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ABSTRACT: Composites incorporating ferromagnetic metal nanopartices
into a highly porous carbon matrix are promising as electromagnetic wave
absorption materials. Such special composite nanomaterials are potentially
prepared by the thermal decomposition of metal−organic framework
(MOF) materials under controlled atmospheres. In this study, using Co-
based MOFs (Co-MOF, ZIF-67) as an example, the feasibility of this
synthetic strategy was demonstrated by the successful fabrication of porous
Co/C composite nanomaterials. The atmosphere and temperature for the
thermal decomposition of MOF precursors were crucial factors for the
formation of the ferromagnetic metal nanopartices and carbon matrix in the
porous Co/C composites. Among the three Co/C composites obtained at
different temperatures, Co/C-500 obtained at 500 °C exhibited the best
performance for electromagnetic wave absorption. In particular, the
maximum reflection loss (RL) of Co/C-500 reached −35.3 dB, and the effective absorption bandwidth (RL ≤ −10 dB) was
5.80 GHz (8.40 GHz−14.20 GHz) corresponding to an absorber thickness of 2.5 mm. Such excellent electromagnetic wave
absorption properties are ascribed to the synergetic effects between the highly porous structure and multiple components, which
significantly improved impedance matching.

KEYWORDS: metal−organic frameworks, self-sacrificial template synthesis, porous structure, Co/C composite,
electromagnetic wave absorption

1. INTRODUCTION

Electromagnetic waves have been widely used in various fields,
such as scientific research, industrial production, as well as daily
life. However, electromagnetic radiation causes environmental
and health problems, such as the interference to the normal
operation of electronic devices as well as harm to human
bodies, which are becoming increasingly serious.1−3 To address
these problems, significant efforts have been devoted in past
decades toward exploring high-efficiency electromagnetic wave
absorption materials that are usually required to be lightweight,
as well as exhibit strong absorption, high thermal stability, and a
broad absorption frequency bandwidth.
Several materials such as ferrites, metals, carbons and

conducting polymers can be applied for electromagnetic wave
absorption, but they possess both advantages and disadvantages
when applied alone.4−7 For example, ferromagnetic metals such
as Fe, Co and Ni as well as their alloys exhibit strong absorption
intensity, whereas their frequency ranges are usually
narrow.8−11 In contrast, carbon-based materials such as carbon
nanofibers, carbon nanotubes and graphene are good light-
weight dielectric absorbers.12,13 Previous studies have demon-
strated that by the incorporation of ferromagnetic metallic
nanoparticles into carbon-based materials, the values of
dielectric permittivity and magnetic permeability of the

resulting composite materials can be altered to achieve the
maximal absorption of electromagnetic energy in a wide
frequency range while significantly reducing their weight.14−16

Hence, it can be observed that multielement composites are
preferred as effective electromagnetic wave absorption materi-
als. Notably, to achieve high performance in electromagnetic
wave absorption, the organization architecture as well as the
constituent of materials need to be rationally optimized.
Typically, porous architectures, which are actually complex
systems involving elastic structures and air cavities, with good
properties such as low density and high specific surface, are
conducive for improving the electromagnetic wave absorption
performance of materials.17−20 Nevertheless, it is still a
significant challenge to achieve deliberate control over the
constituent and architecture of porous materials in a simple and
efficient manner.
Metal−organic framework (MOF) materials, which are

mostly composed of metal−oxygen coordinating clusters as
secondary building units and aromatic organic linkers, have
been recently proven to be ideal templates for fabricating
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various inorganic functional materials.21 The most attractive
advantages of this synthetic strategy based on the thermal
decomposition of MOFs are that the as-formed materials are
highly porous, and more importantly, the constituent of
materials can be altered to metal, metal oxide, carbon or their
hybrids in a facile manner by controlling the thermal
decomposition conditions of MOFs.22−26 Herein, taking Co-
based MOFs as an example, we attempted to illustrate that this
synthetic strategy has significant potential for fabricating
composites of ferromagnetic metal nanoparticles and carbon
with a highly porous structure. Fortunately, porous Co/C
composite nanomaterials were successfully fabricated by the
thermal decomposition of ZIF-67, a zeolitic imidazolate
framework (ZIF)-type cobalt-containing MOF, under inert
atmosphere. As we expected, the as-prepared porous Co/C
composites exhibited significantly good performance for
electromagnetic wave absorption.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Cobalt nitrate hexahydrate (Co(NO3)2·6H2O,

99%), 2-methylimidazole (mIM, 99%), methanol (99.9%), and ethanol
(99.7%) were obtained commercially (Alfa Aesar and Sinopharm
Chemical Regent Co., Ltd.). All reagents were used without further
purification.
2.2. Synthesis of Samples. Porous Co/C composites were

prepared by the calcination of Co-based MOF (ZIF-67) precursors
under Ar. The ZIF-67 precursors were prepared by the simple
precipitation of Co(NO3)2 and mIM in a methanol solution at room
temperature.27 Typically, a 3 mL methanol solution of Co(NO3)2·
6H2O (0.50 mol dm−3) was mixed with a 20 mL methanol solution of
mIM (3.4 mol·dm−3) and stirred for 6 h at room temperature. The
resulting purple precipitate was collected by centrifugation, washed
with alcohol for three times, and dried at 80 °C for 24 h. Then, the as-
prepared Co-MOF (ZIF-67) precursors were loaded in a combustion
boat and were heated at a rate of 5 °C·min−1 and maintained at 500−
800 °C for 5 h under Ar. The as-synthesized products were denoted as
Co/C-500, Co/C-600, and Co/C-800, based on the applied
calcination temperatures.
2.3. Characterization of Samples. The morphologies of the

samples were observed using scanning electron microscope (SEM,
Hitachi S4800) and transmission electron microscope (TEM, JEOL
2010F) at an accelerating voltage of 200 kV. The phases of the samples
were determined by X-ray powder diffraction (XRD) patterns
recorded on a Rigaku D/max X-ray diffractometer (Cu Kα radiation,
λ = 0.15418 nm). Raman spectra were measured on a Renishaw inVia
Raman microscope with an argon ion laser with an excitation of 633
nm. The laser power was 10 mW, and the spot size was 2 mm.
Thermogravimetry (TG) curves of the Co-MOF precursors were
recorded on an SDT Q600TGA thermal gravimetric analyzer under N2
or air in the temperature range of 30−900 °C with a heating rate of 10
°C min−1. Element contents of the samples were determined using an
Elementar Vario EL III instrument. Nitrogen adsorption−desorption
isotherms were measured at 77 K on a Tristar II 3020 sorption
analyzer (Micromeritics), and the specific surface area was determined
by the Brunauer−Emmett−Teller (BET) method. The static magnetic
properties of the as-prepared porous Co/C composites were measured
by a Lake Shore 7404 vibrating sample magnetometer (VSM) at room
temperature.
2.4. Electromagnetic Wave Absorption Measurements. For

electromagnetic wave absorption measurements, the as-prepared
porous Co/C composites were grinded with paraffin wax. To ensure
well dispersion of Co/C abserbates, the content of paraffin wax was
optimized and finally fixed to 40 wt %. And then the resulting
abserbates/paraffin composites were compressed into cylindrical
specimens with an inner diameter of 3 mm, outer diameter of 7
mm, and thickness of 2.5−3.5 mm. The complex permittivity (εr = ε′ -
jε″) and relative complex permeability (μr = μ′ − jμ″) were
determined using the T/R coaxial line method in the range of 2−18

GHz using a network analyzer (Agilent Technologies N5222A). The
reflection loss (RL) curves calculated from the relative permeability
and permittivity at the given frequency and absorber thickness were
employed to evaluate the electromagnetic wave absorption proper-
ties.28 The RL was calculated according to following equations

ε π ε= μ μZ Z j fd( / ) tanh[ (2 /c)( ) ]in 0 r r
1/2

r r
1/2 (1)

= | − + |Z Z Z ZRL 20log ( )/( )in 0 in 0 (2)

where f is the frequency of the electromagnetic wave, d is the thickness
of absorber, c is the velocity of light, μr and εr are the relative complex
permeability and permittivity, respectively, Z0 is the impedance of free
space, and Zin is the input impedance of the absorber.

3. RESULTS AND DISCUSSION
Figure 1a−c show the representative SEM and TEM images of
the precursors: the precursors are clearly composed of

submicrosized crystals having a rhombic dodecahedral
morphology. As shown in the powder XRD pattern in Figure
1d, the precursors are pure ZIF-67, a type of Co-based MOFs,
having sodalite topology with a unit cell containing two mIM
linkers per cobalt (Co(mIM)2).
Previous studies have demonstrated that porous nanostruc-

tures of metal, metal oxides, carbon or their hybrids can be
converted from MOF precursors by thermal decomposition,
depending on calcination conditions (e.g., atmosphere, temper-
ature and time).22−26 For preparing porous Co/C composites,
the primary task clearly involves the use of appropriate
atmosphere and temperature with regard to ZIF-67. Figure 2
shows the TG curves of the ZIF-67 precursors recorded under
air and inert gas (N2). By comparison of the two curves, ZIF-67
is more stable in N2 than in air. In air, the decomposition of
ZIF-67 starts around 300 °C and ends at 410 °C, and the total
weight loss in this process is ∼62.5%, which is very close to the
theoretical value (63.7%) of the transformation from ZIF-67 to
Co3O4.

29 However, in N2, ZIF-67 is stable up to 400 °C. With
increasing temperature, the weight of ZIF-67 sharply decreases

Figure 1. (a) Low-magnification and (b) high-magnification SEM
images of Co-MOF (ZIF-67) precursors. (c) TEM image of an
individual Co-MOF (ZIF-67) particle and (d) XRD pattern of the Co-
MOF (ZIF-67) precursors.
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at 500 °C and then continuously decreases with a relatively
slow slope after 600 °C. The total weight loss in decomposition
from 400 to 600 °C is ∼41.0%, which is significantly lower than
the theoretical values in the transformation from ZIF-67 to
metallic Co (73.3%) or its oxides (63.7% for Co3O4 and 66.1%
for CoO). This result implies that some carbon-containing
materials are generated in the thermal decomposition of ZIF-67
under inert atmosphere, together with metallic Co or its oxides.
In the thermal decomposition of MOFs under inert

atmosphere, organic components of MOFs can be directly
carbonized and metal ions are reduced in situ, thereby forming
metal/carbon hybrids. However, even a small amount of
oxygen in the atmosphere during thermal decomposition would
lead to the preferential formation of metal oxides in the
products. This scenario has been completely demonstrated in
our experiments (Figure S1 in the Supporting Information). To
avoid this situation, we specifically conducted the thermal
decomposition of Co-MOF (ZIF-67) precursors under a flow
of extra pure (99.99%) Ar.
Figure 3a1−3 shows typical SEM images of Co/C-500, Co/C-

600, and Co/C-800, which are the products obtained at 500,
600, and 800 °C under Ar flow for 5 h, respectively. The
particles of Co/C-500 and Co/C-600 roughly maintain their
original rhombic dodecahedral shape, while the particle faces
are concave, and the particle sizes significantly shrink because of
the loss of organic components. In the corresponding low-
magnification TEM images shown in Figure 3b1−3, the particles
in all samples are composed of primary crystallites with small
sizes. Compared to Co/C-500, Co/C-600 looks looser, whereas
Co/C-800 exhibits severe collapse. High-magnification TEM
images shown in Figure 3c1−3 reveal that these primary
crystallites with dark contrast are supported by a carbon matrix,
and the size of crystallites increases with calcination temper-
ature. The average sizes of primary crystallites are ∼6 nm for
Co/C-500, ∼10 nm for Co/C-600, and ∼20 nm for Co/C-800.
Such a porous structure of the samples was further confirmed
by nitrogen adsorption−desorption analysis. The three samples
display a typical type-IV isotherm with an H4-type hysteresis
loop at a relative pressure of 0.4−0.9, which indicates the
presence of a mesoporous structure (Figure S2 in the
Supporting Information). Interestingly, as shown in Table 1,
the specific surface areas of the three samples just fluctuate in
the narrow range of 200−250 m2 g−1 (204.7 m2 g−1 for Co/C-
500, 249.8 m2 g−1 for Co/C-600, and 234.3 m2 g−1 for Co/C-
800). The impact of calcination temperature on specific surface
areas of products mainly come from two aspects as below.
Increasing calcination temperature is conducive to the

carbonation of precursors, which has been proved by the
element analysis (Table 1, C%: 33% for 500 °C and 37% for
800 °C). On the other hand, increasing calcination temperature
will prompt the growth of Co nanoparticles, leading to the
decrease of their surface area. Therefore, it is a result of
comprehensive function of two above factors that Co/C-600
possesses the largest specific surface area among three samples.
Note that, unlike the present case, the specific surface area
significantly decreases with increasing calcination temperature
for porous Co3O4 nanocages prepared by the thermal
decomposition of ZIF-67 in air.29 By the analysis of the
above-mentioned opposite results, it is reasonable to conclude
that the carbon matrix is formed in the products obtained
under inert atmosphere, which prevents the further growth of
metal primary crystallites to a certain extent.
To ascertain the constituents of the samples, powder XRD

analysis was further conducted. As shown in Figure 4a, the
diffraction peaks are less resolved in Co/C-500, but they
become increasingly stronger with increasing calcination
temperature. This indicates that the high-temperature samples
exhibit better crystallinity. In addition, they exhibit similar XRD
features with a weak, broad peak at approximately 25°, in spite
of poor background due to strong X-ray fluorescence of
elemental Co under irradiation of monochrome Cu−Kα, which
may be attributed to the (002) peak of graphitic carbon
materials with a low degree of graphitization.30 Besides this
peak, three main peaks are observed at 44.2, 51.5, and 75.9°,

Figure 2. TG curves of the Co-MOF (ZIF-67) precursors under air
and N2.

Figure 3. (a) Low-magnification SEM, (b) low-magnification TEM,
and (c) high-magnification images of (1) Co/C-500, (2) Co/C-600,
and (3) Co/C-800 obtained after calcination at different temperatures
under Ar for 5 h.

Table 1. Specific Surface Areas and Element Analysis Results
of Co/C-500, Co/C-600 and Co/C-800

element analysis

samples T (°C) SBET (m2 g−1) C (%) N (%)

Co/C-500 500 204.7 33.3 11.0
Co/C-600 600 249.8 33.0 6.1
Co/C-800 800 234.3 37.2 1.5
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which are attributed to the metallic Co of the fcc structure
(PDF no. 89−4307). Moreover, some weak peaks assigned to
CoO are also observed for the three samples, which are
attributed to the oxidation of small Co nanoparticles during the
exposure of the samples to air. A similar phenomenon has been
reported previously.31

The presence of C in the products was also demonstrated by
element analysis. As listed in Table 1, the C content in the as-
prepared Co/C composites is around 33−37%, which is
significantly higher than the normal value (∼2%) obtained for
the thermal decomposition products obtained in air.29 More
detailed structural information about the chemical speciation of
carbon was provided by Raman spectroscopy analysis. As
shown in Figure 4b, the G band at ∼1590 cm−1 and the D band
at ∼1330 cm−1 are clearly detected in the Raman spectra of the
three Co/C composites. The G band is a characteristic feature
of graphitic layers, whereas the D band corresponds to
disordered carbon or defective graphitic structures. Interest-
ingly, for the three samples, the integrated intensity ratios (ID/
IG) for the D and G bands are constant around 1.1. This
indicates that the three samples probably contain long-range
disordered graphitic carbon, which is well consistent with weak
and broad diffraction features at 25° in the XRD patterns. In
addition, the higher the calcination temperature, the stronger
the peak intensity. This indicates that the crystallization degree
of carbon becomes better with temperature.
All results, when combined together, have demonstrated that

the porous Co/C composites are successfully fabricated by the
thermal decomposition of the Co-MOF precursors under Ar.
As a type of important ferromagnetic metallic materials, various
Co nano or microstructures, such as hollow Co spheres, Co
nanoflakes, and sword-like Co particles, have been widely used
for applications of electromagnetic wave absorption.32−34

Previous studies have demonstrated that the electromagnetic

wave absorption performance of Co nano or microstructures
can be promoted by the incorporation of carbon materials.14−16

Considering the composite constituent and porous architecture,
the as-prepared Co/C composites are certainly anticipated to
exhibit excellent electromagnetic wave absorption capability.
First, the magnetic properties of Co/C samples were studied

at room temperature using a VSM. As shown in Figure 5, all the

samples exhibit typical ferromagnetic hysteresis loops, caused
by the presence of metallic Co nanoparticles. The saturation
magnetization (MS) of Co/C-500, Co/C-600, and Co/C-800 is
14.5, 64.0, and 80.4 emu g−1 (Table 2), respectively, which are
all lower than that of bulk Co (164.8 emu g−1 at T = 300 K,
155.2 emuvg−1 at T = 412 K) but are comparable to that of the
Co/C nanocomposites previously reported (58.9 emu·
g−1).14,31,35 The low MS of the as-prepared Co/C samples is
mainly attributed to the formation of CoO on the surface of Co
nanoparticles when they are exposed to air. Moreover, the
relatively poor crystallinity of the as-prepared Co/C samples is
probably another important factor that can induce the
enhancement of spin disorder, thereby resulting in low
saturation magnetization. Note that the saturation magnet-
ization of Co/C composites tends to rise with elevating
calcination temperature; this is mainly because the crystallinity
of the samples enhances and the size of the magnetic Co
nanoparticles becomes larger with the increase of calcination
temperature. In addition, the amount of CoO on the surface of
Co also has a minor influence on MS, because the surface
oxidation of Co nanoparticles is virtually impossible to avoid in
air. According to the O contents detected in EDX (Table S1 in
the Supporting Information), it is roughly deduced that the
amount of CoO decreases and the amount of Co increases with
increasing temperature of calcination (Table S1). All these
factors result in the highest MS of Co/C-800. On the other
hand, as shown in the corresponding magnified hysteresis loops
at low applied magnetic fields (see inset of Figure 5), the
coercivity (HC) values of the Co/C samples vary significantly:
66.1 Oe (Co/C-500), 159.6 Oe (Co/C-600), and 221.6 Oe
(Co/C-800). By comparison, the HC values of the as-prepared
Co/C samples are all significantly greater than that of bulk
cobalt (10 Oe).36 The increase of HC is attributed to the
nanometer size of Co particles in the composites because HC
increases at first and then gradually decreases from the peak
value (at critical particle diameter) with increasing size. 37 For
Co particles, the critical particle diameter is 70 nm, which is
greater than those of Co/C-500 (∼6 nm), Co/C-600 (∼10

Figure 4. (a) XRD patterns and (b) Raman spectra of the three
porous Co/C composites prepared at different temperatures under Ar.

Figure 5.Magnetic hysteresis loops of Co/C-500, Co/C-600, and Co/
C-800 at 300 K. Inset shows the corresponding magnified hysteresis
loops at low applied magnetic fields.
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nm), and Co/C-800 (∼20 nm) and significantly less than that
of bulk cobalt.37

According to the electromagnetic energy conversion
principle,28 the reflection and attenuation characteristics of
electromagnetic wave absorbers are determined by the relative
complex permittivity (εr = ε′ − jε″), relative complex
permeability (μr = μ′ − jμ″) and proper matching between
complex permittivity and permeability. The real parts (ε′ or μ′)
are related to the stored electrical and magnetic energy within
the medium, while the imaginary parts (ε″ and μ″) are related
to the dissipation (or loss) of electrical and magnetic energy.
The dielectric and magnetic dissipation factors, tan δE = ε″/ε′
and tan δM = μ″/μ′, respectively, provide a measure of the
power lost in a material versus the amount of power
stored.38−42 Figure 6 shows the frequency dependence of
electromagnetic parameters of the wax composites containing
60 wt % Co/C obtained at different temperatures. As shown in
Figure 6a, overall, the ε′ values of Co/C-500 and Co/C-600
tend to decrease continuously with increasing frequency; the ε′
value decreases from 11.35 to 7.04 for Co/C-500 and from
24.68 to 17.29 for Co/C-600. However, the ε′ value of Co/C-
800 increases at first and then gradually decreases from its peak
at 37.70 at 5.39 GHz to 17.91 at 18 GHz, with increasing
frequency. As shown in Figure 6b, the ε″ value of Co/C-500
shows marginal fluctuation (∼3), and the ε″ value of Co/C-600
shows marginal variation (6.0−9.4). Moreover, unexpectedly,
the ε″ value of Co/C-800 ranges from 141.6 to 33.7, which is
significantly larger than those of Co/C-500 and Co/C-600.
Likewise, tan δE of Co/C-800 is greater than those of Co/C-
500 and Co/C-600 (Figure 6c). This indicates that Co/C-800,
as compared to Co/C-500 and Co/C-600, exhibits higher
storage and loss capabilities for electric energy. The permittivity

behavior of Co/C-800 can be attributed to the increase of
electric conductivity and space-charge polarization among Co
particles being efficiently isolated by epoxy resin. Usually, the
permittivity values of resin composites increase with increasing
loading of metals, which exhibit good electric conductivity.33

Among the three samples, Co/C-800 exhibits the best electric
conductivity because of the best crystallinity of Co particles,
which can be deduced by the strong Co XRD peaks (Figure 4a)
and the highest MS (Figure 5). In particular, the porous
structure definitely decreases the effective permittivity and
benefits impedance match.43 Co/C-500 and Co/C-600 have an
apparent porous structure. When the calcination temperature is
increased to 800 °C, most of the rhombic dodecahedral
particles become agglomerates (Figure 3c1−3). Hence, Co/C-
500 and Co/C-600 have the lower effective permittivity and
better impedance match.
Figure 6d indicates that the real part (μ′) of the complex

permeability for the three samples decreases with increasing f
value in the range of 2−11 GHz. The decrease in amplitude
follows the order of Co/C-800 > Co/C-600 > Co/C-500.
Notably, among the three samples, Co/C-500 has the highest
μ′ at low f, while Co/C-800 has the highest μ′ when f > 13
GHz. This indicates that Co/C-500, as compared to Co/C-600
and Co/C-800, exhibits higher storage capability for magnetic
energy. However, among the three samples, Co/C-600 has the
highest μ″ and tan δM values, indicating the best dissipation of
magnetic energy (Figure 6e, f). When f increases, the imaginary
parts (μ″) of the complex permeability for Co/C-600
decreases; however, for Co/C-500 and Co/C-800, μ″ values
are maximum. The resonance peak frequencies of Co/C-500
and Co/C-800 correspond to 10.0 and 5.7 GHz, respective-
ly.The matching between the complex permittivity and

Table 2. Electromagnetic Wave Absorption Properties of Co/C-500, Co/C-600, and Co/C-800

electromagnetic wave absorption properties of paraffin wax composites

samples Hc (Oe) Ms (emu g−1) min RL value (dB) Fm (GHz) (min RL) dm (mm) (min RL) frequency range (GHz) (RL < −10 dB)

Co/C-500 66.1 14.5 −35.0 5.8 4.0 8.4−14.2 (2.5 mm)
Co/C-600 159.6 64.0 −12.0 11.3 1.5 10.6−12.6 (1.5 mm)
Co/C-800 221.6 80.4 −2.8 15.0 1.0

Figure 6. Frequency dependence of electromagnetic parameters of the samples obtained at different temperatures. (a) the real part (ε′) and (b)
imaginary part (ε″) of complex permittivity, (c) dielectric loss (tan δE), (d) real part (μ′) and (e) imaginary part (μ″) of complex permeability, (f)
magnetic loss (tan δM).
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permeability is mainly reflected in the comparison of the
dielectric dissipation factors (tan δE) and magnetic dissipation
factors (tan δM). The difference between tan δE and tan δM of
Co/C-800 is the greatest, but the Co/C-500 has the close value
of tan δE and tan δM, the same as Co/C-600. So Co/C-500 and
Co/C-600 exhibit better impedance matching and possess
higher loss capabilities for magnetic energy. Therefore, Co/C-
500 and Co/C-600 may exhibit the better electromagnetic wave
absorption properties (see Table 2). But Co/C-500 exhibits
highest storage capability for magnetic energy with the highest
μ′, and Co/C-500 accordingly exhibits the best electromagnetic
wave absorption properties.
To evaluate the electromagnetic wave absorption perform-

ance, we calculated the RL values from the relative permeability
and permittivity at a given frequency and absorber thickness.
Figure 7a−c shows the RL curves of Co/C-500, Co/C-600, and
Co/C-800 with specific thickness at 2−18 GHz, respectively.
Both Co/C-500 and Co/C-600 exhibit good microwave
absorption ability, and the maximum RL obviously shifts to
lower frequency with increasing thickness.44 For Co/C-500, the
maximum RL is −35.3 dB at 5.8 GHz with a thickness of 4 mm,
which is higher than that reported previously for Co/carbon
nanotube composites used as a filler.14 Noticeably, the RL
values below −10 dB, which corresponds to greater than 90%
microwave absorption, are achieved in the frequency range of
8.40−14.20 GHz with an absorber thickness of 2.5 mm. This
frequency range is wider than the one of porous Co/carbon
nanocomposites published in literature (8.0−10.5 GHz).15

However, the maximum RL of Co/C-600 is only −12.0 dB at
11.3 GHz with a thickness of 1.5 mm, and the frequency
corresponding to RL below −10 dB ranges between 10.6 and
12.6 GHz with an absorber thickness of 1.5 mm. In contrast to
Co/C-500, for Co/C-600, the bandwidth corresponding to RL
below −10 dB obviously shifts to a lower frequency. Among the
three samples, Co/C-800 exhibits the worst electromagnetic
wave absorption property with the maximum RL less than −3
dB. The similar values of dielectric loss and magnetic loss can
lead to the good impedance match of electromagnetic wave

absorbing materials.45−47 Co/C-800 has the highest dielectric
loss, which is significantly greater than its magnetic loss value.
Therefore, Co/C-800 has a bad impedance match. However,
the dielectric loss value and magnetic loss value of Co/C-500 is
similar, the same as those for Co/C-600, indicating that Co/C-
500 and Co/C-600 have a good impedance match.
As we mentioned, the excellent electromagnetic wave

absorption performance of a material requires good impedance
match and absorption property, which are associated with
complex permittivity, complex permeability, thickness and
material structure.45−47 The Co/C composites can effectively
utilize the large magnetic loss of Co and the large dielectric loss
value of carbon. Meanwhile, the composites consisting of a
carbon matrix have advantages of being lightweight. In Figure 7,
the strong absorption peaks of Co/C-500 and Co/C-600 are
attributed to resonant absorption at a given frequency and
thickness, which should be caused by the “geometrical
effect”.44,48 Obviously, porous materials have better impedance
match with a free space than corresponding solid materials
because of their low effective permittivity.47 The electro-
magnetic waves can easily enter into the porous structure and
then dissipate in the composites. From SEM observation
(Figure 3), Co/C-500 and Co/C-600 maintain a highly porous
morphology; however, Co/C-800 consists of agglomerates. In
addition, because of the highly porous structure, there are
innumerable Co/Co and Co/C interfaces in the Co/C
composites. These multi-interfaces result in significant
interfacial polarization, which would enhance the dielectric
loss obviously.49 Furthermore, the permeability of Co/C
composites could be improved by decreasing the eddy current
loss due to the presence of insulating cobalt oxide.50 Above all,
Co/C-500 and Co/C-600, as compared to Co/C-800, have
better impedance match with free space because of their low
effective permittivity.

4. CONCLUSIONS
In conclusion, we developed a facile route to synthesize highly
porous Co/C composites, which is based on the one-step

Figure 7. Calculated results of the reflection loss vs frequency for different samples with different thicknesses: (a) Co/C-500, (b) Co/C-600, and (c)
Co/C-800 samples.
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carbonization of the Co-MOF (ZIF-67) precursors under inert
atmosphere. Our experiments demonstrated that the as-
synthesized porous Co/C composites exhibited excellent
electromagnetic wave absorption properties, caused by the
synergetic effects between the multiple components and highly
porous structure. The maximum RL of Co/C-500, among the
three Co/C composites synthesized at different temperatures,
reached −35.3 dB at 5.8 GHz with a thickness of 4 mm, and the
effective absorption bandwidth (RL ≤ −10 dB) was 5.80 GHz
(8.40 GHz−14.20 GHz) corresponding to a thickness of 2.5
mm. Notably, this MOF-derived synthetic method is quite
facile, and abundant MOF materials can provide possibilities for
fabricating other porous metal/C composites with a wide range
of compositions.

■ ASSOCIATED CONTENT
*S Supporting Information
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