
of ¢” decrease from 37.22, 7.27, and 7.47 to 11.97, 3.16, and
3.93, respectively. The ¢" and €” of CBF are significantly higher
than NiO/CBF and Fe;O,/CBF. According to the free
electron theory, &"= 1/(2zpfe,), where p is the electric
resistivity, f is the electromagnetic wave frequency, and ¢, is the
permittivity of free space.”””* The high &” means a low electric
resistivity and high electrical conductivity, and the loading of
NiO and Fe;O, can decrease the electrical conductivity. Figure
7b shows the complex permeability of CBF, NiO/CBF, and
Fe;0,/CBF. The u” values follow the order of Fe;O,/CBF >
NiO/CBEF > CBF, indicating that the introduction of NiO and
Fe;O, can increase magnetic energy loss. Moreover, the
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Fe;0,/CBF has the highest magnetic energy loss due to the
magnetism of Fe;O,.

Generally speaking, the microwave absorption performance
can be expressed by the reflection loss (RL) curve. RL below
—10 dB means that more than 90% of the incident microwave
is absorbed, and the effective bandwidth is the width of the
frequency range when the RL equals to —10 dB. Based on the
above-measured ¢, and p,, the RL can be deduced by

transmission line theory as follows®>*°
Zin = (u/e,)"* tanh[j(2afd/c) (ue,)"*] )
RL (dB) = 20 logl(Z,, — Zo)/(Z,, + Zo)! 3)

where Z; is the input characteristic impedance of the
absorbent, f is the frequency of the electromagnetic wave, d
is the thickness of absorbent, ¢ is the speed of light in free
space, and Z, is the characteristic impedance of free space.

Figure 8 shows the RL curves of CBF, NiO/CBF, and
Fe;0,/CBEF. For CBF, the minimum RL is only —5.83 dB, and
the effective bandwidth is 0. For NiO/CBF, the minimum RL
is —27.18 dB, and the effective bandwidth can reach 6.4 GHz
(11.6—18 GHz) with a thickness of 2.2 mm, covering the
whole Ku-band (12—18 GHz); when the thickness increases to
3.0 mm, the effective bandwidth is 4.2 GHz (8—12.2 GHz),
covering the whole X-band (8—12 GHz). For Fe;0,/CBF,
when the thickness is 1.6 mm, the effective bandwidth is 4.3
GHz (12.8—17.1 GHz) with a minimum RL of —45.34 dB.
The effective bandwidth is also 4.3 GHz (13.7—18 GHz) with
a thickness of 1.5 mm. In addition, as shown in Figure 8, it can
be seen that the RL peak moves to the low-frequency region
with increasing thickness. What is more, the RL peak shifts to
the high-frequency region by decreasing the complex
permittivity under the same thickness by comparing these
three samples, and this can be explained by the geometric
effect.””*® The thickness (t) of the absorbent follows the 1/4
wavelength model: ¢ = ndo/4(lulle))? = ne/4f(lule))*(n =
1,3,5,-), and the matching frequency is inversely proportional
to the thickness and complex permittivity. Thus, it is
understandable that the optimal RL moves to the high
thickness with decreasing the complex permittivity for these
three samples. In summary, the NiO/CBF and Fe;O,/CBF
show enhanced microwave absorption performance with wider
effective bandwidth and stronger RL value compared with
CBF. Moreover, the NiO/CBF displays very attractive
microwave absorption performance in the entire Ku-band
and X-band, which can meet the multifunctional needs of
microwave absorbing materials. Compared with traditional
microwave absorbents, the density of NiO/CBF is very low
due to the use of carbonized bamboo fibers. Compared with
other carbon-based microwave absorbing materials (shown in
Table 1), the NiO/CBF has a wider effective bandwidth.**~*°
The rich natural source, simple preparation method, and wide
absorption bandwidth make NiO/CBF has a broad application
prospect as an economic, lightweight, and broadband micro-
wave absorbent.

Impedance matching and attenuation coefficient are two
crucial factors that determine the microwave absorption
characteristics of absorbent. The closer the characteristic
impedance of the absorbent is to 1 (Z,, value of air), the more
incident microwave can be transmitted to the absorbent, which
means that the impedance matching of the material is better.
Research has found that the p, value is much lower than the ¢,
value for carbon materials. Therefore, The decrease of the &,

Table 1. Microwave Absorption Performances of Some
Reported Carbon-Based Absorbents

filling rate  effective absorption

sample (wt %) bandwidth (GHz) references

MOF-Derived Porous 60 5.8 [39]
Co/C Nanocomposites

Fe;0,/multiwall carbon 30 2.5 [40]
nanotube

Fe;0,/graphene capsules 30 4.6 [41]

Fe@nanoporous carbon@ 25 5.2 [42]
carbon fiber

Porous flower-like NiO@ 25 4.2 [43]
graphene

Ni/Carbon 25 4.4 [44]
nanocomposites

Graphene/NiO/PANI/Ag 70 4.9 [45]

Porous magnetic carbon 15 4.8 [46]

NiO/carbonized bamboo 50 6.4 This work

fibers

value can increase the characteristic impedance and improve
the impedance matching of the material.*”** On the contrary,
the higher the attenuation coeflicient, the greater the
electromagnetic loss. The attenuation coeflicient and charac-

teristic impedance of the absorbent can be estimated according
49,50
to™”

NG

[4

ﬂf\/e//ﬂ// _ S/ﬂ/ + \/(M/Z +'u//2)(8/2 + 8//2)
(4)

Z= m = \/\/(/‘,2 + /4”2)/(3/2 + 8”2) (5)

Figure 9 shows the attenuation coefficient and characteristic
impedance of CBF, NiO/CBF, and Fe;O,/CBE. It can be seen
from Figure 9a that the attenuation coefficient of CBF is
greater than NiO/CBF and Fe;O,/CBF, showing a higher
electromagnetic loss, which originated from the high
conductivity and high conductive loss of CBF. However, the
characteristic impedance of CF is much smaller than NiO/
CBF and Fe;0,/CBF (Figure 9b), indicating poor impedance
matching, which is not conducive to the transmission and loss
of electromagnetic waves. This is because the complex
permittivity of CBF is too high so that the incident
electromagnetic wave can be strongly reflected from the
surface of the material. Meanwhile, the increase of complex
permeability for NiO/CBF and Fe;O,/CBF can promote
magnetic-dielectric synergy and improve impedance match-
ing.”' In addition, the interfacial polarization loss caused by
multi-interfaces between carbonized bamboo fibers and metal
oxide is favorable for dielectric loss, resulting in the improved
microwave absorption performance.””>® For NiO/CBF, the
attenuation coefficient is slightly smaller than that of CBF and
Fe;0,/CBF, but the characteristic impedance is the highest in
the range of 2—18 GHz. The high characteristic impedance is
mainly because the complex permittivity of NiO/CBF is
moderate, and the NiO/CBF has a relatively low &’ value and a
relatively high &” value, which is beneficial to the impedance
matching. The balance of impedance matching and electro-
magnetic loss eventually leads to low reflection coefficient and
excellent microwave absorption performance. We have also
discussed the effect of the filler content of NiO/CBF on
microwave absorption performance. When decreasing the filler
content of NiO/CBF in the paraffin to 33 wt %, the microwave
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Figure 9. Attenuation constant (a) and characteristic impedance (b) of CBF, NiO/CBF, and Fe,O,/CBF.

absorption performance would become poor due to low
electromagnetic loss. When increasing the filler content of
NiO/CBF to 66.7 wt %, the microwave absorption perform-
ance was a little worse than that of NiO/CBF in the paraffin
with S0 wt % due to inadequate impedance matching (see
Supporting Information Figures S1—S3). Therefore, the
excellent microwave absorption performance of NiO/CBF is
attributed to appropriate complex permittivity, appropriate
filler content, high impedance matching, and attenuation
coeflicient.

3. CONCLUSIONS

In summary, metal oxide/carbonized bamboo fibers derived
from bamboo fibers were successfully fabricated by a feasible
impregnation and subsequent calcination method. The
dielectric component NiO and magnetic component Fe;O,
combined with carbonized bamboo fibers lead to appropriate
complex permittivity, high impedance matching and attenu-
ation coeflicient, resulting in enhanced microwave absorption.
Significantly, the NiO/carbonized bamboo fibers exhibit
excellent microwave absorption performance in the entire X-
band and Ku-band. This study is expected to provide a new
strategy to design promising microwave absorption materials
with the characteristics of low cost, lightweight, broadband,
and easy mass production.

4. EXPERIMENTAL SECTION

Materials. Nickel nitrate (Ni(NO;),-6H,0) and ferric
nitrate (Fe(NO;);-9H,0) were obtained from Tianjin Kaitong
Chemical Reagent Co., Ltd. (Tianjin, China). The natural
bamboo fiber used to prepare the carbonized bamboo fiber was
purchased from Changchun Jiuli daily necessities Co., Ltd.
(Changchun, China). High purity N, (Taiyuan Taineng Gas
Co., Ltd., Taiyuan, China) was used as protective gas.

Preparation of NiO/Carbonized Bamboo Fibers. First,
10 g of natural bamboo fiber was carbonized in a tubular
furnace at 700 °C for 2 h in a N, atmosphere with a heating
rate of 4 °C/min to obtain carbonized bamboo fiber, named
CBF. Then, after 0.8 g of carbonized bamboo fibers were
immersed in Ni(NO,), solution (50 mL, 0.2 mol/L) for 24 h,
the wet carbonized bamboo fibers were clamped out with
tweezers. When there was no solution dripping, the wet
carbonized bamboo fibers were put into an evaporation dish
and dried at 60 °C for 10 h. Finally, the obtained Ni(NO,),/
carbonized bamboo fibers were calcined in a muffle furnace at
300 °C for 2 h to obtain NiO/carbonized bamboo fibers
composites, named NiO/CBF.

39025

Preparation of Fe;0,/Carbonized Bamboo Fibers.
After 0.8 g of carbonized bamboo fibers were immersed in
Fe(NO;); solution (50 mL, 0.2 mol/L) for 24 h, the wet
carbonized bamboo fibers were clamped out with tweezers.
When there was no solution dripping, the wet carbonized
bamboo fibers were put into an evaporation dish and dried at
60 °C for 10 h. Finally, The obtained Fe(NOj;);/carbonized
bamboo fibers were calcined in a muffle furnace at 300 °C for 2
h and subsequently calcined in a tubular furnace at 550 °C for
2 h in a N, atmosphere to obtain Fe;0,/carbonized bamboo
fibers composites, named Fe;0,/CBF.

Characterization. The phase component was character-
ized by X-ray diffraction (XRD, XRD-6100). The morphology
was characterized by JSM-7001F scanning electron microscope
(SEM) with energy dispersion spectroscopy (EDS) and JEOL
transmission electron microscopy (TEM). The Raman
spectrum was measured by a Dxr2xi Raman spectrometer
with a 532 nm laser. A LakeShore 7404 vibrating sample
magnetometer (VSM) was used to measure the magnetic
properties. STA6000 synchronous thermal analyzer was used
for thermogravimetric (TG) analysis, and the temperature
ranged from room temperature to 800 °C with a heating rate
of 10 °C/min. The synthetic product was mixed with paraffin
evenly with 50 wt % and made into a hollow ring sample in a
concentric shaft mold (®,,= 7.0 mm, ®,= 3.0 mm). An
Agilent N5224A vector network analyzer was used to measure
the complex permittivity £, and the complex permeability y, in
the frequency range of 2—18 GHz.
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