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and microwave absorption
properties of iron pentacarbonyl pyrolysis-
synthesized carbonyl iron fibers

Chaoqun Ge,a Liuying Wang, *a Gu Liu,*a Kejun Xu,a Long Wang,a Lei Zhangb

and Xuan Hea

The present study executed iron pentacarbonyl pyrolysis to synthesize one-dimensional structured

carbonyl iron fibers (CIFs) via carrier gas induced flow. The obtained CIFs with a diameter of 100–

300 nm and length–diameter ratio of more than 20, are actually composed of a large number of

nanocrystalline aggregates. We investigated the dependence of the structure, morphology, and static

magnetic and electromagnetic properties of the CIFs on the pyrolysis temperatures. CIFs synthesized at

300 �C (denoted as CIF-300) exhibited optimal microwave absorption properties dependent on the fiber

structure and well-matched impedance. An optimal reflection loss of �58.1 dB was observed at 13.8

GHz with a matching thickness of 1.43 mm. Furthermore, CIF-300 presented a broad effective

absorption bandwidth (RL # �10 dB) of 5.66 GHz with a thickness of 1.44 mm, indicating that it could be

applied in practical applications from 3.74 GHz to 18.0 GHz by tuning its thickness from 1.0 mm to 4.0

mm. This paper not only reveals that the CIFs synthesized at 300 �C have great potential application in

microwave absorbing materials (MAMs) with thin thicknesses, wide absorption bandwidths, and strong

absorption intensities, but also provides a simple approach to prepare metal fibers.
1. Introduction

Nowadays, electromagnetic (EM) interference and pollution in
both themilitary and governmental arenas have become serious
concerns due to the rapid development of communication
technology, thus requiring the urgent development of high-
efficiency microwave absorbing materials (MAMs). Past signi-
cant efforts have been devoted toward exploring ideal light
weight, thin thickness, and broad absorption bandwidth
MAMs.1–3 In general, MAMs can be categorized into two loss
mechanisms: dielectric loss, and magnetic loss.4,5 Magnetic loss
MAMs exhibit strong absorption, thin thickness, and broad
absorption bandwidth, which benets from both dielectric and
magnetic loss.6,7

Carbonyl iron (CI) has received recognition as compared to
other MAMs due to its high saturation magnetization (Ms), high
Curie temperature, substantial magnetic permeability, and
signicantly wide absorption bandwidth.8 Nonetheless, as
a magnetic metal MAMs, CI has a relatively high density
(�7 g cm�3), as well as a high lling content when used as
MAMs (generally more than 70 wt%),9–11 thereby resulting in
a signicant increase in EM absorber weight. In our previous
research,12 the effects of particle size on electromagnetic
ology, Xi'an, 710025, China. E-mail:
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hang'an University, Xi'an, 710064, China
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properties of spherical CI was investigated, and the lling
content reached 80 wt%. Although the ake CI, obtained by ball
milling, shows improved microwave absorption performance,
its lling content is still high.13–16 In recent years, hollow or
porous structured CI have also been employed in high-
performance MAMs applications. Yin et al.17 adopt pitting
corrosion to prepare hollow CI microspheres. The calculated
reection loss (RL) of the hollow CI for 0.5 mm or 1.0 mm
thickness is much better than that of the initial one, whereas
the lling content is still as high as 80 wt%. Wang et al.18

produced an annealing and selective pitting corrosion method
for the synthesis of porous CI akes, of which the results pre-
sented an RL of less than�20 dB over the range of 2.9 GHz to 20
GHz following thickness tuning from 0.9 mm to 4.5 mm. Nan
et al.19 construct synchronous microstructure with Fe micro-
bers and ake CI, thin and light microwave absorbers oper-
ating in the broadband range were obtained under the state of
low content because of the synergy between the two compo-
nents and the synchronous orientation of the llers.

The ber magnetic MAMs have received recognition for their
novel chemical and physical properties.20,21 Novel electroless
plated Fe–Co binary hollow bers exhibit excellent EM proper-
ties within GHz frequency ranges at a lling content of only
30 wt% as well as adjustable so magnetic properties through
their ber alignments.22 Shen et al.23 synthesized magnetic
hexaferrite SrFe12O19/a-Fe composite nanowires that presented
an optimized RL value of�51.1 dB at a thickness of 3.0 mm and
This journal is © The Royal Society of Chemistry 2020
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an absorption bandwidth exceeding �20 dB encompassing the
entire G-band, X-band, and 20% Ku-band at a thickness of 4.0
mm. The one-dimensional (1D) ber structure can enable
magnetic MAMs to maintain good absorption performance
while the density and lling content of MAMs are greatly
reduced.22,23 Magnetic metals with ber structures have been
examined to completely comprehend the potential of metallic
MAMs as EM absorption materials due to their lightweight and
even distribution in composite materials. Barakat et al.24

adopted a two-step method of electrospinning and calcination
to prepare CoNi bimetallic nanobers, which revealed better
magnetic properties compared with those of Co-doped Ni and
pristine Ni nanobers. Nie et al.25 and Li et al.26 fabricated iron
bers and Fe55Ni45 bers with diameter of 5 mm by magnetic-
eld-induced thermal decomposition, respectively. However,
the required equipment in their experiment is complex.
Therefore, it is of great signicance to prepare 1D iron bers
with enhanced EM properties through a facile process.

In the present work, we report a carrier gas induced ow
process for the fabrication of 1D structured carbonyl iron bers
(CIFs) to achieve lightweight and high-efficiency MAMs.
Compared to the magnetic-eld-induced thermally decompo-
sition process of metal bers reported in previous research,25–27

our method does not require complex equipment. The phase
structure, morphology, static magnetic, and EM properties of
CIFs were thoroughly determined. We also systematically
examined the optimized pyrolysis temperatures of iron penta-
carbonyl (Fe(CO)5) that were required to produce high-
performance CIFs, as well as its microwave absorption perfor-
mances and loss mechanism. The CIFs synthesized at 300 �C,
termed CIF-300, exhibited a thin absorber thickness, strong
absorption intensities, and broad absorption bandwidth.
Besides, this work provides a simple approach to prepare metal
bers (such as iron bers or nickel bers) as efficient MAMs.

2. Experimental
2.1 Synthesis of CIFs

Fig. 1 presents a schematic illustration of the CIFs synthesis
process, which followed the pyrolysis of Fe(CO)5. CIFs genera-
tion was executed based on the following equation: Fe(CO)5 ¼
Fe + 5CO. 20 mL of Fe(CO)5 (99.9%; supplied by Shaanxi
Fig. 1 Schematic illustration depicting the CIFs synthesis process.

This journal is © The Royal Society of Chemistry 2020
XingHua Chemical Co. Ltd., China) was rst decanted into the
evaporator, aer which argon (Ar) gas was injected into the
experimental system for 2 h to remove the air in the tube
furnace and evaporator. Subsequently, the argon supply of the
evaporator was turned off. Aer the tube furnace was heated
and maintained under the required temperature, the argon
supply of the tube furnace was shut off and the argon supply of
the evaporator was turned on. Fe(CO)5 vapor with Ar gas was
continuously injected into the tube furnace at a rate of 1
L min�1 for 1 h. Product collection proceeded using a magnet in
the conical ask. The system was permitted to cool down to
room temperature under the protection of Ar gas, aer which
the CIFs were obtained. The nal CIFs were denoted as CIF-250,
CIF-300, CIF-350 and CIF-400, corresponding to the pyrolysis
temperatures of 250 �C, 300 �C, 350 �C and 400 �C, respectively.
2.2 Characterizations

The present study employed Rigaku D/max-2400 X-ray diffrac-
tion (XRD) with Cu Ka irradiation at 40 kV and 40 mA to
measure the CIFs phase structure. Scanning electron micros-
copy (SEM, ZEISS Merlin Compact) was employed to charac-
terize the CIFs morphology. The carbon contents and surface
chemical composition of the CIFs were analyzed by high
frequency infrared carbon/sulphur determinator (LEKO,
CS230), X-ray photoelectron spectrometry (XPS) (EscaLab
250Xi). Raman spectra were obtained by a cryogenic matrix
isolated Raman spectroscopic system (LabRAM HR Evolution).
A Quantum Design PPMS vibrating sample magnetometer
(VSM) was employed to characterize the CIFs hysteresis loops.
The CIFs were uniformly mixed with paraffin wax at a mass ratio
of 45 wt% to measure the complex permittivity (3r¼ 30 � j300) and
permeability (mr ¼ m0 � jm00). Traditionally, 0.55 g paraffin wax
was put into a crucible to heat to melt, 0.45 g CIFs was added
and stir it quickly to make the mixture evenly. Aer cooling,
grind with a mortar, then melt and stir, repeat 3 times. Finally,
the powder was lled into a coaxial clapper mold and com-
pacted into a circular coaxial sample with an outer diameter of
7.0 mm, an inner diameter of 3.04 mm and a length of 2.0–3.5
mm. A vector network analyzer (Keysight E5071C) was employed
to quantify the 3r and mr via the transmission/reection coaxial
line method within 2 GHz to 18 GHz.
RSC Adv., 2020, 10, 23702–23711 | 23703
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Fig. 2 XRD patterns of CIFs synthesized at various pyrolysis
temperatures.
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3. Results and discussion
3.1 Structure and morphology

The present study characterized the crystalline structures of
CIFs synthesized at various pyrolysis temperatures (250 �C,
300 �C, 350 �C, and 400 �C) by XRD (Fig. 2). All of the samples
exhibited three well-resolved diffraction peaks at 2q ¼ 44.8�,
65.1�, and 82.4�, which can be denoted to the (110), (200), and
(211) a-Fe planes with a body-centered cubic structure (JCPDS
card no. 06-0696),18 respectively. The intensities of diffraction
peaks for the a-Fe are enhanced with the increasing pyrolysis
temperature, indicating gradual improvements in the Fe
nanoparticle crystallinity. The average grain sizes of CIF-250,
CIF-300, CIF-350, and CIF-450, which are estimated by the
Scherrer formula, were 12.0, 15.8, 16.4 and 17.9 nm, respec-
tively. It is shown that the increase of pyrolysis temperatures
can enhance the growth of the grain size.

Fig. 3 presents the morphologies of the synthesized CIFs at
various pyrolysis temperatures. The CIFs with diameters
ranging from 100 nm to 300 nm are formed with the aggrega-
tion of nanocrystalline grains. All four samples demonstrate
rough ber surfaces with some exhibiting granular protuber-
ances and are essentially assembled by the accumulation of
Fig. 3 SEM images of CIFs synthesized at various pyrolysis temperatures
CIF-400.

23704 | RSC Adv., 2020, 10, 23702–23711
nanoparticles. The length–diameter ratio of CIF-250 and CIF-
300 are more than 50. Yet, when the pyrolysis temperature is
further increased, the length–diameter ratio decreases, and the
length–diameter ratio of CIF-400 is about 20. It can be seen that
the pyrolysis temperature signicantly affects the nano-
structures of CIFs. On the one hand, Fe(CO)5 vapor introduced
into the tube furnace is decomposed at a certain temperature to
obtain iron nanocrystalline grains. Under the induction of
airow and spontaneous magnetization of magnetic nano-
crystal grains at high temperature, iron nanocrystal grains
aggregate, assemble and grow to form CIFs. At a given decom-
position temperature, the decomposition reaction rate and the
growth rate of the crystal are slow, the heat and mass transfer at
the crystal growth interface is stable, and the crystal grows
evenly in all directions and forms a granular shape. On the
other hand, with the increase of pyrolysis temperature, the
decomposition rate of Fe(CO)5 is accelerated. Due to the
imbalance of heat and mass transmission, the growth rate of
each crystal surface in the crystal is of great different, resulting
in the length–diameter ratio of the ber and the particles that
make up the CIFs become smaller. Furthermore, the nano-
crystalline ber particles presented a signicant number of
gaps, thus increasing the specic surface area and reducing the
CIFs density.

The carbon contents of CIF-250, CIF-300, CIF-350, and CIF-
400 were 1.22, 2.05, 2.86, and 2.74 wt%, respectively, which
were rst increased with the pyrolysis temperatures, and then
decreased. During the pyrolysis process of Fe(CO)5, two chem-
ical reactions occur: Fe(CO)5 ¼ Fe + 5CO and 2CO ¼ C + CO2.
The rst reaction is endothermic, and the second is exothermic.
The increased pyrolysis temperature is conducive to promote
the activation energy of molecules in the rst reaction, inten-
sifying the pyrolysis of Fe(CO)5 and increasing the concentra-
tion of CO, which is benecial to the second reaction, thus
increasing the percentage of carbon. However, the excessive
temperature will inhibit the pyrolysis reaction of CO, thereby
reducing the carbon content in the CIFs.

In order to investigate the element composition and atom
valence state of the CIFs, the XPS spectrum of CIF-300 was
: (a and e) CIF-250, (b and f) CIF-300, (c and g) CIF-350, and (d and h)

This journal is © The Royal Society of Chemistry 2020
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analyzed, as shown in Fig. 4. The XPS survey spectrum
demonstrates that Fe, C, and O elements were presented on the
surface of CIF-300 (Fig. 4a). In detail, signals of Fe 3p, Fe 3s, C
1s, O 1s, Fe 2p, Fe LMM, and O KLL can be seen. Therefore, O
elements may originate from surface iron oxides. For the C 1s
HR-XPS spectrum (Fig. 4b), the three peaks are corresponded to
C–C/C]C (284.6 eV), C–O (285.0 eV), and C]O (288.4 eV),
respectively. The O 1s HR-XPS spectrum can be deconvoluted
into two peaks as displayed in Fig. 4c. Peaks at 529.8 eV belong
to the metal oxides, and peaks at 531.1 eV belong to C]O. For
the Fe 2p HR-XPS spectrum (Fig. 4d), there are three unique Fe
status corresponding to Fe, Fe3+ and satellite peaks. The peaks
located at 710.3 eV and 724.1 eV were related to the Fe3+ 2p3/2
and Fe3+ 2p1/2 electrons, respectively, while the binding energies
at 707.1 eV and 719.2 eV should correspond to the metallic Fe
state. XPS analysis results show that some Fe elements on the
surface of CIF-300 are oxidized to Fe2O3.

Raman spectrum was utilized to further analyze the state of
Fe element in CIFs, and the results are shown in Fig. 5. All the
samples exhibit ve distinct peaks located at 218 cm�1,
282 cm�1, 413 cm�1, 601 cm�1, and 1308 cm�1, respectively,
which are corresponded to Fe2O3 phase.28,29 The Raman peak
appearing at 218 cm�1 assigned to A1g mode, and those at
282 cm�1 and 611 cm�1 were assigned to Eg modes.28 Whether
the peak observed at 1308 cm�1 is classied as a hematite two-
magnon scattering is still controversial.29 In addition, the peak
located at 1340 cm�1 cannot be identied because it has
a similar position to that of a peak of Fe2O3. Fe2O3 comes from
the oxidation of CIFs in the air. Since there is no characteristic
peak of Fe2O3 in the XRD analysis, the content of Fe2O3 should
be very low and only exist on the surface of CIFs.
Fig. 4 XPS spectrum of the representative CIFs (CIF-300) for (a) survey

This journal is © The Royal Society of Chemistry 2020
3.2 Static magnetic properties

The magnetic hysteresis loops of the synthesized CIFs are pre-
sented in Fig. 6, which demonstrate typical magnetization
hysteresis loops of ferromagnetic materials with high saturation
magnetization (Ms) and low coercivity (Hc) values. TheMs values
for CIF-250, CIF-300, CIF-350, and CIF-400 are 175.8, 205.8,
179.8, and 200.8 emu g�1, respectively. Obviously, the pyrolysis
temperature should be the main reason for the difference of Ms

values. On one hand, the crystalline degree and grain size of Fe
nanoparticles are enhanced through the high pyrolysis
temperature, which aids in organizing the magnetic domain
orders under an external eld and enhances Ms.30 On the other
hand, the Ms value is also signicantly dependent upon the
number of atoms per unit volume.5 The content of carbon,
which is non-magnetic and makes little contribution to
magnetization, were rst increased and then decreased with the
pyrolysis temperatures. Both of these two facts are considered to
be responsible for the uctuation of Ms. The Ms value increase
as the pyrolysis temperature increased from 250 to 300 �C,
indicating that the enhancement of grain size on Ms is greater
than the inhibition of carbon content onMs. When the pyrolysis
temperature increased to 350 �C, the Ms value decreased, indi-
cating that the inhibition of carbon content on Ms is greater
than the enhancement of grain size on Ms. As the pyrolysis
temperature further increased to 400 �C, the increasement ofMs

is mainly due to the drop in carbon content.
The lower-right inset of Fig. 6 presents details surrounding

zero magnetic elds, wherein CIF-250, CIF-300, CIF-350, and
CIF-400 present Hc values of 60.5, 21.6, 190.1, and 175.7 Oe,
respectively. The Hc signicantly correlates with the grain size
and magnetic anisotropy,12 such that grain size growth
spectra, (b) C 1s, (c) O 1s, and (d) Fe 2p.

RSC Adv., 2020, 10, 23702–23711 | 23705
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Fig. 5 Raman spectra of CIFs synthesized at various pyrolysis
temperatures.

Fig. 6 Magnetic hysteresis loops of CIFs synthesized at various
pyrolysis temperatures, wherein inset presents the details around the
zero magnetic fields.
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increases the Hc for grain sizes smaller than the single domain
critical size of iron (28 nm).31 The XRD results revealed a CIFs
grain size of less than 28 nm for all of the synthesized samples,
Fig. 7 Complex permittivity (a and b), dielectric loss tangent (c), complex
at various pyrolysis temperatures.

23706 | RSC Adv., 2020, 10, 23702–23711
indicating the effect of the grain size on the observed uctua-
tions in Hc.

3.3 Electromagnetic properties

The 3r and mr of the CIFs/paraffin composites loading with
45 wt% of CIFs were investigated within 2 GHz to 18 GHz to
characterize the EM properties of the synthesized CIFs. Based
on the transmission line theory, the 30 and m0 dene the storage
capability of electric and magnetic energy, respectively, whereas
the 300 and m00 dene the loss capability of electric and magnetic
energy, respectively.32 Fig. 7a and b present the 30 and 300 of the
CIFs synthesized at different pyrolysis temperatures, respec-
tively. Both 30 and 300 of CIF-250, CIF-300, and CIF-350 drastically
decrease in the entire measured frequency range. When the
pyrolysis temperatures increased from 350 �C to 400 �C, the 30

and 300 decline slightly. CIF-250 demonstrates the highest 30 and
300 values than the other three samples. This may be due to the
decrease in the length of the CIFs as the pyrolysis temperature
increases. When the lling ratio is the same, the electrical
conductivity of the CIFs/paraffin composites decrease, resulting
in a decrease of 3r. The dielectric loss tangent (tan de ¼ 300/30) of
the samples are shown in Fig. 7c. CIF-250 presents a relatively
high tan de across the entire tested frequency range due to its
high energy storage and dissipation abilities. In comparison,
the other three samples present constant tan de values within 2
GHz to 6 GHz, of which the tan de gradually decreased with the
increased pyrolysis temperatures across the remaining
frequencies. The resonant peaks around 8, 13, and 17 GHz
suggest the execution of several polarization relaxation
processes in the composites beneath the radiation of rotating
EM waves.

Fig. 7d–f present the m0, m00, and magnetic loss tangent
(tan dm ¼ m00/m0) of the CIFs synthesized at various pyrolysis
temperatures, respectively. The m0 of the specimens present
permeability (d and e), andmagnetic loss tangent (f) of CIFs synthesized

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 C0 of CIFs synthesized at various pyrolysis temperatures.
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a gradual decrease tendency with increasing frequency.
Notably, among the four samples, CIF-300 exhibits the highest
m0 at the majority of the test frequency range, indicating that
CIF-300 has higher magnetic energy storage capabilities as
compared to CIF-250, CIF-350, and CIF-400. CIF-250 shows the
highest m00 at the 2 GHz to 5 GHz. In comparison, CIF-400
exhibits the highest m0 and tan dm within 7 GHz to 18 GHz,
indicating its optimal magnetic energy dissipation capabilities.
A positive correlation is observed between the CIFs tan dm and
the pyrolysis temperatures within 7 GHz to 18 GHz. Further-
more, the curves of tan dm present three obvious resonance
peaks around 4 GHz and 14 GHz. The magnetic loss the GHz
range is largely originated from natural ferromagnetic reso-
nance and eddy current loss.33 The magnetic loss only initiate
from the eddy current loss given the constancy of C0¼ f�1(m0)2m00

regardless of frequency.34 However, the C0 values of the CIFs
Fig. 9 3D plots of the calculated RL for the CIFs synthesized at various py
400.

This journal is © The Royal Society of Chemistry 2020
synthesized at various pyrolysis temperatures varies within 2
GHz to 13 GHz (Fig. 8) and do not exhibit signicant changes in
the remaining frequencies. Therefore, the resonance peaks
around 4 GHz are assumed to originate from natural reso-
nances, whereas the peaks around 14 GHz are a result of eddy
current loss.
3.4 Microwave absorption properties

Based on the transmission line theory, the RL of a single-layer
absorber could be evaluated as follows:35

RL ¼ 20 lg|(Zin � Z0)/(Zin + Z0)| (1)

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tanh

�
jð2pfd=cÞ ffiffiffiffiffiffiffiffi

mr3r
p �

(2)

where Zin is dened as the absorber input characteristic
impedance, Z0 denes the intrinsic impedance of the free space,
c is the velocity of light, d is the absorber thickness, and f is the
incident EM wave frequency. The RL value of common appli-
cations must be lower than�10 dB to allow 90% of the incident
EM wave to be attenuated. The RL was evaluated according to
the eqn (1) and (2) to investigate the effect of the pyrolysis
temperatures on the microwave absorption characteristics of
the CIFs. Fig. 9 presents the 3D plots of the calculated RL for the
synthesized CIFs at variable absorber thicknesses varying from
0.5 mm to 4.0 mm. Although all of the samples exhibit the
incident EM wave loss, their concrete performances differ
greatly and are sensitive to the pyrolysis temperature. CIF-250
exhibit relatively poor microwave absorption properties
(Fig. 9a). A minimum reection loss (RLmin) of only�14.24 dB at
17.94 GHz is observed at an absorber thickness of 1.14 mm. The
RL values of CIF-300 exceed�10 dB for 3.74 GHz to 18 GHz with
rolysis temperatures: (a) CIF-250, (b) CIF-300, (c) CIF-350, and (d) CIF-
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the absorber thicknesses ranging from 1.0mm to 4.0mm (Fig. 9b).
The RLmin reach up to �58.1 dB at 13.8 GHz with an absorber
thickness of 1.43 mm. When the pyrolysis temperature increased
from 350 �C to 400 �C, CIF-350 and CIF-400 present RLmin of up to
�20.67 dB at 12.98 GHz and�19.47 dB at 8.38 GHz with absorber
thicknesses of 1.85 mm and 2.67 mm, respectively. The RL peaks
of the CIFs shi to the low frequency area as the absorber thick-
ness increased (Fig. 9). The thickness dependence of the RL peaks
can be illustrated through the quarter-wavelength matching
model: tm ¼ nc=ð4fm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
|3r||mr|

p Þðn ¼ 1; 3; 5;.Þ; 4 where tm
denes the matching thickness of RL.

Fig. 10a presents the effective absorption bandwidth (RL #

�10 dB) of the synthesized CIFs. All four samples exhibit
effective absorption bandwidths of more than 4 GHz within the
thickness range of 1.24 mm to 1.75 mm. CIF-300 exhibits
a maximum bandwidth of 5.66 GHz with a thickness of 1.44
mm, which is the broadest of all of the four samples. Further,
the inset of Fig. 10a presents the bandwidth correlating to the
RL less than �20 dB. CIF-300 exhibit a bandwidth of more than
1.8 GHz with a thickness of 1.78 mm. While for the other three
samples, the bandwidths corresponding to the RL less than�20
dB can be hardly seen. Fig. 10b demonstrates the comparison of
the RLmin of the CIFs synthesized at various pyrolysis temper-
atures, wherein the RL values (below �10 dB) of CIF-250 and
CIF-300 are observed at a wide thickness of 1.0 mm to 4.0 mm.
In comparison, the RL values of CIF-350 and CIF-400 are below
�10 dB at thicknesses ranging from 1.27 mm to 4.0 mm. CIF-
300 with RL values of less than �20 dB concentrates in the
thickness of 1.1 mm to 2.5 mm. In comparison, the RL values of
the other three specimens barely reach �20 dB. Smaller
absorber thickness is ideal for practical applications. Therefore,
CIF-300 demonstrates the optimal microwave absorption
performance at relatively thin coating thicknesses in contrast to
the other three samples.

Furthermore, the performances of the CIFs with those of
typically published relative absorbers were further evaluated
(Table 1). CIF-300 demonstrates broader absorption bandwidth,
lower loading content, RLmin value, and matching thickness
d as compared to those of hollow CI,17 porous CI akes,18

aligned Fe microber,21 SrFe12O19/a-Fe nanowires,23 Fe55Ni45
ber,26 and polycrystalline iron bers.36 Compared to those of
Fig. 10 Comparison of (a) effective absorption bandwidth (RL # �1
temperatures, wherein the insert in (a) denotes the bandwidth correlatin

23708 | RSC Adv., 2020, 10, 23702–23711
spherical CI,12 aky CI,16 and Fe nanowire,37 the loading content
and matching thickness d of the CIF-300 are relatively lower,
which is benecial to reduce the weight of absorbing coating.
Moreover, the aky CI14 exhibit broader absorption bandwidths
and lower matching thickness. However, their loading content
and RLmin value are also higher than the CIF-300. Although the
Fe10Ni90 submicro bers20 have a lower lling content, its RLmin

and absorption bandwidths value are also lower. Thus, the CIFs
synthesized with the pyrolysis temperatures of 300 �C, demon-
strating stronger absorption intensities, broader absorption
bandwidth, and thinner thicknesses, are ideal for high-
performance practical MAMs.

In general, the impedance matching and attenuation
constant (a) signicantly affect microwave absorption. MAMs
with excellent absorption properties exhibit proper character-
istic impedances that are equal/close to that of the free space,
thereby reaching zero reection. In addition, these samples
should also present sufficiently strong EM wave attenuation
abilities. A delta-function method effectively evaluate the
impedance matching degree based on the equation:38,39

D ¼ |sin h2(Kfd) � M| (3)

where K and M are determined by 3r and mr as follows:

K ¼ 4p
ffiffiffiffiffiffiffiffi
m

0
3
0p
sin½ðde þ dmÞ=2�

c cos de cos dm
(4)

M ¼

4m
0
cos de3

0
cos dm

ðm0
cos de � 3

0
cos dmÞ2þ½tanðdm=2� de=2Þ�2ðm0

cos de þ 3
0
cos dmÞ2

(5)

Based on the above equations, a smaller delta value results in
better EM impedance matching. Fig. 11 presents the contour
plots of the quantied delta for the CIFs synthesized at various
pyrolysis temperatures. The green area (D < 0.4) of CIF-300 is
larger than the other three samples. The green area of CIF-250
and CIF-300 are more concentrated in the thin absorber thick-
ness region as compared to CIF-350 and CIF-400. The RL and
the delta values of CIF-300 (Fig. 9b and 11b) exhibit the same
0 dB) and (b) RLmin values of CIFs synthesized at various pyrolysis
g to a RL of less than �20 dB.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00222d


Table 1 Contrast of microwave absorption properties of typical relative absorbers

Absorber
Filling
content

Optimal absorption Absorption bandwidth

Ref.RLmin/dB d/mm RL # �10 dB/GHz d/mm RL # �20 dB/GHz d/mm

Spherical CI 80 wt% �56.9 1.50 7.44 1.38 2.4 1.29 12
Flaky CI 18 vol% �13.2 1.40 6.40 1.40 0 — 14
Flaky CI 55 wt% �42.5 2.00 6.10 2.00 2.0 2.00 16
Hollow CI 80 wt% �10.7 1.00 2.40 1.00 0 — 17
Porous CI akes 20 vol% �41.8 3.50 4.14 1.20 1.0 1.20 18
Fe10Ni90 submicro bers 20 wt% �45.4 2.00 3.78 2.00 1.0 2.00 20
Aligned Fe microber 50 wt% �12.1 1.20 3.61 1.2 0 — 21
SrFe12O19/a-Fe nanowires 67 wt% �51.1 3.00 8.50 4.00 10.8 4.00 23
Fe55Ni45 ber 20 vol% �6.5 1.20 0 — 0 — 26
Fe nanowire 29 vol% �47.0 2.00 6.40 1.70 1.6 1.70 37
Polycrystalline iron bers 67 wt% �16.5 2.00 3.78 2.00 0 — 36
CIF-300 45 wt% �58.1 1.43 5.66 1.44 1.8 1.78 This work
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trend, indicating that the enhanced microwave absorption
properties of CIF-300 possibly due to good EM impedance
matching.

The microwave absorption performance of MAMs is also
signicantly dependent upon the inside microwave attenuation
abilities, expressed as the attenuation constant (a). The a values
of the CIFs synthesized at various pyrolysis temperatures were
evaluated as follows:32

a ¼
ffiffiffi
2

p
pf

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m

00
3
00 � m

0
3
0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m

0 2 þ m
00 2
��

3
0 2 þ 3

00 2
�rs

(6)
Fig. 11 Contour plots of calculated delta value for CIFs synthesized at va
(d) CIF-400.

This journal is © The Royal Society of Chemistry 2020
As demonstrated in Fig. 12, the a of all the samples are
gradually increased with the increasing of frequency. The values
of a decrease with the increasing of pyrolysis temperatures.
When the pyrolysis temperatures elevated from 350 �C to
400 �C, the values of a decline slightly. CIF-250 and CIF-300
show larger a than the other two samples, particularly in the
high-frequency range, indicating superior attenuation ability
for the incident EM waves. Based on these outcomes, CIF-300
shows a balanced impedance matching and enhanced attenu-
ation constants, thus demonstrating excellent microwave
absorption performance.
rious pyrolysis temperatures: (a) CIF-250, (b) CIF-300, (c) CIF-350, and
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Fig. 12 Attenuation constant of CIFs synthesized at various pyrolysis
temperatures.
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4. Conclusions

In summary, the present study synthesized 1D structured CIFs
via a carrier gas (Ar) induced ow process. We characterized the
phase structure, morphology, static magnetic, and microwave
absorption performance of the CIFs. The obtained CIFs with
diameters of 100 nm to 300 nm and length–diameter ratios of
more than 20 aggregated a large number of nanocrystalline
grains. CIF-300 exhibited excellent microwave absorption
properties with a ling content of 45 wt%, which presented an
optimal reection loss of�58.1 dB at 13.8 GHz with an absorber
thickness of 1.43 mm. Moreover, CIF-300 presented a broad
effective absorption bandwidth (RL # �10 dB) of 5.66 GHz
(thickness of 1.44 mm) and can be used for practical applica-
tions between 3.74 GHz to 18.0 GHz by tuning its thickness
within 1.0 mm to 4.0 mm. The results promote the CIFs
synthesized at 300 �C for potential MAMs applications with thin
thicknesses, wide absorption bandwidths, and strong absorp-
tion intensities.
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