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High absorption capacity and broad absorption bandwidth electromagnetic wave (EMW) absorption
materials (namely, EMW absorbers) are highly desirable due to the interference with electronics and
harms on human beings’ health. In search for rational design on nanostructured absorbers, we have
synthesized and demonstrated the rod-shape composites with Fe-containing magnetic nanoparticles
(Fe304, Fe3C and Fe NPs) embedded into nano-porous carbon (NPC) through pyrolysis of Fe-based metal-
organic frameworks (MOFs). The morphologies, compositions, and graphitization degree of the Fe-MOFs
derived magnetic NPC nanorods can be effectively controlled via adjusting the pyrolysis temperatures.
The graphitization level has a significant influence on the permittivity of the composites upon variation
of pyrolysis temperatures, thereby a tunable electromagnetic wave (EMW) absorption is observed.
Consequently, the resulting magnetic NPC nanorods obtained at pyrolysis temperature of 600 and 700 °C
exhibit the most remarkable EMW absorption performance with a strong reflection loss of —52.9 dB and
broad effective bandwidth (fe) of 4.64 GHz at 3.07 mm. With a thickness of 3.5 mm, the f. for the mag-
netic NPC nanorods at 600 °C covers the whole X-band from 7.92 to 12.48 GHz. The noticeable EMW
absorption performances have been greatly enhanced compared to those reported Fe3O4 based ab-
sorbers, owing to the synergy of multiple components and the porous structures inherited from MOFs.

© 2019 Published by Elsevier Ltd.

1. Introduction EM energy, the absorbers could be divided into three categories:

the dielectric, magnetic, and resistance loss types [10]. Generally,

The rapid penetration of portable electronics and wireless
communication technology has required our society to tackle the
issues from the unwanted electromagnetic wave (EMW) pollution
[1-6]. It is well accepted that the most effective approach to
address EMW interference is to develop high performance EMW
absorbing materials. Hence extensive attempts have been made to
synthesize EMW absorbers, emphasizing the characteristics of low
reflection values, thin thickness, broad effective frequency band-
width, and light weight [7—9]. Based on the loss mechanism of the
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dielectric loss materials own a strong absorbing intensity, while the
broad frequency range cannot be easy to reach due to their un-
balanced impedance matching, limited loss mechanisms, etc [11].
Amongst the dielectric materials, a variety of carbons have been the
competitive EMW absorbers owing to their low density, strong
dielectric loss, natural abundance, and excellent chemical stability
[12—14]. Various carbons including carbon nanofibers [15], gra-
phene [16], and carbon nanotubes (CNTs) [17] have been at the
forefront for EMW absorbers. Nevertheless, carbon materials are
unilateral dielectric materials with high permittivity value and no
magnetism resulting in impedance mismatch. According to
impedance matching conditions Z;,, = Zo(ur/sr)”2 [18], to improve
the impedance matching level between incident waves and free
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space, it is of great importance to manipulate the relative perme-
ability u, close to the relative permittivity &;.

There are two strategies to improve the impedance level of
carbon-based EMW absorbing materials. One effective way is to
increase the permeability value by incorporating magnetic parti-
cles, i.e. Fe, Co, Ni, Fe304, into carbon materials. On one hand, such
composites can effectively enhance the EMW absorption capability
of carbon owing to the synergy of magnetic loss and dielectric loss.
On the other hand, this approach is capable of significantly
reducing the density of magnetic materials because of light-weight
of carbon materials. Carbon nanofibers incorporated with ferro-
magnetic metals have exhibited remarkable EMW absorption per-
formances with a reflection loss (RL) below —20dB from 4 to
18 GHz corresponding to a thicknesses of 1.1-5.0 mm [15]. Che et al.
reported an obviously enhanced EMW absorption than pure CNT
using Fe encapsulated CNT nanocomposite, attributing to the
optimized EM parameters [19]. Another effective way to achieve
impedance matching is to decrease the permittivity by introducing
voids or pores into carbon materials. Typically, porous structures,
with unique characteristics such as low density and large surface
area, would be a promising candidate as light weight EMW ab-
sorbers [20,21]. Besides, the massive pores can act as polarization
centers, and can further enhance the dielectric loss ability by
inducing polarization relaxations [11,12]. For example, porous Fe
particles showed stronger EMW absorption ability than the non-
porous structure due to the multi-polarizations induced by the
porous structure [22]. Fang et al. reported that the porous carbon
foams owned smaller dielectric constants but several times larger
dielectric loss than their corresponding compact powders [23].
Hence, the fabrication of porous structures is an effective method to
modify EM parameters of absorbers. Thus, multiple-component
absorbing materials obviously outperform the single component
dielectric absorbers to reach the goal of increasing magnetic loss
and improving impedance matching level. To date, the challenges
are that the magnetic metals or ferrite particles tend to reunite at
the nanoscale and the deliberate control over porous structures is
quite difficult. Therefore, it is highly desirable to develop a facile
and cost-effective approach to synthesize the composites of mag-
netic particles and porous carbon with uniform particle size and
dispersion.

More recently, MOFs derived composites have been demon-
strated to be the promising candidates for ideal absorbers [24—27].
On one hand, graphite carbon can be obtained with the catalysis
role of metals during the pyrolysis process, thereby a strong
dielectric-loss ability of the resulting materials [28—30]. On the
other hand, a magnetic metal can deliver noticeable magnetic loss.
The multi-component synergistic effects improve the impedance
matching through combination of magnetic and dielectric loss, and
achieve more interfaces to enhance the interfacial polarization [11].
Lu et al. reported excellent EMW absorption properties with a
minimum RL of —35.3dBat 2.5mm for the porous Co/C nano-
composites via thermal decomposition of Co-MOFs [30]. Qiang et al.
have fabricated porous Fe/C nano-cubes by pyrolyzing the Prussian
blue, showing a broad absorption bandwidth 10.8—18.0 GHz with
RL values exceeding —10dB [31]. On the other and, Fe-based MOF
materials are extremely attractive since Fe is an earth-abundant
element and Fe-containing complexes have been widely investi-
gated for EMW absorbers owing to their excellent magnetic prop-
erties, facile manipulation, and low cost [13,32—34]. To the best of
our knowledge, porous magnetite-carbon nanocomposiets derived
from MOFs, i.e., Fe-MIL-88A [35—37], for EMW absorbing materials
has not been reported.

In this work, we demonstrated and synthesized a series of rod-
shape composites with Fe-containing magnetic nanoparticles
(Fe304, FesC and Fe NPs) embedded into porous carbon through

pyrolysis of Fe-MIL-88A. The structures, compositions, and mag-
netic properties of the composites obtained at pyrolysis tempera-
ture ranges of 500—800 °C were investigated. The compositions of
the magnetic NPC nanorods significantly affected the magnetic
properties and the graphitization degree was found to have a great
influence on the permittivity of the composites with the variation
of pyrolysis temperatures. Consequently, the EMW absorption
performances of the resulting magnetic NPC nanorods could be
tuned easily through changing the pyrolysis temperatures. The
EMW absorption performances for the magnetic NPC nanorods
obtained at 600 °C outperformed pure Fe304 and previously re-
ported Fe304/C EMW absorbers. We thoroughly elucidated the
contributions of synergistic effects from multi-components and
high porosity inherited from MOFs on the enhanced EMW
absorption.

2. Experimental

2.1. Preparation of Fe-MIL-88A and Fe-MIL-88A derived magnetic
NPC nanorods

The hexagonal rod-shape Fe-MIL-88A was first prepared
through a facile hydrothermal process according to a previous
report with slight modifications [35]. Typically, 1 mmol FeCl3-6H;0
was dissolved in 20 mL deionized water at room temperature
firstly. Then 1 mmol fumaric acid was added into the above solu-
tion. After stirred for 0.5 h, the resulting solution was transferred
into a Teflon-lined stainless-steel autoclave with a capacity of
30 mL and sealed to heat at 110°C for 10 h. The obtained yellow
products were washed with deionized water and dried under
vacuum for 12 h. Then, the magnetic NPC nanorods were obtained
by calcinating the Fe-MIL-88A precursor in a tube furnace under
nitrogen flow at 500-800°C for 5h with a heating rate of 1°C
min~". The obtained products under different pyrolysis tempera-
tures were defined as sample F5, F6, F7 and F8, respectively.

2.2. Preparation of samples for EMW measurements

For EMW absorption measurements, the samples were prepared
by homogeneously mixing the magnetic NPC nanorods into epoxy
resin with a filling content of 40 wt%. Then the mixture was cut into
toroidal shaped samples (®qy:: 7.00 mm, ®j,: 3.04 mm).

2.3. Characterization

The X-ray powder diffraction (XRD) of the magnetic NPC
nanorods was recorded on an X-ray diffraction (XRD) instrument
with Cu K radiation (A=0.15406 nm, 40kV, 40mA). The
morphology and microstructures were characterized by a field
emission scanning electron microscope (FESEM, JSM-7500F, JEOL)
and a JEOL JEM-2100 transmission electron microscope (TEM). The
specific surface area was analyzed using Brunner-Emmet-Teller
method. For the EM measurement, a vector network analyzer
(VNA, Agilent PNA N5244A) was used to measure the scattering (S)
parameters in 2—18 GHz. Then the complex permeability (u,) and
complex permittivity (er) were calculated from the measured S
parameters using the software (Agilent Technologies 85071)
installed in the VNA.

3. Results and discussions

Our synthesis route of the magnetic NPC nanorods is described
in Fig. 1a. The Fe-MIL-88A was prepared using FeCl3-6H,0 and
fumaric acid in an aqueous solution. The SEM images of the Fe-
MOFs precursor [Fig. Sla (see supporting information) and
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Fig. 1. (a) Synthetic process of magnetic NPC nanorods. SEM images of (b) Fe-MOFs (Fe-MIL-88A) precursor, and (c-f) Fe-MIL-88A derived magnetic NPC nanorods obtained at
different pyrolysis temperatures under N, flow: (c) F5, (d) F6, (e) F7, and (f) F8. (g), (h) TEM images and (i) HR-TEM images of sample F6. (A colour version of this figure can be

viewed online.)

Fig. 1b] show well-defined hexagonal rod-like morphology with a
length of 1.0—1.5 um and width of ca. 300 nm. After the pyrolysis
under Ny, the samples F5, F6, and F7 display quite rough and
wrinkled surfaces compared with the Fe-MOFs precursor (see also
Figs. S1b—d). In larger magnification images (Fig. 1c, d and e),
numerous magnetic nanoparticles are observed to disperse uni-
formly on the carbon framework. Furthermore, the morphology of
the magnetic NPC nanorods depends clearly on the pyrolysis
temperatures. With increasing the temperature, the particle size
becomes larger and the original structure tends to shrink and
aggregate more remarkably. Up to 800°C, the whole structure
collapses and aggregates, resulting in the formation of irregular
morphology (Fig. 1f). TEM and HR-TEM have been further employed
to obtain the detailed structural information. Taking F6 as an
example, the TEM images (Fig. 1g and h) present a porous rod-like
morphology with Fe304 nanoparticles uniformly embedded in the
amorphous carbon matrix. The length of magnetic NPC nanorods is
ca. 1.2 um and the diameter of the Fe3O4 nanoparticles shows a
distribution between 25 and 50 nm. The HR-TEM images (Fig. 1i) of
the particles suggest the lattice fringe of 0.254 nm fitted well with

(311) plane of the crystalline cubic spinel Fe304. From SAED image
(Fig. S2), the diffraction rings correspond well with (111), (220),
(311), (400), (422) and (511) planes of Fe304 [13]. Consequently, the
magnetic NPC nanorods with Fe304 nanoparticles uniformly
embedded into porous carbon matrix have been successfully
fabricated by adopting the facile Fe-MOFs derived methodology.
Fig. S3 shows the XRD pattern of Fe-MIL-88A and it agrees well
with previous reports [35,36]. The XRD patterns have been further
utilized to characterize the structural information of the magnetic
NPC nanorods (Fig. 2a). Sample F5, F6, and F7 were observed to
display six peaks at 30.06°, 35.4°, 43.02°, 53.14°, 57.86°, and 62.76°,
assigned to the (220), (311), (400), (422), (511) and (440) planes of
the face-centered cubic structure Fe3O4 (JCPDS No. 19-0629), in
good agreement with HRTEM analysis. Particularly, the diffraction
peak intensity becomes stronger with the increase of pyrolysis
temperature, implying the improved crystallinity of Fe304 particles.
No other diffraction peaks are present, suggesting a high purity for
the magnetic NPC nanorods. Up to 800°C, most of the Fe>* is
reduced to Fe along with small amount of Fe3C (JCPDS No. 35-0772).
Meanwhile, no diffraction peaks of carbon could be detected,
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Fig. 2. (a) XRD patterns, (b) Raman spectra, (c) nitrogen adsorption-desorption isotherms, (d) pore size distributions, (e) TG curves under air and (f) room temperature magnetic
hysteresis loops of the magnetic NPC nanorods obtained at different pyrolysis temperatures under N, flow. (A colour version of this figure can be viewed online.)

suggesting the porous carbon exists in an amorphous state. The
average grain sizes of sample F5, F6, F7, F8 are calculated to be 31.2,
49.0, 83.3 and 93.8 nm, respectively, by applying the Scherrer's
equation [16], in accordance with the SEM observations in Fig. 1.
In addition, the pyrolysis condition such as heating rate has a
great impact on the compositions of the resultant products. If we
increased the rate from 1 to 5 °C min and maintained at 500 °C with
the heating time unchanged, the XRD patterns of the magnetic NPC
nanorods display characteristic peaks assigned to FeO (Fig. S4),
which will weaken the magnetic loss ability of the composites. The
presence of FeO should be associated with the reaction of Fe>* and
carbon during the pyrolysis of MOFs, and a fast heating rate of 5°C
min~! could promote the reduction of Fe** to Fe’* by carbon.
Similarly, the diffraction peaks of CoO could be observed in the XRD
patterns of MOFs derived Co/C composites when adopting the
heating rate of 5°C min~! while high purity Co was obtained with a
low heating rate of 1 °C min~! [24]. The results show that a rational
pyrolysis condition has a good control over the compositions and
purity of the MOFs derived products. These results indicate that
pyrolyzing at 1°C min~! is a better condition to obtain high purity
Fe304/C composites. It is well-known that the graphitization has a
great impact on the EMW absorption ability, therefore, the Raman
analysis on the samples was carried out. Fig. 2b shows that all
samples exhibit two typical peaks at ca. 1330 cm~! (D band) and
1540 cm~! (G band). According to previous reports [38,39], D band
is related to the K-point phonons of A;; mode and it becomes active
with the presence of disorder graphite or nano-graphite crystals.
The G band results from the scattering of the Epg vibration mode,
corresponding to the vibration of sp? carbon dominant in graphene
nanosheets. Generally, the intensity ratio of the D band to the G
band (Ip/I¢) is calculated as an index to evaluate the graphitization
degree of carbon materials [40,41]. The Ip/I; value for F5, F6, and F7
is 0.92, 1.31, and 1.37, respectively. The increased Ip/I; value can be
well explained by Ferrari and Robertson's theory [38], according to
which the transformation of amorphous carbon to graphite could
be divided into two stages. The first stage is amorphous carbon to
nanocrystalline graphite and the second is nanocrystalline graphite

to graphite. The first one led to an increased Ip/I; value as the de-
fects in the nanocrystalline graphite would become active, while
the second stage tended to cause a decreased Ip/I; value owing to
the elimination of defects. Therefore, an enhanced Ip/I¢ value can be
seen with increasing the temperature from 500 to 700 °C, sug-
gesting the transformation of amorphous carbon to nanocrystalline
graphite. To further verify this explanation, we also calculated the
Ip/I value of the magnetic NPC nanorods pyrolyzed at 800°C. A
decreased Ip/I¢ value of 1.08 in Fig. 2b further confirms the exis-
tence of the second stage. On the other hand, from the TEM images
of F8 (Fig. S5), a noticeable lattice fringe of carbon outside of Fe
nanoparticles was detected. The formation of graphite carbon
should be mainly attributed to the catalysis effect of Fe during the
pyrolysis process. These results confirm the gradually enhanced
graphitization of the magnetic NPC nanorods accompanying with
increasing the temperatures. Previous studies have proved that the
graphitization degree has a noticeable effect on the permittivity
and absorbing properties of the EMW absorbers [10,31]. A rather
high graphitization degree will cause a largely enhanced permit-
tivity, resulting in the impedance mismatch. Thus, an appropriate
graphitization degree is a pre-requisite to obtain an excellent
absorber.

The porosity of F5, F6, F7 and F8 has been monitored by BET
analysis. As a result, all four samples present a characteristic IV-
type isotherm (Fig. 2c), indicating the existence of mesopores
with the dominant pore size of 19.8 nm (Fig. 2d) [42]. The BET
specific surface area (m? g~ ) is 148.1 m? g~ for F5,121.1 m? g~ for
F6, 1271 m%g ! for F7, and 86.6m?g " for F8, respectively. The
decreased specific surface area for F8 should be attributed to the
aggregation of particles and collapse of the structures, but the
values are still larger than the reported Fe304/C composites
including porous Fe304/C nanorods (45.2m?g~') [43], Fe304/C
nano-rings (64.27 m? g~ 1) [13], mesoporous C-encapsulated Fe30Oy4
(51.72 m? g~ 1) [44]. The large specific surface area and mesopores
will be of great importance to suppress the eddy current effect and
modify the permittivity of EMW absorbers [12]. To evaluate the
weight percentage of carbon and Fe3O4 in the magnetic NPC
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nanorods, the TGA measurements were carried out in air from
room temperature to 800 °C, displayed in Fig. 2e. As carbon can be
oxidized completely at 800 °C, the final product should be only
Fe,03. Then the content of carbon for sample F5, F6, F7 and F8 is
calculated by using Equations (1) and (2), respectively:

3 (1 _ Wt%curbon)

wt%
L 2MFe,0,

X MFeZO3 (1)

(1 — Wt%carbon)
2ME,

Wty % MFe,0, (2)

where wt%] is the weight percentage of left Fe;03, and M represents
the molecular weight of the corresponding chemicals. Then the
weight percentage of carbon for F5, F6, F7 and F8 is confirmed to be
27.1%, 25.3%, 15.7% and 17.0%. The weight percentage of Fe304 for
sample F5, F6, F7 is ca. 72.9%, 74.7%, 84.3% and the weight per-
centage of Fe for sample F8 is about 83.0%. Besides, it can be
observed that the carbon content decreases at a high pyrolysis
temperature of 700 and 800 °C and the reason can be ascribed to
the formation of Fe3C [31].

To characterize the magnetic properties of the samples, hys-
teresis loops of F5, F6, F7 and F8 were recorded using a vibrating
sample magnetometer. The M; value (emu g~!) is increased from
42.1 of F5 to 52.4 of F6 and 63.6 of F7, 115.2 of F8 (Fig. 2f). The in-
crements in M value are associated with the increased pyrolysis
temperature, which promotes the growth and improves the crys-
tallinity of Fe304 nanoparticles. However, the Mg value for F5, F6
and F7 is still much lower than the bulk Fe304 (92 emu g~ 1) [43],
attributing to the presence of non-magnetic carbon. The H. value
(Oe) of F5, F6, F7, F8 is 110.4, 195.0, 94.9 and 50.8, respectively
(Fig. 2f). According to previous reports, H. value owns a strong grain
size dependent effect [45,46]. The H. value increases to the
maximum at the critical size and then decreases. Herein, the critical
size of Fe304 (about 25 nm) is close to the grain size of F5 and F6
(shown in Fig. 1) [13], and much smaller than F7, F8, thus causing
such a difference of H. value.

The EMW absorption of an absorber is determined by the rela-
tive permittivity (er=¢ - je’) and relative permeability (u,=pu’ -
ju). Fig. 3 displays the changes of EM parameters for all samples
with frequency. As displayed in Fig. 3a—d, the ¢ value decreases
from 4.8 to 3.4 for F5, 8.9 to 5.1 for F6 and 13.7 to 9.6 for F7 and 17.5
to 14.1 for F8, respectively. As for ¢”, the resonance peaks (marked
by circles) have been recorded for all samples (Fig. 3a—d) The ¢ and
¢’ can be described by the Debye Equations [47]:

’ € — €0
=t t+—s 3
1+ w212 G)

" " "

e =eptec=(es— sm)wT/(l + w272) +0/weg (4)

in which &, refers to the relative permittivity at the high-frequency
limit, & is the static permittivity, 7 is the polarization relaxation
time, w (w = 27f) represents the angular frequency. According to
Equation (3), the ¢ is inversely proportional to frequency, thus
showing a decreasing tendency with the increase of frequency.
According to Equation (4), the ¢’ is determined by the polarization
loss (e;,) and conduction loss part (e.). The conduction loss part
should decrease as the frequency increases. However, the increased
¢’ can be observed in a specific frequency range, as shown in
Fig. 3a—d, indicating that the resonance peaks of ¢’ are mainly
caused by polarization loss. In order to further confirm the
dielectric loss mechanisms for the magnetic NPC nanorods, the
Debye theory is employed and the relationships between ¢ and ¢”

are illustrated as Equation (5) [47]:

o — (e + ew)/2P + () = [(es — e)/2 (5)

If ¢ and ¢ satisfy Equation (5), then the plot of ¢ versus &’
should present a semicircle which represents a Debye relaxation
process [47]. Figs. S6a—d shows that sample F5, F6, F7 and F8
present a straight line firstly, indicating that conduction loss makes
effect on dielectric loss [14]. Then several semicircles are observed,
indicating the existence of polarization loss [48]. Basically, the
polarization mechanisms can be further classified into interfacial
polarization, dipolar polarization, ionic polarization, and electron
polarization [48]. The ionic polarization and electron polarization
can be easily excluded easily because they usually occur in much
higher frequency region (10°—10° GHz [48]. Therefore, the polari-
zation mechanisms should be attributed to interfacial polarization
and dipolar polarization. Herein, the polarization behaviors should
be strongly associated with the special structure of the magnetic
NPC nanorods. The magnetic NPC nanorods possess multiple in-
terfaces of Fes304 (Fe)/carbon, carbon/epoxy resin. The space
charges tend to accumulate at the heterointerfaces and produce
dipole moments that lead to interfacial polarization [49,50]. On the
other hand, the defects existed on the amorphous carbon frame-
work are capable of functioning as polarization centers, generating
polarization relaxations [51,52]. Additionally, the observed ¢ and ¢”
values are enhanced with the increase of pyrolysis temperatures.
The improved graphitization degree of carbon with the increased
pyrolysis temperatures (Fig. 2b) leads to a higher conductivity that
contributes to enhanced permittivity on the basis of free electron
theory. e = ﬁ [52].

Fig. 3e—h suggests that F8 owns the largest u’ values of all
samples attributing to the strongest magnetism (Fig. 2g). With re-
gard to the imaginary part u”, all samples display similar values
with the presence of several resonance peaks. As for the mecha-
nisms of magnetic loss, natural resonance, exchange resonance,
hysteresis loss and eddy current effect are widely accepted as the
main causes [31]. Normally, the hysteresis loss often occurred in the
weak field can be excluded [53]. The Cp value representing the eddy
current loss can be calculated by Equation (6) [54]:

"

Co=w'(w) 7" = 2mpod?o (6)
where ug is the permeability of vacuum, ¢ is the electric conduc-
tivity and d is the thickness of absorbers. Cy should remain un-
changed versus frequency if magnetic loss only arises from eddy
current loss. Fig. S7 shows that the Cy values of all four samples vary
with frequency, indicating the magnetic loss should dominantly
derive from natural resonance and exchange resonance. Aharoni
put forward the theory that exchange resonance existed in the
nanometer sized particles and Toneguzzo et al. concluded that the
exchange resonance occurred at a higher frequency range than
natural resonance [55,56]. Therefore, the resonance peaks in
Fig. 3e—h between 2 and 6 GHz are attributed to natural resonance
and the multi-resonance peaks in the frequency range of
10—18 GHz are ascribed to exchange resonance.

On the basis of the measured ¢ and u;, the RL values of the
magnetic NPC nanorods are given using the transmission line
theory [64]:

Zin = Zo(pr/er)'/? tanh{j(znfd/c)(urer)l/z} )

RL = 20 log|(ziy — 20)/(Zin + 20)| (8)

in which Zj is the input impedance of free space, Z;, represents the
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Fig. 3. Frequency dependence of complex permittivity for sample (a) F5, (b)
(h) F8. (A colour version of this figure can be viewed online.)

input impedance of the absorber, f is the frequency, c is the light
velocity, and d is the thickness of the magnetic NPC nanorods. Fig. 4
3, ¢, e, g shows the three-dimensional representation of RL values
plotted against frequency in the thickness ranges of 1.0—5.0 mm for
the magnetic NPC nanorods. Of all four samples, F5 shows the
weakest EMW absorption intensity of only —7.9dBat 10.68 GHz
corresponding to a thickness of 3.65 mm (Fig. 4a). When the py-
rolysis temperature is up to 600 and 700 °C, the optimal RL of F6
and F7 is —52.9dBat 11.68 GHz with the thickness of 3.07 mm
and —45.41 dB at 15.44 GHz corresponding a thickness of 1.58 mm

F6, (c) F7 and (d) F8; frequency dependence of complex permeability for sample (e) F5, (f) F6,
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(Fig. 4c and e) and the effective absorption bandwidth
(RL< —10dB) can reach 4.64 GHz (9.44—14.08 GHz, Fig. 4d) for F6
and 3.12 GHz (14.48—17.6 GHz, Fig. 4f) for F7, respectively. With a
thickness of 3.5 mm, the f, of sample F6 covers the whole X band
(8—12 GHz), which is of great significance for the design of radars.
Wide absorption frequency ranges from 5.04 to 18.0 GHz for F6 and
3.92—18.0 GHz for F7 with RL<—-10dB can be obtained. When it
comes to sample F8, the largely enhanced permittivity brings about
a rather low RL of only —20.2 dB at 16.48 GHz (Fig. 4g). The more
remarkable EMW absorption of F6 and F7 compared with F5 should
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can be viewed online.)

be attributed to the improved magnetic loss arising from the
enhanced crystallinity of Fe;04 nanoparticles and dielectric loss
from increased graphitization degree of carbon. Nevertheless, too
large permittivity of F8 leads to the mismatch between ¢ and u;,
resulting in a weak absorption. Compared with previously reported

Fe304 based absorbers (Table 1), sample F6 and F7 also exhibit
significantly enhanced EMW absorption at a low filling ratio. In
contrast to those of MOFs-derived Co/C and Fe/C composites
[30,31], the sample F6 displays much stronger absorption (—52.9 dB
to —35.3dB of Co/C, —22.6dB of Fe/C) and broader bandwidth
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Table 1

EMW absorption properties of previously reported pure Fe;04, Fe304/C composites and this work.
Sample Filling ratio Optimal RL (dB) Optimal Bandwidth Ref

Thickness (mm) Thickness(mm)
RL< —10 dB(GHz)

Fe304 nanoparticles 60 wt% -21.2 6.0 2.0 3.6 (14.4—-18.0) [57]
Fe304 nanocrystals 30vol% -21.1 5.0 2.0 — [58]
Fe304/C nanospindles 60 wt% -36.5 5.0 2.0 2.3(10.5-12.8) [59]
porous Fe304 flower-like nanostructures 50 wt% -28.3 2.0 2.0 3.8(11.7-15.5) [60]
core-shell Fe304/C composites 50 wt% -36.5 5.0 2.0 3.7 (11.8—15.5) [61]
Fe304/carbon core/shell nanorods 55 wt% -279 2.0 2.0 5.0 (13.0-18.0) [43]
Fe304/C nanotubes 66.7 wt% -22.6 1.7 2.0 4.8 (11.4-16.2) [62]
RGO- Fe304 composites 40 wt% —-26.4 4.0 2.0 2.8 (10.4-13.2) [34]
MWCNT/Fe304 hybrid materials 70 wt% —18.2 2.0 2.0 - [63]
F6 in this work 40 wt% —529 3.07 3.07 4.64 (9.44-14.68) This
F7 in this work 40 wt% —454 1.58 1.58 3.12 (14.48-17.6) This

(4.64 GHz—4.2 GHz of Co/C, 3.0 GHz of Fe/C at the same thickness of
3.0 mm). These results indicate the magnetic NPC nanorods pyro-
lyzed at 600 °C present to be very promising as the EMW absorber.

It becomes obvious in Fig. 4e—h that the absorption peaks
shifted toward high frequency range as the thickness decreases
from 5.0 to 1.0 mm. Such a shift can be explained by using the
quarter wavelength model [54]:

tm = /4 = nc / (4fm/ I ller] ) 9)

inwhichn=1,3,5, ..., cis the light velocity, t,, and f, represent the
predicted thickness and matching frequency of the optimal RL
peaks, respectively. Fig. 5a’-d’ shows the dependent curves of t;; on
fm for three samples at a wavelength of 4/4, in which blue open stars
denote the matching thickness directly obtained from the 2D RL
curves in Fig. 5a—d. All the blue stars are observed to locate around
the ty; =\/4 curve, indicating excellent EMW absorption perfor-
mances of the magnetic NPC nanorods in accordance with the
quarter-wavelength cancellation (interface cancellation) model.
When the absorbers satisfy the quarter-wavelength model, the EM
waves reflected from air-absorber interfaces and absorber-metal
surfaces are out of phase by 180°, leading to a disappearance of
each other on the air-absorber surfaces [40,54]. However, the
interface cancellation is restricted by thickness and frequency and
an optimal RL peak can be obtained at a specific frequency. Thus,
more investigations of the contributions to the enhanced EMW
absorption should be conducted.

Dielectric tangent loss ((tand; = ¢’ /¢')) and magnetic tangent
loss ((tandy = u'/w')) are calculated to reflect the attenuation
mechanisms of the samples. The observed lowest tan ég and tan dy,
of F5 indicate the weakest magnetic and dielectric loss ability of all
samples (Fig. 6a). Upon increasing the pyrolysis temperature, an
enhanced dielectric loss ability is recorded (Fig. 6b, c, d). The larger
tan g value than tan dy; over the whole frequency range for F6, F7,
F8 suggests that the dielectric loss is the dominant contribution to
EMW absorption for the magnetic NPC nanorods. To evaluate the
EMW attenuation ability of the samples, the attenuation constant
(o) was evaluated by the attenuation value, expressed by Equation
(10) [54]:

V2 0o " v
a="= f\/(u ¢ —we) (W — e+ (e

(10)

The sample F5 possesses the smallest o value, indicating the
weakest attenuation capacity (Fig. 6e). A similar o value of F6, F7
and F8 suggests a strong attenuation ability, in accordance with the
results in Fig. 4. Apart from the magnetic loss and dielectric loss

ability, impedance matching between the incident EMW and free
space (|Zin/Zp|) has been considered as another crucial factor in
determining the EMW absorption performances. Fig. 6f exhibits the
curves of |Z;,/Zp| values versus frequency from 1.0 to 18.0 GHz at the
same thickness of 3.0 mm for all samples. As a result, low ¢ and u,
values of F5 result in larger |Z;,/Zp| value than 1.0 while |Z;/Zp| value
remaining at 1 indicates perfect impedance matching. F6 possesses
a proper |Zin/Zp| range around 1.0 from 8 to 14 GHz, while F7 owns a
|Zin/Zo| value close to 1.0 from 7.0 to 10.0 GHz. Furthermore, large
permittivity value of F8 endows it with a smaller |Z;,/Zy| value than
1.0. F7 can still maintain a strong absorbing ability, but the band-
width is not as broad as F6, owing to a lower impedance matching
level than F6. The extremely low ¢’ of F5 results in the weakest
dielectric loss capacity and the worst impedance matching level
amongst the studied samples. In case of F8, a good attenuation can
be achieved, whereas the quite large ¢ and ¢’ makes it possess a
poor impedance matching. Overall, thanks to the strong attenua-
tion ability and best impedance matching level, F6 shows the most
distinctive EMW absorption performances.

Compared with the reported Fe3s04 based absorbers, the
enhanced absorbing capability of the Fe-MOFs derived magnetic
NPC nanorods can be summarized into two folds. On one hand, the
magnetic NPC nanorods can fully utilize the synergistic effect of
dielectric loss deriving from carbon and strong magnetic loss from
magnetic components, giving rise to strong EMW attenuation
ability and excellent impedance matching. On the other hand, the
porous structure can effectively regulate the effective permittivity
(¢eff) and thus improve the impedance matching based on the
Maxwell-Garnett (MG) theory [12]:

(e2 +2e1) + 2p(e — 1)
(&2 +2¢1) — plex — 1)

MG _
Eoff = €1

(11)

where ¢; and ¢, are the permittivity in the solid and gas state,
respectively. P represents the volume fraction of gas state in the
porous materials. With enhancing the pore volume, the permit-
tivity of the composites can be tuned to an extent. In addition, the
porous structure can contribute to enhanced EM wave attenuation
capability by inducing polarization relaxations [12,65]. In summary,
the facilely prepared magnetic NPC nanorods derived from iron
based MOFs possess significant potential as superior and light
weight absorber.

4. Conclusions

In summary, a series of rod-shape composites were synthesized
with Fe-containing magnetic nanoparticles uniformly embedded
into porous carbon through pyrolysis of iron-based MOFs. The
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morphology, compositions and graphitization of the magnetic NPC
nanorods can be tuned by adjusting the pyrolysis temperatures. The
graphitization degree can impact the permittivity level signifi-
cantly. Too low graphitization at 500 °C caused a low permittivity
while the formation of graphite carbon at 800°C resulted in a
largely increased permittivity, which could hardly satisfy an ideal
absorber. The magnetic NPC nanorods pyrolyzed at 600 and 700 °C
presented the most remarkable EMW absorption property with the
minimum RL of —52.9dB and —45.4dB located at a thickness of
3.07 and 1.58 mm, and the effective bandwidth reached as large as
4.64 GHz for F6 and 3.12 GHz for F7. The complementary effects
between multiple components, conduction loss, interface cancel-
lation and highly porous structures contributed synergistically to
the enhanced EMW absorption compared with previously reported
Fe304 based absorbers, and MOFs-derived magnetic metals/carbon
composites, which significantly improved the impedance match-
ing. We believe those findings are shedding the light on elucidating
the complex of materials properties towards the EMW absorption
applications. Meanwhile, we believe this study will open the door
for the applications of the MOFs-derived carbon/Fe304 composites
in various other fields such as batteries and supercapacitors. In
comparison with the heavy metals [66—72] and ceramics [73—77],
and the less thermally stable polymers and their nanocomposites
[78—81], the obtained magnetic carbon nanocomposites have other
potential applications including polluted water treatments
[82—85], energy storage/conversion [86,87], and multifunctional
nanocomposites [88—91].
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