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role of calcining temperaturefy
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The composites of metal Co embedded in porous and N-doped graphitized carbon matrix (Co@pNGC)

have been successfully synthesized by thermal decomposition of the bimetallic zeolitic imidazolate

frameworks (bi-ZIFs) at different temperatures. The experimental results show that the calcination

temperature played a decisive role on the graphitization, specific surface area, pore structure and

electromagnetic wave (EM) absorption properties of Co@pNGC. The composites, Co@pNGC-600 and
Co@pNGC-700 obtained at 600 °C and 700 °C, respectively, exhibit an outstanding EM wave absorption
performance, which attributes to the synergistic effects of dielectric and magnetic loss, porous structure

and multicomponent interfaces. Specifically, the optimal reflection loss of Co@pNGC-600 is —50.7 dB at
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11.3 GHz and the widest effective absorption bandwidth (<—10 dB) could reach upto 5.5 GHz (12.3—

17.8 GHz). The minimum thickness corresponding to the effective absorption is only 1.2 mm for
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1. Introduction

With the wide application of radio technology and electronic
devices, electromagnetic wave radiation has triggered a new
pollution in modern society. In everyday life, radiation will not
only interfere with the normal operation of the electronic
equipment but also produce a great threat to the ecological
environment and human health."” Furthermore, in the military
environment, the radar detection technology causes a serious
threat to the abilities of survivability and penetration of military
targets. The application of EM absorption materials is a wise
and effective method to avoid the acquisition of radar and
achieve a stealth mode.>* Consequently, it is urgent to handle
these problems by fabricating a novel and effective electro-
magnetic wave absorbent.?

It is well-known that excellent absorbing materials must
meet two conditions, which are impedance matching and
attenuation characteristics.® Dielectric loss and magnetic loss
are two dominating loss mechanisms for the attenuation of the
incident electromagnetic wave. Carbon-based materials such as
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Co@pNGC-700. Hence, these obtained porous carbon composites are promising microwave absorbing
materials due to their lightweight, thin thickness, low filling, broad bandwidth, and strong absorption.

carbon-fibers,”® carbon nanotubes®'® and graphene** have an
excellent electrical conductivity but poor impedance match due
to their single dielectric loss. Generally, preparation of carbon-
based composites by incorporating magnetic constituents is
widely recognized as an effective approach to reduce the
magnetic loss and microwave absorption performance. For
example, Xu et al.*® successfully prepared Fe;0,@C composites
through in situ polymerization of phenolic resin on the Fe;0,
surface and then subjecting it to high temperature calcination.
They studied the effects of different thicknesses of this core-
shell complex on the absorbing property by adjusting the
proportion of different components and obtained a strong
absorbing performance at high frequencies. Chakrabarti et al.**
fabricated GaFeO; nanoparticles encapsulated in multi-walled
carbon nanotubes by a sol-gel method and found that the
reflection loss was up to —25 dB with 10% of MW-CNTs in wax.
However, these composites require two components to be
compounded together by two steps, making the experimental
process cumbersome and difficult to control.

In addition, an extensive attention has been paid to the
porous materials in various fields such as catalysts," and oil
absorption material.’® In particular, for the EM absorbing
materials, the porous structure is not only conducive to the
dissipation of the electromagnetic wave but also suitable for the
abovementioned applications because of its light weight. Liu
et al'” synthesized porous nickel/carbon microspheres by
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combining solvothermal method with carbon reduction, and
the reflection loss of the composite could reach up to —28.4 dB
when the coating thickness was 1.8 mm and the filler loading
was 75%. Porous flower-like NiO composites have been
prepared by Kong et al.*®* The minimum reflection loss (RL)
value could reach —65.1 dB at 13.9 GHz, while an efficient
bandwidth of 3 GHz was obtained. Although these materials
possess a good microwave performance, the fact that the filler
loading is too high or the absorption frequency bandwidth is
narrow limits their practical application to some extent.

Compared with other metal-organic framework materials,
zeolite imidazolate frameworks (ZIFs) have been regarded as an
ideal template to acquire carbon material with a high porosity
and specific surface area, well-defined morphology, and an
excellent chemical stability.'*® For the EM absorbing materials,
their most interesting characteristic is that the organic material
can be converted into the target porous carbon state and the
metal ions are reduced in situ to metal, which effectively avoids
the combination of the dielectric materials and the magnetic
materials as in other chemical processes. According to the
literatures,*** porous carbon derived from ZIF-8 ([Zn(MeIM),])
(MeIM = 2-methylimidazole) owns a relatively high N content
and surface area, but carbon is in an amorphous state.
Conversely, porous carbon originated from ZIF-67
([Co(MeIM),]) crystals has highly graphitic carbon, which is
caused by the catalytic effect of Co species in the carbon matrix.
However, the surface area and N content are relatively low.
Moreover, the co-existence of Zn>' and Co”*' exhibits other
advantages during the calcination process: (1) the appropriate
proportion of Zn and Co species could promote the formation of
carbon nanotubes on the surface; (2) the agglomeration of Co
nanoparticles could be effectively inhibited owing to the exis-
tence of Zn species; (3) Zn evaporation could leave a large
number of pores and increase the specific surface area.” It is
well established that N-doped graphitized carbon and the
porous structure can vastly enhance the dielectric loss and
facilitate the EM absorption performance.>***

Herein, to integrate the advantages of two types of the carbon
matrix, derived from ZIF-8 and ZIF-67, we fabricated bi-ZIFs and
then calcined it at different high temperatures to gain the
complexes of metal Co embedded in porous and N-doped
graphitized carbon matrix (Co@pNGC). The preparation of
these porous composites is easy and suitable for mass produc-
tion. The structure and properties of the composites obtained at
different thermal decomposition temperatures were explored by
many characterization techniques and the mechanism of elec-
tromagnetic wave absorption was also elaborated systemati-
cally. There is no denying that such hybrids have a promising
application in EM absorbing materials.

2. Materials and methods

2.1 Experimental chemicals

Cobalt nitrate hexahydrate (Co(NOj3),-6H,0, 99%), zinc nitrate
hexahydrate (Zn(NOj3),-6H,0, 99%), 2-methylimidazole (MeIM,
99%), and methanol (99.9%) were purchased from Sinopharm
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Chemical Reagent Co. Ltd. All reagents were used without
further purification.

2.2 Synthesis of the bi-ZIFs precursors and Co@pNGC
composites

Typically, 2.36 g Zn(NOj3),-6H,0 and 4.72 g Co(NOj3),-6H,0
were dissolved in 240 mL of methanol by sonication for 10 min.
Then, 100 mL methanol solution containing 2-methylimidazole
(7.88 g) was added to the above mixture under vigorous stirring
for 5 min. Subsequently, the violet solution was obtained and
placed in an electric oven at 30 °C for 20 h. Finally, the bi-ZIFs
precursors were separated by centrifugation, washed thor-
oughly with methanol for four times, and dried overnight at
80 °C. The as-prepared bi-ZIFs precursors were placed in
a combustion boat and heated at the rate of 1 °C min~" and
maintained at 600-800 °C for 3 h under a pure N, atmosphere.
The products were denoted as Co@pNGC-600, Co@pNGC-700,
and Co@pNGC-800 based on the calcination temperatures.

2.3 Characterizations of samples

Powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Germany Bruker D8-Advanced diffractometer
equipped with Cu Ko radiation (A = 1.5418 A). The morphol-
ogies and sizes of the samples were observed by transmission
electron microscopy (TEM, Philips Tecnai 12) and field emis-
sion scanning electron microscopy (FE-SEM, Hitachi S-4800).
Quantitative analysis of the elements and the elemental
mappings in the samples were recorded using an energy-
dispersive X-ray spectrometer (EDX) attached to the SEM.
Furthermore, the specific surface area and pore size were
calculated by the Brunauer-Emmett-Teller (BET) model and
Barrett-Joyner-Halenda (BJH) method, respectively. Raman
microscopy (Horiba Aramis) was used to characterize the degree
of graphitization. The I/I; ratio of each sample was estimated
by measuring the average D/G ratio intensity from three
different locations on each sample. Magnetic measurements
were conducted with a vibrating sample magnetometer
(VSM, Lakeshore-735). Electromagnetic parameters including
the complex permittivity (e, = ¢ — je¢’) and the permeability
(ur = ¢ — ju") of the composites were measured by an
Agilent N5244A vector network analyzer in the frequency range
of 2-18 GHz to evaluate the electromagnetic absorption. The
toroidal-shaped samples with an inner diameter of 3.04 mm
and an outer diameter of 7 mm for electromagnetic wave
absorption measurement were prepared by mixing paraffin wax
with 20 wt% products.

3. Results and discussion

Fig. 1a and b display the XRD and EDX patterns of the bi-ZIFs
precursors. As shown in the XRD pattern in Fig. 1a, the posi-
tions of diffraction peaks of the as-synthesized bi-ZIFs precur-
sors are similar to those in the patterns simulated for a single
crystal of ZIF-8 and ZIF-67. Because ZIF-8 and ZIF-67 are iso-
structural, we speculated that the bi-ZIFs crystals were
successfully synthesized.” To verify the constituents, EDX
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Fig. 1 (a) XRD patterns of the simulated ZIF-8, ZIF-67, and the as-
synthesized bi-ZIFs precursors, (b) EDX results, (c) SEM image of the bi-
ZIFs precursors, and (d) TEM image of an individual bi-ZIFs nanocrystal.

spectra (Fig. 1b) were collected during SEM imaging. It confirms
the co-existence of zinc and cobalt species in the precursors and
the atom content ratio of Zn and Co is nearly 1 : 2. Moreover,
the obtained bi-ZIFs precursors have rhombic dodecahedral
shapes with a diameter of about 500 nm as observed in SEM and
TEM images in Fig. 1c and d.

During the thermolysis process, the metal-organic skeleton
can be converted into carbon; moreover, the co-existed Zn*" and
Co®" are thermally reduced correspondingly to Zn and Co
nanoparticles. A typical powder X-ray diffraction was employed
to inquire the phase of the samples obtained at different
calcination temperatures. The characteristic peaks at about
44.2°,51.5° and 75.9° observed from Fig. 2a belongs to the (111),
(200), and (220) planes, respectively, which can be typically
assigned to the cubic phase Co (JCPDS no. 15-0806). According
to the Scherrer formula,* the average sizes of the metal Co
nanoparticles are estimated to be 12, 15, and 22 nm for
Co@pNGC-600, Co@pNGC-700, and Co@pNGC-800, respec-
tively. In addition, a weak and broad peak at about 25° is
observed (Fig. 2b), which could be attributed to the diffraction
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Fig. 2 (a) XRD patterns and (b) local fitting curves of Co@pNGC-600,

Co@pNGC-700, and Co@pNGC-800.
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of amorphous carbon. In particular, this characteristic peak is
increasingly protruding and shifts towards 26° with the rising of
the carbonated temperatures, suggesting the formation of
graphitic carbon in these composites. This phenomenon could
be explained by two reasons: (1) a moderate amount of metal Co
acts as a catalyst, promoting amorphous carbon to graphitized
carbon®*** and (2) elevated temperature is conducive to the
graphitization formation process. It must be pointed out that it
is hard to find any characteristic peak associated with Zn
species in the XRD diagrams. On one hand, the content of Zn in
the precursor is much lower than that of Co and C species. On
the other hand, a large amount of Zn species evaporated during
the thermal decomposition process. In particular, Zn species
evaporate at 600 °C because the boiling point of nano-size Zn
species in the carbon matrix should be much lower than that of
metallic Zn (908 °C) according to the Tammann temperature
rule.”””® Complete details of these explanations will be provided
in the following paragraphs.

The morphologies obtained from SEM and TEM of the
samples after high-temperature calcination are shown in Fig. 3.
The composites maintain the uniform rhombic dodecahedral
shape with the diameter of about 400 nm when the calcination
temperature is lower than 700 °C. However, the metal-organic
skeleton structure of the composites collapse drastically when
the temperature reaches 800 °C. Interestingly, we can clearly
observe that numerous carbon nanotubes grow on the rough
surface of the composites and even cross-link to become
a network after heating treatment. From Fig. 3d, we could
estimate that the diameter of the carbon nanotubes is about
14 nm. With the rise in temperature, a larger number of carbon
nanotubes with a high aspect ratio are formed. The elevated
temperature facilitates the generation of carbon nanotubes
under the action of the moderate content of cobalt catalyst,
which is also supported by the results of XRD. Moreover, many
black dots with the size of ~15 nm that are well scattered in the
carbon matrices can be clearly noticed. In order to deeply
investigate the elemental information, EDX elemental
mappings were recorded and the results are shown in Fig. 3c. In
addition to the presence of C, Co and N, the presence of Zn
element is also detected in the composite due to its incomplete
evaporation at 600 °C. All of three samples contain a certain
amount of N and Zn elements and their contents in the carbon
matrix gradually decrease with the increasing of thermal
decomposition temperature (Fig. S1 in the ESI).

To gain more insights into the effects of temperature on the
specific surface area and the porous structure of the compos-
ites, Brunauer-Emmett-Teller (BET) experiment was conducted
and the results are summarized in Table 1. The nitrogen
adsorption and desorption isotherms could be assigned to type
IV curve with a hysteresis loop at the relative pressure in the
range of 0.4-0.95, implying the existence of abundant meso-
pores in three Co@pNGC composites (Fig. S2 in the ESIT).*
Apparently, Co@pNGC-700 has a higher BET surface area of
326.5 m? ¢! and a larger pore volume of 0.24 cm® g ' than
those of Co@pNGC-600 (243.8 m*> g~', 0.18 cm® ¢ ') and
Co@pNGC-800 (232.0 m*> g%, 0.07 cm® g™ '). These changes are
mainly affected by two aspects. One is the increase in

This journal is © The Royal Society of Chemistry 2017
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Fig. 3

Table 1 Results of specific surface area, pore volume and average
pore diameter for Co@pNGC-600, Co@pNGC-700, and Co@pNGC-
800

SBET SLangmuir Vp()re Average Pore
Samples m?>g™) (m*g") (em’g ') diameter (nm)
Co@pNGC-600 243.8 478.9 0.18 4.1
Co@pNGC-700 326.5 623.6 0.24 4.3
Co@pNGC-800 232.0 447.7 0.07 7.3

evaporation of Zn with the increase in temperature, generating
abundant mesopores in the carbon materials.”® Another is the
particle agglomeration and the collapse of the skeleton at the
elevated temperatures.

In general, the enhanced graphitization degree of the carbon
phase in the composite can improve the electronic conductivity
and the corrosion resistance, which have a great significance for
the EM wave absorbing materials. Raman spectroscopy was also
employed to further demonstrate that the carbon matrix
produced by the thermolysis of the organo-metallic skeleton
partially converts to graphitized carbon. As shown in Fig. 4, all
of the samples exhibit two clear broad peaks. The D band
located at 1360 cm ™' (corresponding to the A;, mode) usually
relates to the disorder in sp>-hybridized C atoms or amorphous
C, whereas the G band at 1580 cm ™ (corresponding to the Ey,
mode) relates to sp” in the same plane.*®®* Thus, the relative
intensity ratio between the D and G bands (I/Ig) could be used
to assess the degree of carbonization of the samples and a lower
ratio represents a higher graphitic degree.*” The values of Ip/I

This journal is © The Royal Society of Chemistry 2017

100 nm
a A\

(a;—az) SEM, (b;—bs) TEM images of Co@pNGC-600, Co@pNGC-700, Co@pNGC-800, respectively. (c) EDX elemental mappings of
Co@pNGC-600 and (d) High-magnification TEM of Carbon nanotubes.

for Co@pNGC-600, Co@pNGC-700 and Co@pNGC-800 were
calculated to be 0.98, 0.88 and 0.65, respectively, indicating that
the elevated calcination temperature causes the enhancement
of graphitized carbon in the composites. As a result, we
successfully embedded magnetic nanoparticles into the carbon
matrix using sacrificing template method.

Fig. 5 shows magnetic hysteresis loops of Co@pNGC-600,
Co@pNGC-700, and Co@pNGC-800 to evaluate the static
magnetic properties. The values of saturation magnetization

G band

Co@pNGC-800

Co@pNGC-700

Intensity (a.u.)

Co@pNGC-600f

1400 1600 1800

Raman shift (cm'1)

1200

Fig. 4 Raman spectra of Co@pNGC-600, Co@pNGC-700, and
Co@pNGC-800.
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Fig. 5 Magnetic properties of Co@pNGC-600, Co@pNGC-700, and
Co@pNGC-800. The inset shows the corresponding magnified
hysteresis loops at low applied magnetic.

(My), coercivity (H.) and remnant magnetization (M,) are
summarized in Table S1 (in the ESIf). The M, values of these
samples are only 20, 33.5, and 35 emu g~ ', respectively. All of
the samples show a ferromagnetic behavior and the M, values
are relatively low because many carbon species in the complexes
and the metal Co nanoparticles are embedded in the carbon
matrix with very small nanoparticles. It is apparently seen that
the values of M, H., and M, of three samples are affected by the
calcination temperature. We have noticed that the saturation
magnetization increases slightly with elevating calcination
temperature, which is principally caused by the enhancement of
the sample crystallinity and a larger size of Co nanoparticles
(Fig. 2). However, the coercivity and remnant magnetization of
the Co@pNGC composites first increase and then decrease with
the increase in treatment temperature.*-*

The parameters (complex permittivity ¢, = ¢ — j¢’ and
complex permeability u, = u’ — ju”) were investigated by mixing
20% of the samples with paraffin. In general, the real parts (i.e.
¢ and u') represent the ability of the materials to store electro-
magnetic wave energy, while the imaginary parts (i.e. ¢’ and u”)
symbolize the ability to consume electromagnetic wave
energy.***” From Fig. 6a, it could be found that the values of ¢
and ¢’ increase gradually as the calcination temperature
increases from 600 to 800 °C. In particular, when the temper-
ature reaches 800 °C, the values of ¢ and ¢” at 2 GHz are 29.35
and 24.2, respectively, which are much higher than those of the
samples prepared at 600 °C and 700 °C. According to the free
electron theory, ¢’ = 1/(27pfe,), where p is the electric resistivity,
fis the frequency of the microwave, and ¢, is the permittivity of
vacuum, it can be deduced that the high complex permittivity is
closely connected to the high electrical conductivity.®® More-
over, besides the good conductive network formed by the larger
number of carbon nanotubes (Fig. 3), better crystallinity of Co
nanoparticles produced (Fig. 2) in the carbon matrix is also
beneficial to improve the complex permittivity of the samples.
From the above analysis, we can infer that Co@pNGC-800 has
stronger capabilities for storing and losing the electromagnetic
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Fig. 6 Frequency dependence of electromagnetic parameters of
Co@pNGC-600, Co@pNGC-700, and Co@pNGC-800. (a) The real
part (¢') and the imaginary part (¢”) of the complex permittivity, (b) the
real part (¢') and the imaginary part (u”) of the complex permeability,
and (c—e) dielectric loss (tan 6g) and magnetic loss (tan o).

energy compared with those of Co@pNGC-600 and Co@pNGC-
700. However, too high complex permittivity might cause the
reflection of the incident electromagnetic wave on the material
surface rather than the absorption.*® Therefore, an optimal
permittivity is beneficial to promote the absorption of the
electromagnetic wave.

As shown in Fig. 6b, all the three samples exhibit low u’ and "
values owing to their relatively low magnetic properties. Inter-
estingly, the ' and y” values of CoO@pNGC-800 are slightly higher
at low frequency and then sharply decrease with the increase of
frequency and far below that of Co@pNGC-600 and Co@pNGC-
700. As concluded in the preceding analysis of SEM, TEM, and
BET, the organic skeleton drastically collapses and the porosity
decreases when the calcination temperature reaches 800 °C,
which could be used to explain the abovementioned phenom-
enon. In addition to adjusting the permittivity of the composites,
the porous skeleton structure can also effectively suppress the
eddy current loss of the metal Co and maintain a stable magnetic
permeability at high frequency.*

The dielectric loss tangent (tan o = ¢”/¢') and the magnetic
loss tangent (tan dy = u”/u’) are usually applied to describe the
dielectric and magnetic loss of the EM wave absorbing mate-
rials. A larger value indicates a better electromagnetic wave loss
capability.*® As shown in Fig. 6¢ and d, there are multiple peaks
at ~6 GHz, 11.5 GHz and 15 GHz in three samples, suggesting
the existence of multiple resonance behaviors. In general, for
dielectric loss, the resonance behaviors indicate that the
composites possess a high conductivity, skin effect, electron
polarization and space charge polarization in the electromag-
netic field radiation.** Similarly, resonance behaviors are

This journal is © The Royal Society of Chemistry 2017
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derived from natural resonance at low frequency and exchange
resonance at high frequency for magnetic loss.*” In this study,
the enhanced dielectric loss is chiefly attributed to the
conductive CNTs networks that are generated in the composites
as the temperature increases. Apparently, the values of dielec-
tric loss are much higher than the magnetic loss for the three
samples, so the dominant absorption mechanism of these
composites is originated from dielectric loss.

It must also be mentioned that the values of u” are negative at
8-18 GHz and similar phenomena were found in a few earlier
studies for various composites.*** In general, u” with a positive
value represents the incident electromagnetic energy absorbed by
the wave absorber, while the negative value is considered to be the
magnetic energy radiating out of the composite. From Fig. 6¢c and
d, it is clear that the maximum value of tan g and the minimum
value of tan ¢, appear at the same frequency range. The magnetic
behavior affected by the strong dielectric behavior could be
accounted for this coupling phenomenon between the dielectric
loss and permeability loss. As a result, a part of the magnetic field
could be converted into an electric field energy and released,
leading to a large increase in ¢’ and the negative u”.**

To further explore the mechanism of the electromagnetic
wave attenuation in the materials, we analyzed the electro-
magnetic parameters systematically. In general, the dielectric
phenomenon of an electromagnetic wave absorbing materials
can be explained by a polarization relaxation process. According
to the Debye polarization theory, ¢’ and ¢” can be expressed as

follows:"”
;& T € ? "2 & — € ?
o) ey = (B 0

where ¢, ¢, f and 7 are the static dielectric constant, relative
dielectric constant at the high-frequency limit, frequency and
polarization relaxation time, respectively. Interestingly, the
semicircle following the plot of ¢’ versus ¢” is typically called as
the Cole-Cole semicircle and each semicircle is equivalent to
a Debye relaxation process.”” Fig. 7a—c display the ¢ versus ¢’
curves of Co@pNGC-600, Co@pNGC-700, and Co@pNGC-800.
For Co@pNGC-600 and Co@pNGC-700, three or four over-
lapped Cole-Cole semicircles can be clearly observed, which
indicates that the porous structure endows multiple dielectric
polarization relaxation to promote the electromagnetic wave
attenuation. However, these Cole-Cole semicircles are dis-
torted, implying the existence of electron polarization, dipole
polarization, and Maxwell-Wagner interface polarization.*® In
these composites, there are many interfaces, such as Co/Co and
Co/C and even the presence of minute amount of residual Zn
species would also provide some Zn/Co, Zn/Zn and Zn/C inter-
faces. The multi-interface polarization generated at these
interfaces is significant for enhancing the dielectric loss. Only
one Cole-Cole semicircle can be drawn from the & versus ¢’
curve for Co@pNGC-800, which could be caused by the collapse
of the organic skeleton and the aggregation of Co or the evap-
oration of Zn nanoparticles.

On the basis of electromagnetic parameters, we simulated
the reflection loss of the samples to assess the electromagnetic

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Typical Cole-Cole semicircles (a—c) for the samples of
Co@pNGC-600, Co@pNGC-700, and Co@pNGC-800, respectively,
in the frequency range of 2-18 GHz.

wave absorption performance of the composites by using the
following absorption theoretical formula:*

Zin - ZO

(2)

In the above equation, Z;, is the normalized input imped-
ance of the absorber and Z, is the impedance of free space. The
goal of 90% electromagnetic wave absorption can be achieved
when the reflection loss RL is less than —10 dB.*° Fig. 8 displays
the RL curves and the corresponding two-dimensional contours
of Co@pNGC-600, Co@pNGC-700, and Co@pNGC-800 at
a given frequency (f) and an absorber thickness (d). For
Co@pNGC-600, the minimum reflection loss (RLyn) is —50.7
dB at 11.3 GHz with a thickness of 2.5 mm. Essentially, the
widest effective absorption bandwidth (<—10 dB) (fi.) can reach
5.5 GHz (12.3-17.8 GHz), corresponding to a thickness of
2.0 mm. As shown in Fig. 8b,, the yellow area in the two-
dimensional contour map is considered as the effective
absorption area. The composite of Co@pNGC-600 can achieve
an effective absorption at 3.0-17.8 GHz by adjusting the coating
thickness in the range of 2.0-5.5 mm. In contrast to Co@pNGC-
600, the stronger absorption peak of Co@pNGC-700 shifts to
a lower frequency and the minimum reflection loss is —40.3 dB
at 3.7 GHz. In particular, the effective absorption band is 4 GHz
(12.2-16.2 GHz) for Co@pNGC-700 with a thickness of only 1.5
mm. To investigate the minimum thickness corresponding to
the effective absorption, we calculated the reflection loss of
Co@pNGC-600 and Co@pNGC-700 with a thickness of 1.0-
1.9 mm in the frequency range of 2-18 GHz. Notably, a broad-
band and an efficient absorption at high frequency could be
reached when the thickness is only 1.4 mm and 1.2 mm for
Co@pNGC-600 and Co@pNGC-700, respectively (Fig. S3 in the
ESIt). Among the three samples obtained by calcining at
different temperatures, only Co@pNGC-800 shows an extremely
poor absorption performance with the reflection loss higher
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Fig. 8 Reflection loss curves (a;—az) and contour maps (b;—bs) of the
20% product of Co@pNGC-600, Co@pNGC-700, Co@pNGC-800
with paraffin composites at different thickness in the frequency range
of 2-18 GHz, respectively.

than —10 dB in the frequency of 2-18 GHz. Another interesting
finding is that the optimal performance values shift towards the
lower frequency with the increase of thickness. The “geometric
effect” can be used to explain this phenomenon.**

In recent years, abundant studies on the composites of
carbon materials and magnetic metal or metal oxide materials
have been studied in EM wave absorption field, which are
summarized in Table 2.'*°*** Compared with these reported
materials, the composites prepared in our experiment exhibit
multitudinous excellent properties of low filling capacity, thin
coating thickness, strong absorption, broad effective absorption
band, and low density, which have great significance for the
application of EM wave absorbing materials.

It is well established that the attenuation and impedance
matching characteristics are indispensable for an excellent EM
wave absorption in materials. The attenuation conditioning
means that the electromagnetic wave entering the interior of the
materials could be quickly and almost completely attenuated.
In general, we adopt the attenuation constant («) to evaluate the
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Fig. 9 The frequency dependence of the attenuation constant (a) of
Co@pNGC-600, Co@pNGC-700, and Co@pNGC-800 (a) and their
impedance matching at a thickness of 2.0 mm (b).

dissipation ability of the materials for electromagnetic wave and
a higher value represents a stronger attenuation, as displayed in
Fig. 9a. The attenuation constant («) can be expressed by the
following equation.®®

V2
o= # (#He// _ [,L/é") + \/(ﬂ"é‘" _ #181)2 4 (ulel/ +[.L"E')2
(3)

Clearly, the attenuation constant («) reveals an increasing
trend with the increasing frequency. Among them, the values of
Co@pNGC-800 are much higher than those of Co@pNGC-600
and Co@pNGC-700. Despite the highest attenuation obtained,
the worst absorption property for Co@pNGC-800 has been
displayed, which ascribes to the poor impedance matching. In
order to deeply investigate the impact of the impedance
matching on the EM wave absorption performance, we calcu-
lated the modulus of the normalized input impedance (|Z;,/Z|)
of the three composites by using the eqn (2). The impedance
matching versus frequency of three samples at a thickness of
2.0 mm is given in Fig. 9b. The values of |Z;,/Z,| for Co@pNGC-
800 are clearly far below the other samples (<0.45). According to
the impedance matching characteristic, the incident electro-
magnetic wave enters into the absorbing material to the
maximum extent when the values of |Z;,/Z,| are close to 1. In
fact, according to the above-mentioned analysis of the reflection
loss data, when the |Zi,/Z,| value is higher than 0.53, the
effective electromagnetic wave absorption with the thickness of
2.0 mm could be achieved. As aforementioned, the impedance
mismatch of CoO@pNGC-800 is caused by the high permittivity.
Similarly, the values for Co@pNGC-600 and Co@pNGC-700 are
close to 1 at 10.1 GHz and 14.7 GHz, respectively, which is
consistent with the frequency responding to the minimum

Table 2 Typical carbon-based composites for EM wave absorption reported in the recent literatures

Filler loading

Samples (Wt%) RLpin (dB) fre,,,) (GHz) dre,,,) (mm) fwe (GHZ) d,) (mm) Ref. (year)
Fe;0,@C 50 —40 ~15.7 1.5 ~4.0 1.5 13 (2014)
Co/C 60 —-35 5.80 4.0 5.8 (8.4-14.2) 2.5 33 (2015)
Ni/C 60 —44.5 2.6 9.5 ~3.5 (8.5-12.0) 3 45 (2016)
§i0,/C/Co 30 —24 5.0 4.0 1.5 (4.3-5.8) 4 43 (2017)
Co@pNGC-600 20 —50.7 11.3 2.5 5.5 (12.3-17.8) 1.4 This study
Co@pNGC-700 20 —40.3 3.7 5.0 4.0 (12.2-16.2) 1.2
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Fig. 10 Schematic illustration of the mechanism of EM wave
absorption of the Co@pNGC composites.

reflection loss. Above all, good attenuation ability and imped-
ance matching are responsible for the good EM wave absorption
performance of Co@pNGC-600 and Co@pNGC-700. A sche-
matic diagram is presented in Fig. 10 to further understand the
absorbing mechanism. After entering the absorber, the EM
energy is converted to heat energy by a strong dielectric loss
derived from interfacial polarization, migration, hopping of
electrons, and the magnetic loss from the Co nanoparticles. In
addition, the multiple reflections and scattering in the porous
composites provide the propagation paths to attenuate the EM
wave.

4. Conclusions

In summary, the samples of Co@pNGC have been successfully
fabricated by thermal decomposition of the bimetallic zeolitic
imidazolate frameworks at different temperatures under the
protection of a pure N, atmosphere. The conversion of organic
frameworks to porous carbon matrix and the in situ reduction of
metal ions are fulfilled in a one-step calcining process. The results
indicate that temperature plays a crucial role on the morphology,
structure and performances of the porous carbon-based
composites. In the Co@pNGC/paraffin composites with 20 wt%
Co@pNGC-600, the minimum RL is —50.7 dB at 11.3 GHz and the
widest effective absorption bandwidth (fy., RL < —10 GHz) rea-
ches 5.5 GHz (12.3-17.8 GHz), corresponding to a thickness of 2.0
mm. For the sample of Co@pNGC-700, the effective absorption
bandwidth ranges of 2.9-18 GHz can be achieved by tuning the
thickness of the absorber. In particular, the minimum thickness
corresponding to the effective absorption is only 1.2 mm. The
results demonstrate that these porous carbon-based composites
would present a promising and attractive prospect for the appli-
cation of EM wave absorbing materials.
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