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and the magnetic loss caused by the cores of cobalt, nickel, or their alloys, coupled
with the interfacial polarization caused by the space charge formed between the
magnetic cores and the dielectric carbon shells, the highly efficient electromag-
netic wave absorption performance of the composites is ensured. Ni@PC has a
better EMA with an effective absorption bandwidth of 4.72 GHz at a thickness of
2.66 mm, while CoNi@PC_1 has an effective absorption bandwidth of 4.16 GHz
at a thickness of 2.08 mm and is the thinnest at similar absorption widths. The
properties obtained in this study indicate that the bimetallic MOF-74 with adjust-
able metal-ion ratio provides a new idea for the fabrication of high-efficiency
MOFEF-based EMA materials.
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1 Introduction electromagnetic radiation, which directly affect the
physical health of natural organisms and the nor-
With the rapid development of telecommunica- mal operation of other electronic devices, cannot be

tions and modern electronic technologies, electronic  ignored. In the face of these detrimental factors, there
products have permeated every aspect of our lives  is an urgent need to accelerate the development of elec-
[1-3]. However, the adverse effects of the ensuing  tromagnetic absorbing (EMA) materials [4-9].
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Over the past decades, much attention has been
paid to the fabrication of various EMA materials
based on ferromagnetic metals, carbon, conductive
polymers, etc., which all exhibit preferable electromag-
netic response properties when applied individually.
However, they are significantly different in terms of
the breadth of the application domain and the per-
formance of the EMA due to the difference in their
intrinsic properties. It can also be understood that
their EMA capacity is somewhat limited in the face
of harsh and complex electromagnetic environments
[10-13].To the best of our knowledge, ferromagnetic
metallic materials, including Fe, Ni, Co and their
alloys, exhibit strong EMA properties while suffering
from high density, susceptibility to corrosion, poor
dielectric properties and narrow frequency ranges
[14, 15]. Carbon materials exhibit superior dielectric
loss properties, light weight, good chemical stability
and excellent permittivity, but only the dielectric loss
allows for low impedance matching [16-21]. Address-
ing the dilemma encountered in the development of
one-component absorbing materials. Most multi-com-
ponent EMA materials have been synthesized by com-
bining the two materials, carbon materials and mag-
netic elements, which allows the two components to
be used effectively to complement each other in terms
of permittivity, permeability, and impedance match-
ing, improving the EMA properties and increasing the
absorption bandwidth [22]. However, in view of the
high efficiency synergy of the recombination materials,
the two components, dielectrically and magnetically,
should be tightly bound and uniformly distributed
[23-25] such as the construction of multilayer and
core-shell structure, which can also provide abundant
heterogeneous interface [26].

Metal-organic frameworks (MOFs) are crystalline
materials formed by the self-assembly of metal ions
with organic ligands. This material has a unique struc-
ture and is an ideal precursor for the fabrication of
metal-based compounds/carbon composites [27]. Typi-
cally, MOFs can be pyrolyzed into their derivatives,
including metals, monometallic oxides, polymetallic
oxides [28], carbon nanotubes [29], and amorphous
carbon in inert atmospheres, which are chemically
stable, porous, and also exhibit excellent EMA prop-
erties [30-34]. Thus, MOFs, as precursors, show great
potential in the field of EMA materials. For example,
Ma et al. synthesized a novel composite with a hierar-
chical porous lamellar structures decorated with Co
nanospheres derived from Co-MOF precursors by a

@ Springer

J Mater Sci: Mater Electron (2023) 34:2229

solvothermal process followed by further annealing.
The resulting Co/C composite shows a high satura-
tion magnetization [35]. Wen et al. have also fabri-
cated Ni/C nanocomposites derived from Ni-MOFs,
which can effectively induce good electromagnetic
wave absorption properties due to the porous and
hierarchical structure resulting from the abundance
of pores and multi-heterogeneous interfaces [36].
However, in the current literature, researchers mostly
focus on single-metal MOF microwave absorbers and
study the effect of carbonation temperature on EMA
performance. In order to increase the adaptability of
materials to the complex electromagnetic environ-
ments, we can improve the EMA capability by tuning
the ferromagnetic metallic components. Compared to
single-metal MOF derived EMA materials, multi-metal
MOF composites may have a better performance in the
regulation of electromagnetic parameters, which can
significantly increase the variability of the magnetic
response properties.

MOF-74 is an automated assembly synthesis of
divalent transition metals and ligand 2,5-dimethyltere-
phthalic acid with hexagonal honeycomb topologies,
arranged with a wealth of non-coordinated unsatu-
rated open metal sites, with organic ligand and metal
ion tunability. MOF-74 can be fabricated based on
different metal ions, including ferromagnetic metal
ions (Co*, Fe?*, Ni?** etc.), forming different transi-
tion metal isomorphic structure. These features of
MOE-74 provide us with a guide for the preparation
of multi-metal MOF-74 based EMA materials. More-
over, Cobalt, nickel, and their alloys are considered
as ideal materials for fabricating excellent EM wave
absorbers due to their superior and tunable magnetic
properties, resulting in better magnetic response
behavior. Here, carbon/metal EMA materials have
been prepared using multi-metal MOF-74 (M-MOF-
74) as precursors, which are constructed by bimetallic
metal of Co and Ni, and the ratio of the two metals
are also tuned. For comparison, Co-MOF-74 and Ni-
MOF-74 consisting of monometallic elements were
also obtained. After thermal decomposition, a series
of MOF-74 derivatives were prepared, including Ni/C,
Co/C, Co, Ni/C composites. By analyzing the electro-
magnetic parameters of these composites, the effect of
different components on the EMA performance can
be effectively understood. The composition of mag-
netic metal ions plays an obvious role in modulating
the electromagnetic parameters of materials, which
directly determines their EMA properties. Magnetic
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cobalt, nickel and their alloyed nanoparticles are uni-
formly dispersed in the carbon matrix, forming rich
interfaces and interfacial polarizations. In addition,
the combined effect of multi-component and porous
structure, the efficient absorption performance of the
composite after pyrolysis is guaranteed. The absorp-
tion mechanism of the single- and double-metal MOF-
74 derivatives is further explored from the impedance
matching properties. It is worth noting that the CoNi@
PC_1 achieves a maximum effective absorption band-
width of 4.16 GHz at a thickness of 2.08 mm, and its
effective absorption ranging at 3.36- 18 GHz.

2 Experimental section
2.1 Chemical reagents

2,5-dihydroxyterephthalic acid (CgH¢Og), Cobalt Chlo-
ride Hexahydrate (CoCl,-6H,0), Nickel Chloride Hex-
ahydrate (NiCl,-6H,0) were purchased from Shanghai
Macklin Chemical Co., Ltd., N, N-Dimethylformamide
(DMF) and Ethanol were purchased from High Crystal
Chemical Co., Ltd. All chemicals were used as received
without any further purification. Deionized water was
used as the water source throughout this work.

2.2 Preparation of MOEF-74

As reported previously [37], the bimetallic CoNi-
MOEF-74 was synthesized using the hydrothermal
method. In brief, CoCl,-6H,0O and NiCl,-6H,O were
dissolved in a 60 mL mixture of deionized water,
ethanol and DMF. The solvent mixture in the result-
ing solution is DMF:DI:EtOH = 1:1:1 vol. After that,
2,5-dihydroxyterephthalic acid was added to the
above solvent mixture, and then the mixture was
transferred to a 100 mL Teflon-lined autoclave and
heated at a controlled temperature of 120 °C for 20
h. The precipitate was thoroughly collected via cen-
trifugation at 5000 rpm for 5 min and further washed
3 times with DMF and 3 times with methanol. Finally,
the solid product of CoNi-MOF-74 was dried at 100 °C
for 12 h under vacuum. The Co/Ni molar ratios in the
final mixture solution were 4:0, 1:3, 2:2, 3:1, 0:4 and the
corresponding products were labeled as Co-MOF-74,
CoNi-MOF-74_1 (1:3), CoNi-MOF-74_2 (2:2), CoNi-
MOE-74_3 (3:1) and Ni-MOEF-74, respectively.
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2.3 Preparation of MOF-74 derivatives

All the synthesized MOF-74 with different molar
ratios of Co and Ni were further processed under
calcination. For details, a certain number of products
was added to a ceramic pool, and then calcinated in
argon from room temperature to 700 °C, with heat-
ing rate of 3 °C/min, and maintained for 2 h at 700
°C. After calcinations, the final products were named
as Co@PC, CoNi@PC_1, CoNi@PC_2, CoNi@PC_3
and Ni@PC, which were derived from Co-MOF-74,
CoNi-MOF-74_1 (1:3), CoNi-MOF-74_2 (2:2), CoNi-
MOF-74_3 (3:1) and Ni-MOF-74, respectively.

2.4 Material characterization

The microstructure and morphology of the sam-
ples were characterized by field emission scanning
electron microscopy (FE-SEM; JOEL/JSM-IT500HR)
and transmission electron microscope (TEM; Talos
F200S). The crystal structure of the sample was
recorded by X-ray powder diffraction (XRD; Mini-
Flex 600X). Chemical bonds and chemical states
were measured by X-ray photoelectron spectroscopy
(XPS; Thermo Scientific K-Alpha). The graphitization
degrees were analyzed through a Raman spectrom-
eter (Raman; HR Evo Nano). The complex permittiv-
ity and permeability of the sample were measured
by a vector network analyzer (VNA; N5242A PNA-
X, Agilent) in the 2-18 GHz frequency range. The
toroidal-shaped ring was prepared by mixing a 30%
weight sample with 70% weight paraffin wax. Using
Matlab software to calculate the reflection loss (RL)
curve according to the transmission theory to evalu-
ate the absorption characteristics of electromagnetic
wave. The EMW absorption properties of the five
samples were evaluated according to the following
formula.

3 Results and discussion
3.1 Structural and compositional analysis

The fabrication procedures of CoNi-MOF-74_1-3
and their derivatives of CoNi@PC is shown in Fig. 1.
First, the two-metal ion precursors of Co?* and Ni**
were added to a solvent mixture of DMF/water/etha-
nol under a continuous stirring for 1 h, after which
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Fig. 1 Schematic diagram of
synthetic process for CoNi-
MOF-74, and CoNi@PC

J Mater Sci: Mater Electron (2023) 34:2229
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a certain amount of the organic molecule 2, 5-dihy-
droxyterephthalic acid was added to the above solu-
tion. Then, they were transferred to a Teflon-lined
stainless-steel autoclave and incubated in 120 °C for
20 h. The bimetallic MOF-74 were formed due to the
strong coordination of Co?" and Ni** with 2,5-dihy-
droxyterephthalic acid in the high-temperature and
high-pressure environment. At last, the synthesized
bimetallic MOF powder was moved to a quartz tube
furnace, and the temperature-controlled calcination
process was carried out to prepare the bimetallic of
Co and Ni loaded porous carbon (CoNi@ PC) EMA
materials. To the best of our knowledge, the EMA
is favored by the fact that high temperatures lead
to the collapse of the MOF structure and the forma-
tion of new matters, the transfer of organic ligands
to carbon, and the reduction of metal ions to their
metallic or metallic oxides. According to the previ-
ous report [38], in this work, 700 °C was chosen as
the optimized thermal decomposition temperature
and the argon was chosen as the protective gas. The
carbon wraps around the magnetic metal nanopar-
ticles [39], forming a shell, and the combustion of
the organic component results in the formation of a
porous structure.

The morphological and microstructural of as-
prepared MOF-74 is investigated in detail, and
their scanning electron microscopy (SEM) images
are presented in Fig. 2a—e. As shown in Fig. 2a, the
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Co-MOFEF-74 crystal has the shape of an elongated
rod with an average size of a few tens of microns.
Whereas, by changing the Co*" to Ni**, the resulting
Ni-MOF-74 crystal is in a typical flower-like structure
with a relatively uniform size within a few microns.
The different molar ratios of Co*" and Ni*" are of great
importance in the morphological evolution, Fig. 2c-e
show the SEM images of the crystals prepared with
different Co/Ni molar ratios. At the ratio of Co?":Ni%*
of 1:3, CoNi-MOF-74_1 is presented in the form of
large crystalline particles, when the ratio changes to
2:2 and the morphology of CoNi-MOF-74_2 gradu-
ally develops a structure of multiple nanorods cross-
ing each other with an inhomogeneous size distribu-
tion, while as the ratio of Co>":Ni>" further increased
to 3:1, CoNi-MQOF-74_3 inherits the rod-like structure
of Co-MOF-74 and some nanoparticles are aggregated
on the surface. Therefore, it can be concluded that the
morphology of MOF-74 is significantly affected by the
ratio of the constituent metal ion precursors. It is well
known that the morphological evolution of MOF is
largely influenced by the reaction solvent, tempera-
ture, metal precursors, and the type of organic compo-
nents etc. Here, all the samples were synthesized in the
same environment, so the difference in the morphol-
ogy of the fabricated MOF-74 samples mainly arise
from the different composition of the metal-oxygen
clusters, which may result from the different sizes of
metallic ions of Co?* and Ni?*. For CoNi-MOF-74_1



Mater Sci: Mater Electron (2023) 34:2229

Page50f17 2229

CoNi-MOF-74_3
| L CoNi-MOF-74_2

CoNi-MOF-74_1

Intensity (a.u.)

Ni-MOF-74

Co-MOF-74

0 20 30 40 50 60 70 80
2-theta (degree)

Fig. 2 SEM images of Co-MOF-74 (a), Ni-MOF-74 (b), CoNi-MOF-74_1 (c¢), CoNi-MOF-74_2 (d), CoNi-MOF-74_3 (e), and XRD

pattern of all the synthesized MOF-74 (f)

and 3, the metal-oxygen clusters of MOF-74 are
formed by bimetal ions of different sizes and with
more in-equable metal molar ratios, and the asymme-
try in the microstructure of metal-oxygen clusters will
cause the incomplete macroscopic structure of MOF-
74, leading to the breakage of the rod-like structure of
MOF-74 (Fig. 2c and e). In contrast to CoNi-MOF-74_2
is formed from equivalent metallic molar ratios, result-
ing in a relatively unbroken morphological structure
(Fig. 2d). These further indicate that the two metal
ions are jointly and evenly involved in the construc-
tion of the polymetallic MOF-74. The homogeneous
periodicity of single or bimetallic oxygen clusters not
only regulates the microstructure of the MOF-74, but is
also a prerequisite for the uniform dispersion and tight
binding of the metal/carbon components in their pyro-
lytic derivatives, and thus further facilitates the exer-
tion of magnetic/dielectric synergies and the formation
of multiple interfaces. The powder X-ray diffraction
(PXRD) analysis was carried out to identify the struc-
ture and composition of the samples. Figure 2f shows
the PXRD patterns of Co-MOF-74, Ni-MOF-74, and
CoNi-MOF-74_1-3. All the prepared MOF-74s have
the diffraction peaks at the same 2-theta position, par-
ticularly exhibited by two intense characteristic peaks
at 2-theta values of 7.1 and 12, indicating the same
crystalline structure despite their morphological dif-
ferences. The XRD pattern of Co-MOF-74 is consistent

with that reported in previous reports [40], confirming
the successful synthesis of Co-MOF-74. The patterns of
Ni-MOF-74 and CoNi-MOF-74_1-3 are consistent with
that of Co-MOF-74, demonstrating that mixed metal
ions with different ratios can coexist well in the newly
synthesized crystals.

After calcination in argon, powder XRD tests were
performed to determine the structure and composition
of the samples. As shown in Fig. 3a, there is a broad
peak shown in each XRD pattern of the prepared sam-
ple at the 20 range of 20°-25° with relatively low inten-
sity, which is attributed to the carbonization of organic
components to amorphous carbon. The Co@PC sample
featured diffraction peaks at 44.22°, 51.53°, and 75.86°,
corresponding to the (111), (200), and (220) planes of
cobalt phase (PDF # 04-005-9456). The appearance of
these peaks validates the successful in-situ formation
of metallic cobalt from Co* reduction under current
conditions. The Ni@PC sample featured three diffrac-
tion peaks at 44.41°, 51.75°, and 76.22°, corresponding
to the (111), (200), and (220) planes of nickel phase
(PDF # 04-002-7521), which are located at the similar
20 positions with metallic cobalt phase. However,
there are two additional well-resolved peaks at 41.95°
and 44.26° existed in the as synthesized Ni@PC XRD
pattern, which can be assigned to the (100) and (002)
planes of another crystal phase of metallic nickel (PDF
# 97-067-1412). All these diffraction peaks verify the
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reduction of Ni*" into two metallic nickel phases. The
three well-resolved diffraction peaks appearing in
the XRD patterns of the three composites of CoNi@
PC_1-3 with the same 20 positions, which may come
from the superposition of diffraction peaks of metallic
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cobalt and nickel. Additionally, the metallic nickel
phase with (002) plane (label as orange shaded area
in Fig. 3a) can also be detected in CoNi@PC_1-3 with
relatively weak intensity in their peaks, and the peak
intensity gradually decreased with increase the ratio
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of Co*" and Ni%, indicating that the contents of metal
ions in the synthesized samples are strictly affected by
the feeding ratio.

The chemical composition and valence state of the
surface elements of the calcined products were ana-
lyzed by XPS measurements. Figure 3c shows the XPS
survey scan spectrum of CoNi@PC_1-3, revealing the
existence of C, O, Co, and Ni elements in the three
composites. The C 1s peak is attributed to the graph-
ite carbon and O 1s mainly comes from the carboxyl
group of organic ligands. For CoNi@PC_1, the high-
resolution Cls spectrum (Fig. 3d) has four diffraction
peaks at 284.6 eV, 285.7 eV, 288.7 eV, and 290.4 eV,
which correspond to C=C, C-O, C=0, and O=C-0O,
respectively, demonstrating a certain amount of oxy-
gen remains in the graphite carbon after calcination
[41]. As shown in Fig. 3e, Co 2p splits into eight peaks,
with a 2p;, binding energy of 777.8 eV and a 2py,
binding energy of 794 eV corresponding to metallic
cobalt, and the 2p;/, binding energy of 779.4 eV and
the 2p;, binding energy of 795.6 eV can be assigned
to Co*", the 2p,, binding energy of 781.4 eV and the
2py, binding energy of 797.1 eV can be identified to
Co*, and accompanied by two additional shake-up
satellites [42, 43]. The Ni 2p spectrum has four peaks
at 852, 869, 855.1 and 873 eV, which are fitted to the
Ni 2p3),, Ni 2p;, Ni** 2p5, and Ni** 2p, , multiplets
and present with two satellites [44, 45]. More details of
the high-resolution Co 2p and Ni 2p spectra of CoNi@
PC_2-3 are provided in Fig. S1. Each of them has the
same chemical composition and valence state of the
elements as CoNi@PC_1. The coexistence of Co*,
Co%, and Ni?" in CoNi@PC_1-3 can be attributed to
two causes, the residuals of unreduced metal ions, and
the formation of Co;0, and NiO due to the reaction of
Co*" and Ni*" with oxygen from the carboxyl group.
In summary, it can be inferred that the as prepared
bimetallic composites (CoNi@PC) are composed of
metallic cobalt, metallic nickel, graphite carbon, Co;O,
and NiO.

Raman spectra are used to assess the degree of
graphitization of the sample, which have a large
impact on the dielectric loss of carbon-based materi-
als. All materials show peaks around 1340 and 1580
cm”!corresponding to the D band and G band, respec-
tively, as shown in Fig. 3f, confirming the presence of
amorphous and graphitic carbon [41]. The integrated
intensity ratio of the D band and G band (Ip/I;) reflects
the graphitization degree of the composites. The I/
I ratios of Co@PC, Ni@PC, CoNi@PC_1, CoNi@PC_2,
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and CoNi@PC_3 is equal to 0.83, 0.84, 0.84, 0.84, and
0.84, indicating that they have the same degree of
defects and graphitization due to the same carbon
source and calcination temperature.

The magnetic properties of the samples were inves-
tigated at room temperature (Fig. 3 g and h). Satura-
tion magnetization (Ms) and coercivity (Hc) are impor-
tant parameters in evaluating the magnetic properties
of materials. All samples exhibit typical ferromagnetic
hysteresis loops, which should be attributed to the
presence of magnetic Co, Ni or CoNi alloys in the com-
posites. The Ms values of Co@PC and Ni@PC are 71.4
emu/g and 40.69 emu/g, respectively. The Ms value
of Co@PC is significantly higher than that of Ni@PC.
The saturation magnetization (Ms) values of CoNi@
PC_1-3 are 30.2 emu/g, 42.1 emu/g and 64.8 emu/g,
respectively, and the Ms value gradually increases
with increase the loading ratio of Co/Ni, demonstrat-
ing that the ratio of Co and Ni in the alloy have a great
influence on the magnetic properties of the materials.
The Hc values (Fig. 3h) are 21.43, 164.16, 339.71, 378.48
and 391.70 Oe, corresponding to Ni@PC, CoNi@PC_1,
Co@PC, CoNi@PC_3, and CoNi@PC_2, respectively.
The increased value of Hc is attributed to the increased
of the surface anisotropic field due to the small particle
size effect [46, 47]. Generally, a high value of Ms and
a low value of Hc are favorable for improving per-
meability and therefore for enhancing magnetic loss
capacity. Both Ni@PC and CoNi@PC_1 have relatively
low Hc values, which are largely smaller than the Hc
values from the other three samples. Although they
do not have higher Ms values, the difference in Ms
values is small compared to the difference in Hc values
between the Ni@PC or CoNi@PC_1 sample and the
other samples. Therefore, for both Ni@PC and CoNi@
PC_1 the lower value of Hc provides more influence
for enhancing the magnetic loss capacity.

Typical SEM images of samples that calcined in
argon are shown in Fig. 4a—e, and their enlarged SEM
images are shown in Fig. 4al—el. For the heat-treated
samples, their external features are roughly main-
tained similarly to those of the original morphol-
ogy, with differences present for Co@PC and CoNi@
PC_1-3, which are shrunk (Fig. 4a) and crushed to
many particles (Fig. 4c—e), respectively. As for Ni@PC
(Fig. 4b), many tiny pores and nanospheres appear
on the surface of the flower-like structures, which is
clearly visible from the enlarged SEM image (Fig. 4b1).
SEM images of the respective enlarged fracture pro-
files for Co@PC and CoNi@PC_1-3 display randomly

@ Springer



2229 Page8of17 J Mater Sci: Mater Electron (2023) 34:2229

Fig. 4 SEM images of Co@PC (a, a;), Ni@PC (b, b,), CoNi@PC_1 (¢, ¢;), CoNi@PC_2 (d, d,), CoNi@PC_3 (e, e;) and TEM
images (f), HR-TEM (g), SAED patterns (h) and the corresponding elemental mapping spectra of CoNi@PC_1 (i)

dispersed nanospheres are presented in the interior  to the decomposition of the organic ligands in MOF-
of the porous structure (Fig. 4al and cl-el). It can be 74 into CO, and H,0, with the resulting gas facilitat-
inferred that the spherical grains compose of carbon,  ing the formation of the porous structure. Overall,
cobalt, nickel and their alloys, the pores may be due  the pyrolysis process of MOF-74 at 700 °C in an inert
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atmosphere will result in microstructural changes and
substance transformation.

Figure 4f-i show the TEM and HR-TEM images of
CoNi@PC_1. As displayed in Fig. 4f, the spherical par-
ticles of cobalt-nickel alloy are found to scatter inside
the carbon to form core-shell structure. In the HR-TEM
of nanospheres (Fig. 4g), the lattice fringes with a spac-
ing of 0.2 nm, corresponding well to the (111) planes
of the fcc structure of Co/Ni alloy. The selected area
electron diffraction (SAED) images (Fig. 4h) showed
a series of electron diffraction rings in the carbon-
coated CoNi alloy, confirming that the synthesized
sample was composed of polycrystalline nanoparti-
cles. Figure 4i show the high-angle annular dark-field
(HAADF) and their corresponding elemental map-
ping spectra of CoNi@PC_1, where it is evident that
the C, O, Co, and Ni elements are evenly distributed.
It indicates that Co and Ni are dispersed in the carbon
matrix, while the pixels density of nickel element is
higher than that of cobalt element, which is consistent
with the feeding ratio, and it further shows that Co
and Ni are involved in fabricating CoNi@PC_1.

3.2 Electromagnetic parameter analysis

According to the electromagnetic energy conversion
principle [48, 49], the complex permittivity (e, =¢&'—je")
and complex permeability (u,=u' — ju") of composites
are studied to evaluate the attenuation capacity of
EMA [50]. The real parts (¢, u') of the electromagnetic
parameters are used to characterize the storage capacity
of electromagnetic energy, while the imaginary parts
(e", u") represent the dissipation capacity [51, 52]. The
dielectric dissipation factors (tande = ¢"/¢’) and mag-
netic dissipation factors (tandu = u"/u') are applied to
describe the dielectric and magnetic loss abilities and
the relationship between energy storage and attenua-
tion of EMA. As shown in Fig. 5a, all samples exhibit
a decrease of ¢’ value with the increase in frequency,
which can be attributed to dispersion effect, illustrating
the orientation polarization of the electric dipole lag-
ging the periodic variation of the electromagnetic field.
This phenomenon favors the absorption of EM wave
[37]. As is well-known, a higher ¢’ value, in the same
test frequency, indicates better dielectric storage abil-
ity. The dielectric storage capacity relationship among
the samples is CoNi@PC_1 > CoNi@PC_2 > Co@
PC > Ni@PC > CoNi@PC_3. In detail, the ¢’ value of
Co@PC declines slightly from 6.3 to 5.2, the ¢’ value of
Ni@PC declines from 6.9 to 4.5, the ¢’ value of CoNi@
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PC_1 declines from 9.5 to 7.1, the ¢’ value of CoNi@
PC_2 declines from 6.6 to 5.6, and ¢’ value of CoNi@
PC_3 decreases from 4.7 to 3.4. Figure 5b illustrates the
imaginary part of the permittivity (¢">) of all compos-
ites. The ¢" values of Ni@PC, CoNi@PC_1 and CoNi@
PC_3 show a downward trend of vibration, whereas
Co@PC and CoNi@PC _2 have similar &” values and
increase slightly with increase the frequency. In detail,
the ¢” value of Co@PC fluctuates between 1.0 and 1.3,
and the ¢” value of CoNi@PC_2 vibration around 1.2,
the €” value of Ni@PC has dropped from 2.2 to 1.9, the
¢" value of CoNi@PC_1 has dropped from 3.2 to 2.4, and
the ¢” value of CoNi@PC_3 decreased from 1.7 to 0.7.
The ¢'and ¢" value of CoNi@PC_1 is always the largest
among the five samples, which is beneficial for produc-
ing stronger dielectric loss. Thermal treatment leads
to graphitization of organic components, which has
the ability to improve the electrical conductivity of the
composites and produce defective graphite, resulting
in enhanced values of both ¢’ and ¢" [53]. Meanwhile,
the core-shell structure provides an adequate interface
between the carbon shell and the metallic cobalt and
nickel cores, which accumulates a large number space
charges and contributes to the enhancement of the inter-
facial polarization [37]. However, there are a significant
difference in the curve distribution or value variation of
¢'and ¢" of the five composites, even though they were
synthesized by using the same organic molecules and
have the same calcination temperature, which may pro-
duce similar defects and conductivity. Thus, the amount
of space charge formed by metallic cobalt, nickel, or
their alloys with the carbon shells is a major factor in
determining their interfacial polarization. Dielectric loss
tangent (tande) indexes the dielectric loss abilities. Fig-
ure 5c shows that the tande values of Co@PC, Ni@PC
and CoNi@PC_1-3 composites oscillated from 0.16 to
0.26,0.34 to 0.44, 0.35 to 0.34, 0.19 to 0.22 and 0.38 to 0.20
in the frequency range of 2-18 GHz, which indicated
that Ni@PC composites delivered an enhanced dielectric
loss. In the diagram, several resonance peaks appear,
indicating the existence of a relaxation process in the
prepared material. Generally, the polarization mecha-
nism of absorbers is discussed based on Debye relaxa-
tion theory. According to Debye’s theory, &' and £” can
be expressed as [54-57]:

e = € T

1+ (2nf)%e2 (1)
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According to the formula, the relation between &’
and ¢" can be deduced, namely [58, 59]:

>2+(e

,  EstEg
g - 8=
2
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where ¢, is the static permittivity, and e, is the rela-
tive permittivity. The £” vs. ¢’ curves are composed of
a series of semicircles (Cole-Cole semicircles). Each
semicircle represents a Debye relaxation process. As
shown in Fig. 5g-k, samples of Co@PC, Ni@PC, CoNi@
PC_1, CoNi@PC_2 contain at least two semicircles and
one long-tailed straight line, and CoNi@PC_3 only
has only one long-tailed straight line. According to
Debye theory, semicircular and the long-tailed straight
line are associated with polarization relaxation and

(2)

)
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conduction loss, respectively. In particular, the num-
bers of the Cole-Cole semicircles in Co@PC, Ni@PC,
CoNi@PC_1, CoNi@PC_2, CoNi@PC_3 are 4, 3, 3, 4, 2
respectively, indicating that they all have polarization
and conduction losses [60]. Therefore, the difference
in dielectric losses for the five composites is due to the
difference in the number of space charges between the
metallic core and the carbon shell.

Figure 5d shows that the p' value of Co@PC, Ni@
PC and CoNi@PC_1-3 composites changed from
1.26 to 0.96, 1.21 to 0.96, 1.28 to 0.97, 1.22 to 0.98 and
1.09-1.02, respectively. The 1" value of Co@PC, Ni@
PC and CoNi@PC_1-3 ranged from 0.13 to nearly zero,
0.16 to - 0.05, 0.19 to — 0.02, 0.12 to nearly zero and
0.04 to nearly zero, respectively (Fig. 5e). The com-
plex permeability (u'and p") for all the samples clearly
exhibit a similar tendency in 2-18 GHz, which display
enhanced storage and dissipation capacity in the low-
frequency region. Moreover, all the u’and p” values
of composites show obvious fluctuations in 2-18
GHz, indicating that all the samples have magnetic
response properties. In addition, according to Max-
well’s equations, alternating electric field can gener-
ate magnetic field, which can radiate electromagnetic
waves, resulting in the negative value of 1" at high
frequency for Ni@PC, which helps to improve its
dielectric loss property [35, 61]. Magnetic losses are
generally related to a various loss mechanism, namely
domain wall resonance, hysteresis loss, eddy current
loss, exchange resonance and natural resonance [62].
However, domain wall resonance and hysteresis loss
do not participate in the operation at 2-18 GHz fre-
quency. Eddy current loss (Cy) plays an important role
in magnetic loss. C, can be expressed by the following
formula [63, 64]:

CO — Hll(ﬂl)—Zf—l — 2.7[[10d26, (4)

where (1, is the vacuum permeability, d is the sam-
ple’s thickness, and o is the electric conductivity, all
of which are constant for one sample.

If C, is the main contributor to the magnetic loss,
C, is linear over the frequency range and remains
constant in value [65], as depicted in Fig. 51, all the
curves exhibit downward trend, demonstrating no sig-
nificant eddy current loss occur in the test frequency
range. Moreover, the fluctuation of the value in the
low frequency region indicates that the magnetic loss
are a combination of exchange resonance and natu-
ral resonance [66]. Note particularly that both Ni@PC
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and CoNi@PC_1 have higher C, values in the 2-6 GHz
range, indicating a pronounced exchange resonance,
as evidenced by their lower Hc values (Fig. 3 g and h).
Magnetic loss tangent (tand,) shown in Fig. 5f., stand-
ing for the dissipation ability of magnetic energy, has
the analogous curve fluctuation with p”, indicating
that the magnetic loss of the samples is mainly attrib-
uted to the natural resonance and exchange resonance.

3.3 Electromagnetic wave absorption
properties

According to the transmit-line theory [67], the EMA
performance of the composites can be evaluated by

the reflection loss (RL) value, which can be expressed
by the following Egs. [68, 69]:

Ziy — 2y

Z. 2rfd
Z=Z—l;’= 1/?tanh<]7f\/£ryr>, (6)
r

where Z,, is the input impedance of the absorber, Z,
is the impedance of free space, d is the thickness of the
absorber, fand c are the frequency of electromagnetic
wave and the velocity of light, respectively. To meet
the demand for practical applications, more than 90%
of the microwave should be attenuated, which means
that the value of RL should be lower than - 10 dB. Fig-
ure 6 shows the maximum reflection loss for Co@PC,
Ni@PC and CoNi@PC_1-3 at thicknesses of 1-6 mm.
Obviously, Ni@PC, and CoNi@PC_1 have excellent
microwave absorption properties, with the minimum
reflection loss (RL,,;,) shifted to the low frequencies
with increasing thickness (Fig. 6a2 and a3), and the
RL,,;, values are —23.21 dB and - 38.7dB at the thick-
ness of 5 and 6 mm, respectively. It can be seen from
Fig. 6b2 and c2 that the maximum effective absorption
bandwidth (EAB,,,,,) is 4.72 GHz at the matching thick-
ness of 2.66 mm for Ni@PC. The EAB_,,, is 4.16 GHz
at the thickness of 2.08 for CoNi@PC_1 (Fig. 6b3 and
3), it shows similar EAB,,, with Ni@PC but exhibits
thinner absorption thickness, and its effective absorp-
tion ranging at 3.36-18 GHz. However, the other three
samples exhibit relatively weak EMA performance,
especially for the CoNi@PC_3 composite, where no
effective reflection loss can be generated in the test
frequency range (Fig. 6a5, b5, c5). The RL,,;, is —11.16
dB at 11.28 GHz with a thickness of 2.5 mm, and the

RL=201g‘

, ()
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EAB,., is 2.52 GHz for Co@PC (Fig. 6al, b1, c1). The
RL,i, is —23.7 dB at 17.68 GHz with a thickness of
5.5 mm, and the EAB,,, is 2.72 GHz for CoNi@PC_2
(Fig. 6a4, b4, c4). It can be concluded that the RL prop-
erties of the calcined samples are highly dependent on
the metal composition of MOF-74 due to the reduced
metallic particles or alloys have different magnetic
response characteristics. In addition, the carbon shell
largely enhances the electrical conductivity, and the
porous structure helps to increase the multiple scat-
tering and interfacial polarization, which also play an
important role in increasing the EMA performance.
Moreover, the tight binding of metallic components
and carbon shells generates interfacial polarization,
which can greatly facilitate dielectric loss in compos-
ites. Whereas, Co, Ni, and CoNi alloys with different
ratios will form different interface states with their
graphitic carbon components, leading to the differ-
ences in the number of spatial charges at the interface,
which in turn leads to differences in their dielectric
loss capabilities. As a result, the superior EMA per-
formance of Ni@PC and CoNi@PC_1 may be due to
the presence of a large amount of space charges at the
core-shell interface.

3.4 Microwave absorption mechanism analysis

To clarify the EMA enhancement mechanism of the
composites, the impedance matching characteris-
tics and attenuation coefficient (@) were determined.
Impedance matching (1Z;,/Z,!) is the ratio of input
impedance to free space impedance, which is usually
utilized to evaluate the degree of incident EM entering
the absorber. When the impedance matching value is
equal to 1, the incident electromagnetic wave will not
be reflected, and the impedance matching character-
istics will be the best [70]. The impedance matching of

Page 13 0of 17 2229

the composites was analyzed at a thickness of 2 mm.
As shown in Fig. 7a, by comparison, the relations of
the 1Z,,/Z,| values are CoNi@PC_3 > CoNi@PC_2 >
Co@PC > Ni@PC > CoNi@PC_1 in the range of 10-18
GHz. Nearly all the values of 1Z,,/Z,! of CoNi@PC_3
deviate from 1, indicating the poor impedance match-
ing. The values of 1Z,,/Z,| for CoNi@PC_1 is closer to
1, indicating that the better impedance matching gives
access to the incident wave to the sample, in agree-
ment with the results shown on its RL curve. Thus, the
superior impedance matching characteristic of CoNi@
PC_1 paves the way for the subsequent attenuation of
the incident wave.

To assess the incident EM attenuation ability of the
samples, the attenuation constant («) values of sam-
ples are determined by the following formula [71-73]:

_ Vorf
=

X \/(/4"&” — e+ \/(yugu _ yrg/)Z + "+ 5”;4’)2. (7)

As shown in Fig. 7b, all the five samples have a sim-
ilar variation trend, the values of a gradually increas-
ing with increasing the frequency. The a values of the
five samples are as follows: CoNi@PC_1 > Ni@PC >
Co@PC > CoNi@PC_2 > CoNi@PC_3. The curves of
a and ¢" has the analogous progressive trend ¢” due
to their positively correlated function according Eq.
(7). As depicted in curves, CoNi@PC_1 has the highest
value in the whole frequency range, correlating to the
highest ¢” values, illustrating the strongest consump-
tion capability to incident wave.

In general, the superior EMA properties of MOF-
derived composites are determined by the calcined
products of carbon, metal, or metal oxides, and the
specific core-shell microstructure. Based on the above
discussion, we can summarize the EMA mechanism
diagram of MOEF-derived Co/Ni/C nanocomposites
(Fig. 8). In short, the ferromagnetic components of
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Fig. 8 Schematic diagrams
of the potential EMA mecha-
nisms of the composites
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the cobalt, nickel or their alloy cores and the dielectric
part of the carbon shell are efficiently combined in this
work. First, the porous structure give rise to multiple
reflections and scatters of the incident electromagnetic
wave in the composite, increasing the energy loss dur-
ing propagation. Second, the carbon shell enhances the
electrical conductivity, which facilitates the conduc-
tion loss. The core-shell structure between the highly
crystalline metallic or metallic alloy core and the car-
bon shell increases the contact interface and further
increases the interfacial polarization. However, differ-
ences in the constituent states of metallic substances,
resulting in differences in the number of generated
space charges, directly affects their interfacial polari-
zation capabilities. Here, the amount of space charge
is considered as the primary effect on the dielectric
loss properties. Third, the ferromagnetic components
of cobalt, nickel and their alloys have a large impact on
the magnetic properties, greatly enhancing the mag-
netic loss and modulating the impedance matching
performance. However, the realization of excellent
EMA properties of materials is not uniquely deter-
mined by a single property, and many factors need to
be considered to understand the absorption mecha-
nisms for all samples, including interfacial polariza-
tion, conduction loss, dipole polarization, magnetic
loss, and impedance matching. It is well known that
the impedance matching characteristic is a precondi-
tion for the onset of the attenuation of electromagnetic
wave, and as described above, the relatively poor

@ Springer

impedance matching of CoNi@PC_3, CoNi@PC_2 and
Co@PC leads to the weak EMA performance as fewer
electromagnetic waves can enter the composite, even
though they have some degree of attenuation capac-
ity. Compared to other composites, Ni@PC and CoNi@
PC_1 have superior EMA performance in terms of thin
thickness, large effective bandwidth range, and strong
absorption intensity due to their good conductivity
from the carbon shell, the tight binding of the metal-
lic alloy/carbon and the presence of increased space
charges enhance the interfacial polarization, the well-
regulated impedance matching between the dielectric/
magnetic components, and their better magnetic loss
properties.

4 Conclusion

In summary, we have prepared five samples of MOF-
74 with metallic clusters of different Co/Ni ionic ratios
by hydrothermal method. Then, these as synthesized
MOFE-74 were treated by one-step in-situ pyrolysis at
700 °C under nitrogen atmosphere. The resulting Co/
Ni/C composites derived from MOF-74 exhibit distinct
differences in their electromagnetic response absorp-
tion properties. Of these, Ni@PC has a better EMA per-
formance, reflected in its broad EAB,,, of 4.72 GHz at
a thickness of 2.66 mm, while the EAB of CoNi@PC_1
achieves an EAB,,, of 4.16 GHz at a thickness of 2.08
mm, a thinner thickness at a similar absorption width.
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Moreover, CoNi@PC_1 also has the strongest absorp-
tion intensity at all thicknesses.

In addition to the dielectric loss from carbon, the
magnetic loss from cobalt, nickel or their alloys and
porous structure, the space charges formed between
the magnetic core and the dielectric carbon shell
largely affect their dielectric loss of the interfacial
polarization, and the optimal impedance matching
is also the key factor to determine the EMA perfor-
mance of the CoNi@PC_1 composite. The synthesis of
the bimetallic MOF-74 with adjustable metal ions ratio
offers a new idea to explore more promising materi-
als for electromagnetic wave absorption. Combined
with the simple fabrication method, MOEF-74 derived
composites provide a high utilization value for electro-
magnetic pollution in practical application.
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