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Abstract

The pursuit of achieving wideband electromagnetic wave absorption to meet the demands in multiple fields has attracted
attention in the field of electromagnetic wave absorption. Considering that the dipole moments of different scales can cor-
respond to different polarization bands, the coupling of multi-scale loss mechanisms may help to realize the electromagnetic
wave absorption in the wide band. Therefore, we fabricated N-doped Co/C composites derived from ZIF-67 through a
facile wet chemistry approach and pyrolysis process. Due to the precise fabrication method and the design of the Stranski-
Krastanow growth mode, the prepared N-doped Co/C composites contain abundant functional groups, magnetic particles,
and cobalt quantum dots. By combining atomic-scale doping loss and mesoscopic-scale hollow structures, the Co/C com-
posite materials achieve the coupling of multiple-scale loss mechanisms and demonstrate outstanding electromagnetic wave
absorption performance: the minimum reflection loss (RL,;,) value reaches —57.0 dB at 17.9 GHz when the thickness is
1.73 mm, and the effective absorption bandwidth (EABD) reaches the maximum value of 5.7 GHz when the thickness is
2 mm. To sum up, this work provides a new strategy for realizing the broadband absorption of further electromagnetic wave
absorption materials.
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1 Introduction radiation has become impossible to ignore due to its impact

on human health and the operation of precision equipment
Due to the explosive development of electromagnetic wave  [1, 2]. Therefore, electromagnetic interference shielding
utilization in the information age, the electromagnetic wave  materials and electromagnetic wave absorbing materials
(EMW) pollution caused by radiofrequency electromagnetic =~ (MAMs) have attracted much attention as the main electro-
magnetic functional materials to deal with electromagnetic
pollution problems [3, 4]. As electromagnetic pollution
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intensifies, researchers are increasingly troubled by the nar-
row absorption frequency band in MAMs [5]. In terms of
this issue, since the dipole polarization losses at different
scales correspond to different absorption bands, the cou-
pling of multi-scale loss mechanisms is considered to be an
effective solution to the narrow absorption bandwidth [6, 7].

Based on this rationale, metal-organic framework
(MOF)—derived composites are considered reliable research
subjects. Due to their programmable topological structures,
MOFs often exhibit distinctive microscale morphologies,
contributing to the EMW attenuation mechanisms at the
mesoscale [8—10]. For instance, one-dimensional MIL-
88 A nanorods [11] and two-dimensional CuBDC MOF
nanosheets [12], owing to their unique stacking characteris-
tics, can construct a three-dimensional conductive network
at the mesoscale, thereby reducing the energy barriers for
electronic migration and enhancing the composites’ con-
ductive loss capacity [13]. On the other hand, the presence
of heteroatoms such as N and O in the organic framework
of the precursor leads to the random distribution of heter-
oatoms in the thermally treated carbon matrix. These hetero-
geneous atomic sites induce the separation of local charge
centers between the heteroatoms and carbon atoms, resulting
in the emergence of polarized centers, which contribute to
atomic-scale dipole moment polarization under the applied
electromagnetic field [14-16]. Unfortunately, the appli-
cation of MOF materials often requires high-temperature
pyrolysis, which results in the composites being unable to
maintain the morphology of the precursor, leading to col-
lapse or agglomeration. Additionally, the inevitable aggre-
gation and growth of magnetic particles after pyrolysis also
pose challenges to the EMW absorption performance due
to the skin-effect phenomenon. Previous studies have indi-
cated that incorporating conductive pathways into the MOF
structure can effectively avert the defects caused by pyrolysis
[17]. However, this approach also leads to the loss of mag-
netic loss. Therefore, the key focus lies in finding strategies
to preserve the existing advantages of MOF while avoiding
the drawbacks introduced by pyrolysis, thereby achieving
the coupling of multi-scale loss mechanisms.

To address these issues, a viable approach is to optimize
suitable MOF materials. Among these materials, Zeolitic
Imidazolate Frameworks (ZIFs) have garnered consider-
able attention due to their unique metal-N coordination
and diverse lattice structures. These characteristics inher-
ently prevent the aggregation of magnetic particles and
enable the realization of multiple microscale morphologies
[18-21]. Therefore, achieving the coupling of multi-scale
loss mechanisms through the optimization of ZIFs has natu-
rally become a focal point of research. For instance, Zhang
and his group have achieved the uniform distribution of Fe
single atoms on a carbon matrix by incorporating Fe phth-
alocyanine into ZIF-8, which facilitated dipolar polarization
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loss at the atomic scale and harnessed the magnetic loss
capabilities contributed by Fe;0, clusters. Remarkably, the
as-synthesized composites achieved a minimum reflection
loss (RL,,;,) of —64.75 dB at a thickness of 2.7 mm [22]. In
addition, other research approaches based on ZIF modifica-
tions, such as ZIF-67@LDH [23], Fe;0,@ZIF-8 [24], and
Zn/Co ZIF-L [25], have also made significant contributions
in this research field. Inspired by these studies, integrating
ZIFs with materials showcasing diverse loss mechanisms
and achieving a multi-size distribution of magnetic particles
could enable the coupling of multi-scale loss mechanisms
while retaining the inherent advantages of ZIFs.

In this paper, ZIF-67 is utilized as an internal template
with coating a phenol-formaldehyde resin (PR) synthesized
from resorcinol and formaldehyde onto the surface to form
a core-shell structure. Owing to the decomposition and re-
nucleation of the layered cobalt hydroxide generated under
alkaline conditions in the PR shell based on the Stranski-
Krastanow mode, as well as the carbonization of ZIF-67,
a multi-sized distribution of magnetic particles has been
achieved, which coupled with functional group polariza-
tion and polarization of heteroatoms in the carbon matrix,
and has led to the coupling of multi-scale loss mechanisms,
resulting in excellent EMW absorption performance: a
minimum reflection loss (RL) value of —57.0 dB within
a thickness of 1.73 mm and a maximum effective absorp-
tion bandwidth (EABD) of 5.7 GHz within a thickness of
2 mm. Therefore, in order to solve the problem of a narrow
absorption band, this work realizes the coupling of a multi-
scale loss mechanism, which provides a new strategy for
the design of high-performance EMW absorption materials.

2 Result and discussion

The fabrication strategy of pomegranate-like [Co/NC]@NC
is depicted in Fig. 1a. ZIF-67 nanoparticles were prepared by
mixing cobalt nitrate hexahydrate and dimethylimidazole in
methanol, and then aged for 24 h. Afterward, the ZIF-67 dis-
persion was added to an alkaline alcohol-water mixture, and
an appropriate amount of resorcinol and formaldehyde was
introduced. The mixture was stirred for 12 h to coat the ZIF-
67 nanoparticles with phenol-formaldehyde resin. Finally,
the ZIF-67 @RF nanoparticles were carbonized under argon
protection to obtain [Co/NC]@NC.

During the synthesis of the PR shell, the alkaline envi-
ronment in the suspension causes the Co>* adsorbed on the
ZIF-67 surface to first combine with hydroxide ions to form
layered cobalt hydroxide, which is then coated with PR shell,
forming a laminar structure of Co(OH), @PR. We propose a
hypothesis herein based on the Stranski-Krastanow growth
mode to explain the arisen of cobalt quantum dots (CQDs)
with sizes approximately around 5 nm (Fig. 1b). During the
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Fig. 1 a Schematic illustration
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pyrolysis process, layered cobalt hydroxide with a hydro-
talcite-like crystal structure undergoes decomposition and
re-nucleation, whereafter forming island nucleation sites
under the stress exerted by the encapsulating PR shell and
finally growing into CQDs embedded within the carbon
matrix [26-28].

The phase composition of the products at different prepa-
ration steps was characterized by X-ray diffraction (XRD)
patterns as shown in Fig. S1 (Supporting Information) and
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Fig. 2a. Figure S1 (Supporting Information) displays a
series of diffraction peaks of both as-synthesized ZIF-67
and ZIF-67 @PR, consistent with the crystallographic infor-
mation reported in the literature, which confirms the suc-
cessful synthesis of high-purity ZIF-67 [29]. Additionally,
the XRD pattern of ZIF-67 @PR displayed no characteristic
diffraction peaks of phenol-formaldehyde resin, indicating
that the phenol-formaldehyde resin layer coated on the ZIF-
67 surface exists in an amorphous form. On the other hand,
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Fig.2 a XRD patterns of [Co/NC]@NC-T; b Raman spectra of [Co/NC]@NC-T; XPS spectra of the [Co/NC]@NC-600: ¢ C 1s region, d O 1s

region, e N 1s region, f Co 2p region
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the XRD patterns of [Co/NC]@NC-T (T=500, 550, 600,
650) obtained by carbonization at different temperatures are
shown in Fig. 2a. All samples exhibit significant diffraction
peaks corresponding to the face-centered cubic (FCC) struc-
ture. By comparing the diffraction patterns with the standard
PDF card of FCC metallic cobalt (JCPDS NO. 89-7093),
three characteristic diffraction peaks are identified in order
of increasing 20 angles as (111), (200), and (220) crystallo-
graphic planes. Therefore, it can be preliminarily concluded
that the product is [Co/NC]@NC nanoparticles.

The [Co/NC]@NC samples obtained by pyrolysis at dif-
ferent temperatures were characterized by Raman spectros-
copy, and the spectra are shown in Fig. 2b. For the Raman
spectra of carbon-containing samples, the D band vibra-
tion peak at 1370 cm™! and the G band vibration peak at
1589 cm™! respectively represent the degree of disorder
and order of carbon. Therefore, I/I; can be used to rep-
resent the degree of order of carbon materials, that is, the
degree of graphitization. The smaller the value of Iy/I;,
the higher the degree of graphitization [30-33]. From the
spectra analysis, it can be observed that with the increase in
carbonization temperature, the Ip/I; values of [Co/NC]@
NC-500 and [Co/NC]@NC-550 decrease from 0.78 to 0.72.
Similarly, the I,/ values of [Co/NC]@NC-600 and [Co/
NC]@NC-650 decrease from 0.86 to 0.83. These reductions
indicate an enhanced degree of graphitization in the carbon
layer. Meanwhile, it is worth noting that samples between
550 and 600 °C exhibit a sharp increase in the Ijy/I; ratio.
This phenomenon could be attributed to two reasons: (1) the
anomalous growth of metallic cobalt grains within the sam-
ple at a carbonization temperature of 600 °C. The presence
of larger cobalt particles reduces the specific surface area of
the cobalt catalyst, resulting in a decrease in the proportion
of amorphous carbon directly in contact with the cobalt par-
ticles, leading to a reduction in the production of graphite.
Consequently, the I,/I; ratio increases from 0.72 to 0.86,
which could be further supported by the subsequent trans-
mission electron microscopy (TEM) images. (2) At tempera-
tures equal to or below 550 °C during pyrolysis, a significant
amount of uncarbonized organic compounds is retained in
the sample, rendering the I;y/I; values inadequate for accu-
rately representing the graphite and carbon content. This
assertion can be further supported by subsequent €” curves.

X-ray photoelectron spectroscopy (XPS) was used to
study the surface composition and valence states of the
[Co/NC]@NC-600 (Fig. S2, Supporting Information and
Fig. 2c—f). The survey spectra as displayed in Fig. S2 reveal
the co-existence of C 1s, O 1s, N 1s, and Co 2p species. The
C Is spectra shown in Fig. 2c display four distinct peaks
located at 284.8, 285.8, 287.1, and 289.3 eV, respectively,
which can be indexed to the C—C sp2, C—C sp3, C-0, and
C-N band [34]. Notably, the appearance of the C—O bond
and C-N bond indicates that N and O atoms may enter
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the carbon six-membered ring as heteroatoms, contribut-
ing to the dipole moment polarization of the atoms. Simi-
larly, the N 1s spectra shown in Fig. 2e can be divided into
pyridinic N (398.7 eV), pyrrolic N (401.2 eV), and graph-
ite N (403.2 eV), which also indicates that nitrogen has
been doped into the carbon component derived from the
ligand. Interestingly, there is also a distinct peak located
at 400.2 eV in the N 1s spectra that can be attributed to
the presence of Co—N, indicating that neither ZIF nor PR
is fully pyrolyzed at this temperature [35]. In addition, as
shown in Fig. 2d, the spectrum of O 1s can be divided into
C-OH (532.5eV), C-0-C (533.9eV), C=0 (531.2eV), and
C-0-N (529.9 eV). The presence of these chemical bonds is
also further evidence of incomplete cleavage of the organic
framework and the presence of numerous oxygen-containing
functional groups in the carbon matrix. What is more, for the
Co 2p spectrum, two kinds of peaks are observed which can
correspond to Co** and satellite (Sat.). The peaks at 780.7
and 796.1 eV can correspond to Co** 2p3/2 and Co** 2p1/2,
respectively, and the peaks at 786.6 and 803.2 eV can be
attributed to shakeup satellite peaks, respectively.

The thermogravimetric (TG) curves show the weight
variations of the samples from room temperature to 800
°C in the air (Fig. S3, Supporting Information). The metal-
lic Co and CoO in composites were oxidized into Co;0,
through this process, and thus, the Co content in samples
can be estimated according to the weight of the remanent
material. By the mean of the calculation method, the Co
contents of [Co/NC]@NC-600 are 40.0wt%. The N, adsorp-
tion-desorption isotherms and the corresponding Barrett-
Joyner-Halenda (BJH) pore size distribution of the synthe-
sized [Co/NC]@NC-T composite are exhibited in Fig. S4
(Supporting Information); the isotherms of all the samples
showed a similar curve to the type IV isotherms with H4
hysteresis loop, which indicated the presence of mesopores
and macropores with irregular distributions in the samples
[36, 37]. The results show that samples possess relatively
large specific surface areas, with abundant pore structures
distributed both inside and outside of the samples, which
contributes to a certain degree of enhancement in EMW
absorption performance.

To further verify the incomplete decomposition of
organic and the presence of functional groups, the [Co/
NC]@NC-600 sample was characterized by Fourier trans-
form infrared spectroscopy (FT-IR) (Fig. S5, Supporting
Information). It can be found that there are multiple vibra-
tion peaks in the FT-IR spectra of the sample, among which
the vibration peaks at 3440 cm™' and 571 cm™! belong to the
tensile vibration of the hydroxyl group in adsorbed water and
the stretching vibration of Co—O bond, respectively. In addi-
tion, other vibration peaks are caused by organic. Among
them, the vibration peak located at 1574 cm™~! can be attrib-
uted to the stretching vibration of C=N in ZIF-67, while the
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wide peak located at 11361306 cm™! can be attributed to
the imidazole ring vibration, which means that these two
vibration peaks are from the incomplete decomposition of
ZIF-67 [38]. Correspondingly, of the remaining peaks attrib-
uted to the PR, the vibrational peaks at 650 cm™! could be
attributed to the hydroxymethyl functional group, while the
multiple vibrational peaks between 750 and 900 cm™" could
be attributed to different methyl substitution patterns in the
aromatic ring [39]. Clearly, FT-IR spectra demonstrate that
functional groups contribute to molecular scale polarization
loss in [Co/NC]@NC-600 [40].

The morphology of ZIF-67, ZIF-67@PR, and [Co/NC]@
NC-T samples was characterized by scanning electron
microscopy (SEM) as displayed in Fig. 3. In Fig. 3a, it can
be observed that the as-obtained ZIF-67 exhibits a dodeca-
hedral shape with an edge size of approximately 500 nm
and particle size of around 1 pm. After coating ZIF-67 with
phenolic formaldehyde resin, the resulting ZIF-67 @PR
maintains its dodecahedral morphology while showing a
distinct resin layer attached to its surface. Meanwhile, it can
be observed that the sample surface exhibits irregular two-
dimensional lamellar morphology, which can be attributed
to the addition of ammonia that causes the free cobalt ions
on the surface of ZIF-67 particles to initially form cobalt
hydroxide and subsequently be encapsulated by PR shell.
Upon carbonization of ZIF-67@PR, a comparison between
Fig. 3c—f reveals that the obtained [Co/NC]@NC-T particles,
protected by the PR shell, still maintain a relatively com-
plete rhombic dodecahedral shape and only a small amount

of micropores are generated on the surface due to the col-
lapse of the resin upon carbonization, which is noticeably
different from the carbonization of ZIF-67. Furthermore, as
the carbonization temperature increases, the shape of [Co/
NC]@NC-T does not exhibit significant collapse or shrink-
age, with the carbonized phenol-formaldehyde resin main-
taining its pre-carbonization morphology. Therefore, it can
also be observed that the SEM images of [Co/NC]@NC-T
with different pyrolysis temperatures display similar micro-
structural features.

To estimate the distribution of internal metallic cobalt in
[Co/NC]@NC-600, TEM, HRTEM, and energy-dispersive
X-ray spectroscopy (EDS) were characterized on the [Co/
NC]@NC-600 sample, as shown in Fig. 4. It can be seen
that the [Co/NC]@NC-600 particles manifest a distinct
hollow architecture with abundant metallic cobalt particles
dispersed in the carbon framework (Fig. 4a). Furthermore,
in comparison to the [Co/NC]@NC-550 particles displayed
in Fig. S6 (Supporting Information), which predominantly
consist of around 10-nm metallic cobalt particles, the [Co/
NC]@NC-600 particles exhibit a remarkable increase in the
size of the metallic cobalt particles which are facilitated by
in situ thermal oscillations that break through the carbon
encapsulation, resulting in the abnormal growth of crystal
grains with particle diameters ranging from 40 to 85 nm.
Obviously, the larger metallic particles exhibit a reduced
distribution of surface carbon due to the decrease in spe-
cific surface area, which, in turn, leads to an abnormally
increased I/l value in the Raman spectrum in Fig. 2b.

Fig.3 SEM images of ZIF-67, ZIF-67@RF, and [Co/NC]@NC-T: a ZIF-67, b ZIF-67@REF, ¢ [Co/NC]@NC-500, d [Co/NC]@NC-550, e [Co/

NC]@NC-600, f [Co/NC]@NC-650
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Fig.4 a-d TEM and HRTEM images of [Co/NC]@NC-600; e HAADF image and elemental mapping images of [Co/NC]@NC-600

What is more, it is obvious that there are plenty of metal-
lic CQDs with sizes approximately around 5 nm dispersed
in the flaky-like carbon as displayed in Fig. 4b1, b2. In
the HRTEM image as displayed in Fig. 4c, lattice fringes
with a spacing of 0.205 nm can be observed in the quan-
tum dots, which can be attributed to the (111) crystal plane
of FFC cobalt. However, there is also a partial oxide layer
present outside the quantum dots, with lattice fringe spac-
ing of 0.254 nm index to the (111) crystal plane of CoO.
Apparently, there exists a widespread distribution of hetero-
interfaces between the CQDs, CoO, and amorphous carbon
matrix. According to the Maxwell-Wagner-Sillars princi-
ple, the differences in Femi level among these products will
induce the accumulation of charges at the heterointerfaces,
thereby contributing to ideal heterointerface polarization
[41, 42]. On the other hand, it can be observed from Fig. 4d
that the CQDs obtained through stress-induced nucleation
and growth harbor a significant number of lattice defects,
such as vacancies, dislocations, and twins. These lattice
defect sites act as charge carrier traps, facilitating the for-
mation of atomic-scale dipole moments and consequently
leading to corresponding polarization relaxation and EMW
attenuation [43, 44].

Furthermore, EDS element mapping images mani-
fest the widespread distribution of C, N, and O elements
in [Co/NC]@NC-600 particles as a form of dodecahedral
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framework (Fig. 4e). Well-founded, the collective distri-
bution of aforementioned elements, combined with XPS
spectra, confirms the incorporation of N and O atoms into
the carbon matrix as centers for polarization relaxation.
Homoplastically, the mapping image of the O element, along
with the XPS and FT-IR spectrum, further substantiates the
presence of oxygen-containing functional groups within
the carbon shell derived from the pyrolysis of the PR shell.
Besides, the widespread distribution of Co element in [Co/
NC]@NC-600 particles demonstrates the abundant exist-
ence of magnetic cobalt particles and cobalt quantum dots
within the carbon matrix, indirectly providing evidence for
the existence of interface polarization phenomena.

In order to verify the above speculation on the loss mech-
anism and to characterize the loss performance of EMWs,
the electromagnetic parameters in the range of 2—-18 GHz
of the prepared [Co/NC]@NC-T were characterized as
manifested in Fig. 5. In light of Maxwell’s equation, the
EMW absorption properties of materials are related to the
complex dielectric constant (¢,) and complex permeability
(1), in which the real part (¢” and u’) represents the elec-
tromagnetic energy storage capacity and the imaginary part
(¢” and u”) represents the electromagnetic energy attenu-
ation capacity [45]. In addition, the actual dielectric loss
capacity and magnetic loss capacity of the materials to the
EMWs can be expressed by tand, (¢”/¢’) and tand, (u”/u’),
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respectively [46]. It can be seen from Fig. 5a that with the
increase of pyrolysis temperature, the &’ of the samples also
increases. At the same time, with the increase of frequency,
the €’ curves of different samples exhibit a declining ten-
dency, which corresponds to a typical frequency dispersion
phenomenon [47]. On the other hand, the £” curves of sam-
ples in Fig. 5b also increase significantly with the increase
of pyrolysis temperature, which is due to the free electron
theory [48]:

(es - GOO)ZITfT
1+ Qafr)?

" o_ o

h 2reyf

6]

where o presents the conductivity, &, presents the vacuum
permittivity, f stands for the frequency, &, is the static per-
mittivity, e, presents the relative permittivity at infinite fre-
quency, and 7 stands for the relaxation time. Therefore, with
the increase of pyrolysis temperature, the degree of carboni-
zation of the originally non-conductive organic frameworks
and PR increases, and the growth of metal cobalt particles
increases the degree of graphitization on the surface of the
internal cobalt particles, which jointly increases the conduc-
tivity of the samples and finally represented by a substan-
tial increase in the £” value in the whole frequency range.
Moreover, the &” curves of different samples show multiple
relaxation peaks in the frequency band higher than 5 GHz,
which may represent a large amount of polarization loss in
MAMs. With the increase of pyrolysis temperature, the same
trend as the €” curves is also displayed on the tand, curves,

Frequency (GHz)

Frequency (GHz)

dy;eu”; f tanSH

which indicates that the dielectric loss capacity of the sam-
ples increases with the increase of pyrolysis temperature.

Figure 5d—f display y’, u”, and tand, curves of each
sample in the frequency range of 2—18 GHz, respectively.
Obviously, the ¢’ and u” of different samples have close
values in the frequency band above 8 GHz, and this value
is very close to the air, representing that the sample has
basically no magnetic loss capability in this frequency
range. Combined with TEM image analysis, this phenom-
enon may be attributed to the fact that as single-domain
particles, the magnetization and demagnetization of CQDs
involve rotational processes of the magnetization vector,
leading to a decrease in permeability. Hence, what con-
tributes to the magnetic loss in the samples should be the
natural resonance of the magnetic nanoparticles, corre-
sponding to the peak of the y” curves in the frequency
band of 2-8 GHz. It is noteworthy that the ¢’ and u”
curves of [Co/NC]@NC-500 exhibit a typical Lorentz
model of natural resonance around 6 GHz, which may be
due to the small size of magnetic cobalt particles gener-
ated by low pyrolysis temperature and fewer defects in the
crystals, thus reducing the damping factor a and leading
to an increase in the natural resonance frequency [49, 50].
In addition, the tand,, values of other samples except [Co/
NC]@NC-500 are significantly smaller than tand,, which
indicates that the dielectric loss mechanism is dominant
in these samples.

For magnetic loss MAMs, effective attenuation mech-
anisms in the GHz band include natural resonance, eddy
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current resonance, and exchange resonance [51, 52]. In order
to explore the influence of different magnetic loss mecha-
nisms in different frequency bands, the following formula
is introduced [17]:

C, = ll”(l«l/)_2f_1 )

According to the formula, C is a frequency-dependent
quantity. When the value of C, remains constant, eddy cur-
rent loss is the only magnetic loss mechanism in the current
frequency band. Figure 6a shows the frequency variation of
C, values of different samples in the range of 2-18 GHz. It is
evident that within the frequency range of 2—-10 GHz, the C,
values of the various samples exhibit variability alongside
noticeable vibration peaks, which suggests that the primary
magnetic loss mechanism occurring in the samples within
this frequency band is attributed to natural resonance. In
the 10-18 GHz band, the C, curves of different samples all
manifest frequent and weak vibration peaks, which is due to
the similar size exchange resonance caused by the uneven
size of the metallic cobalt particles inside the particles.

Based on the transmission line theory, the attenuation
constant a represents the ability to attenuate EMWs for
MAMSs, which can be defined as [53]:

2
a= @\/(/4"6" — e+ \/(ﬂ/ren _ ’u/el)Z + (e + ”//6/)2
(3)

where c is the velocity of EMWs in a vacuum. As can
be seen from Fig. 6b, [Co/NC]@NC-650 and [Co/NC]@
NC-600 exhibit excellent attenuation performance to
EMWs in the whole frequency band, reaching peaks of 572
and 398 at 16.3 GHz, respectively. This excellent attenua-
tion ability corresponds to the excellent €” and u”, and the
four samples show a positive correlation with the carboniza-
tion temperature. In addition, [Co/NC]@NC-500 exhibits
better microwave attenuation performance than [Co/NC]@
NC-550 near 6.3 GHz, due to its better magnetic loss capac-
ity in this band.

At the same time, to further validate the previous descrip-
tion of multi-scale loss mechanism coupling in the synthe-
sized [Co/NC]@NC-T, Cole-Cole semicircle was used to
characterize the polarization loss, which can be derived from
Debye dipole relaxation formula (4):

/ €S+€oo g 112_ € — €y 2
(¢-252) +r=(252) @

According to the Cole-Cole semicircle formula, when
MAMs undergo dielectric relaxation, the curve composed
of ¢ and €” should represent a semicircle. In order to further
confirm the contribution of Debye dipole relaxation to the
dielectric loss properties of samples, Cole-Cole semicircle
curves of different samples are shown in Fig. 6¢—f. It can
be found that obvious Cole-Cole semicircles appear in the
curves of samples with different pyrolysis temperatures,
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b 700
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Fig.6 a C, curves of [Co/NC]@NC-T; b the attenuation constants a of [Co/NC]@NC-T; c—f Cole-Cole semicircles of [Co/NC]@NC-T
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and there are many different semicircles, which represents
the existence of multiple dielectric polarization relaxation
phenomena. In addition, except for [Co/NC]@NC-500, the
Cole-Cole curves of other samples have straight lines at the
end, which represents the dominant conductance loss at the
low-frequency band [54]. Meanwhile, with the increase of
pyrolysis temperature, it is obvious that the proportion of
linear parts also increases significantly, which is owing to
the increase of pyrolysis temperature promoting the decom-
position of non-conductive organic frameworks and PR.

Based on the complex permittivity and complex perme-
ability of MAMs, the reflection loss (RL) can be calculated
by the transmission line theory as follows [53, 55]:

Zin - ZO

RL (dB) = 201
(“@5) o8 Z,+7,

&)

where Z, represents the free space impedance and Z;, stands
for the input impedance of the material, and the calculation
formula is as follows:

Z, = zo\/’ez:mnh ]<27”) fiy/ie| ©)

in which c represents the speed of light in free space and d
represents the thickness of the absorber. Figure 7 exhibits the
RL value curve of [Co/NC]@NC-T in the frequency range
of 2-18 GHz and d in the thickness range of 1-5 mm. As
can be seen from the RL curves and 3D RL diagrams of [Co/
NC]@NC-500 and [Co/NC]@NC-550 in Fig. 7a—f, the sam-
ples have no effective microwave absorption performance
in the full frequency band, which is mainly due to the low
electrical conductivity caused by low pyrolysis temperature.
Subsequently, with the increase of pyrolysis temperature,
the dielectric properties of the samples are significantly
improved. What is more, the abnormal growth of metallic
cobalt particles also increases the size distribution from the
range of 3—15 nm to 3—-85 nm, which provides more types
of magnetic losses. Under the double increase of dielectric
loss and magnetic loss, as shown in Fig. 7g—i, the RL
value of [Co/NC]@NC-600 reaches —57.0 dB at 17.9 GHz
when the thickness is 1.73 mm, and the EABD reaches the

maximum value of 5.7 GHz when the thickness is 2 mm.
When the carbonization temperature reaches 650 °C, further
carbonization of the organic occurs in [Co/NC]@NC-650,
resulting in an improved dielectric loss capacity. Neverthe-
less, the increase in magnetic loss is minimal, which leads
to an imbalance in impedance matching, thereby restricting
the acquisition of more ideal EMW absorption performance.
Hence, the [Co/NC]@NC-650 exhibits a puny microwave
absorption performance with RL_; value at 17.3 GHz at
1.63 mm thickness is —16.5 dB, and the EABD reaches a
maximum of 4.7 GHz at a thickness of 1.77 mm (Fig. 7j-1).
The reflection loss properties of some typical Co and Co/C
composites that have been published and cited most in
recent years are listed in Table 1 for comparison. It can be
found that the EMW absorption performance of [Co/NC]@
NC-600 prepared in this work is comparable to or even bet-
ter than most materials due to the unique multi-scale loss
mechanism coupling effect of precise design, which veri-
fies the reliability of this work, and also indicates that [Co/
NC]@NC-600 is an ideal candidate for an efficient EMW
absorber [56-61].

In order to further prove the EMW absorption character-
istics of [Co/NC]@NC-T sample under practical applica-
tion conditions, RCS simulation was carried out by CST
studio. The constructed simulation model consists of an
absorber layer and a perfect electric conductor (PEC) layer,
as shown in Fig. S7 (Supporting Information). The reflected
signal intensity of the four models is simulated under the
vertical incident EMW. The 3D RCS distribution of [Co/
NC]@NC-T shows similar scattering signals of 3D radar
waves (Fig. 8a—d), where [Co/NC]@NC-500 and [Co/NC]@
NC-550 have basically no absorption capacity, while [Co/
NC]@NC-600 has the least vertical reflection intensity. The
results show that [Co/NC]@NC-600 has a strong attenuation
ability of incident microwave, which is consistent with the
RL calculation results.

According to the above discussion, the multi-scale loss
mechanism of the prepared [Co/NC]@NC-600 is summa-
rized in Fig. 8f. (1) In the atomic-scale loss mechanism, a
large number of N and O atoms that existed in the ZIF-67
will be doped into the carbon matrix after pyrolysis. These

Table 1 Comparison of [Co/

. . Samples Reflection  Corresponding ~ EAB (GHz)  Corresponding  Reference
NC]@NC-600 comp osites with loss (dB) thickness (mm) thickness (mm)
other Co/C composites
Co/C-800 -32.4 2.0 3.8 2.0 [56]
767-8@C -58.1 2.5 5.7 2.0 [57]
CoNi@GC/BN-HCPs  —62.8 3.0 8 2.0 [58]
Co@NCNS-800 —60.6 2.4 5.1 1.9 [59]
YS-Co/C-700 —57.34 2.5 5.6 2.5 [60]
In/C@Co/C-800 —55.14 2.19 5.68 2.13 [61]
[Co/NC]@NC-600 -57.0 1.73 5.7 2.0 * This work
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atoms, along with the defects in the carbon matrix stemming
from the pyrolysis process, contribute to the dielectric loss
capacity by acting as dipole moments at the atomic scale. In
addition, numerous lattice defects such as vacancies, dislo-
cations, and twin boundaries in the grown cobalt quantum
dots will also provide polarization loss as the polarization
sites trap free carriers [62]. (2) In the molecular scale loss
mechanism, plenty of functional groups such as the phenolic

@ Springer
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hydroxyl group in the PR shell can be preserved by reason-
able control of pyrolysis, thus providing a molecular dipole
loss mechanism. (3) In the crystal scale loss mechanism, the
first is the magnetic loss capacity contributed by magnetic
nanoparticles. In order to explore the magnetic properties of
magnetic particles of different scales, the array composed of
these particles was simulated by micromagnetic theory. The
results are shown in Fig. 8e, and further details can be found
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in the Supporting Information. It is clear that CQDs with a
diameter of 5 nm behave as typical single-domain particles
with magnetic domains that hardly respond to alternating
magnetic fields. Correspondingly, magnetic particles with
a diameter of 50 nm exhibit typical vortex domain states,
and the rotation of the vortex changes with the alternating
magnetic field. In this process, the induced magnetic field
changes gradually lag behind the alternating magnetic field,
thus contributing to the magnetic loss capacity [63, 64].
In addition, other mechanisms such as natural resonance,
exchange resonance, and eddy current loss also contribute
to the magnetic loss capacity. In terms of dielectric loss, due
to the difference in conductivity, a large amount of charge
accumulates at the interface between metallic cobalt, CoO,
and carbon matrix, causing the phenomenon of heterogene-
ous interface polarization [65-67]. (4) In the mesoscopic-
scale loss mechanism, the hollow structure of prepared [Co/
NC]@NC-600 also contributes to the absorption of EMW.
This hollow structure not only reduces the density, but also
expands the transmission path of EMW in the absorber by
providing multiple reflection and scattering of EMW. More-
over, based on the Maxwell Garnett theory, the introduction
of air into the absorber optimizes the overall impedance

matching characteristics of the absorber, promoting the
EMW incident into the absorber and eventually being lost
[68—70]. There is no doubt that the excellent EMW absorp-
tion ability of the prepared [Co/NC]@NC-600 with wide
EABD and high RL value is achieved through the coupling
of these multi-scale loss mechanisms.

3 Conclusions

In general, we successfully prepared N-doped Co/C compos-
ites with hollow structures by wet chemistry and pyrolysis
treatment process. Due to the precise synthetic technique,
the prepared [Co/NC]@NC-T electromagnetic wave absorp-
tion material achieves the retention of numerous functional
groups while featuring a range of magnetic particles of vari-
ous sizes. Additionally, it also exhibits significant doping
of impurity atoms and abundant heterogeneous interface
polarization. When the pyrolysis temperature is 600 °C,
the obtained [Co/NC]@NC-600 simultaneously realizes
the coupling of the above multi-scale loss mechanism, and
obtains outstanding electromagnetic wave absorption per-
formance: the RL_; value reaches —57.0 dB at 17.9 GHz

min
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when the thickness is 1.73 mm, and the EABD reaches the
maximum value of 5.7 GHz when the thickness is 2 mm.
This work is a simple way to realize the wideband MAMs
with a multi-scale coupling loss mechanism, which provides
a reliable template for the subsequent design of electromag-
netic wave absorption materials.

4 Experimental section
4.1 Chemicals

Cobalt nitrate hexahydrate (Co(NO;),-6H,0), NH;-H,O,
carbinol, and ethanol were purchased from Shanghai Sin-
opharm Chemical reagent Co. Ltd. 2-Methylimidazole
(2-Melm) and formaldehyde solution were purchased from
Shanghai Aladdin Biochemical Technology Co. Ltd. Res-
orcinol were purchased from Alfa Aesar (China) Chemi-
cals Co. Ltd. Deionized water used in all experiments was
obtained from a Milli-Q system (Millipore, Bedford, MA,
USA). All chemicals used in the experiments were of ana-
lytical grade without further purification.

4.2 Preparation of ZIF-67 precursors

The synthesis of ZIF-67 precursors was performed using
a similar method reported in the literature [71]. Namely,
8 mmol Co(NO;),-6H,0 and 32 mmol 2-methylimidazole
(2-Melm) were both dissolved in 200-mL carbinol, and then,
the latter was rapidly poured into the former under vigor-
ous stirring, for which a homogeneous purple solution was
obtained after continuously stirring for 30 min. The result-
ant suspension, after being aged for 24 h, was collected by
suction filtration, purified using ethyl alcohol (EtOH), and
dried at 60 °C for 24 h.

4.3 Preparation of ZIF-67@PR precursors

The coating of the PR shell was also performed as
reported before [72]. Briefly, place 100 mg ZIF-67,
acquired in Step 2.2, into a 200-mL beaker. Add 32 mL of
ethanol and subject it to 20 min of ultrasonic dispersion.
Subsequently, add 400 uL of NH;-H,O solution and 80
mL of deionized water to the beaker, and then place it on
a magnetic stirrer for agitation. Sequentially incorporate
200 mg of resorcinol. Once the resorcinol is entirely dis-
solved, add 280 pL of formaldehyde solution. Allow the
mixture to stir at room temperature for 12 h. As a final
step, utilize centrifugation at 4500 rpm for 5 min to iso-
late the ZIF-67@PR product, and then proceed with six
alternating deionized water and ethanol washes. Lastly,
dry at 60 °C for 24 h.

@ Springer

4.4 Preparation of [Co/NC]J@NC-T

Finally, the obtained ZIF-67 @PR were carbonized accom-
panied by an Ar atmosphere for 2 h with a heating rate at
2 °C/min in the tubular furnace, respectively. The black
powder acquired was named [Co/NC]@NC-T (T refers to
the carbonization temperature, 7= 500, 550, 600, 650).

4.5 Characterization

The crystalline structures and phase composition of
obtained products were characterized by X-ray diffraction
(XRD, smartlab 9) with a Cu Ka source (40 KV, 200 mA).
Scanning electron microscopy (SEM, JSM-7001 F) with
an accelerating voltage of 20 kV and transmission electron
microscopy (TEM, JEM-2100 F) with an accelerating
voltage of 200 kV were used to characterize the
morphology and size of samples. The X-ray photoelectron
spectrometer (XPS, Axis Supra) was measured on an Axis
Supra with an Al Ka X-ray source. The Raman spectra
were measured by Raman spectrometer (Xplora plus,
HOBIRA) and FT-IR spectra were measured on a Fourier
transform infrared spectrometer (Thermo Fisher Scientific,
iS5-iD1) in the region of 4000—500 cm~!. The nitrogen
adsorption-desorption isotherms were collected using
a Micromeritics ASAP 2020 M surface area analyzer at
77 K. The content of the carbon matrix was characterized
by the diamond TGA/DTA analyzer (SETSYS18TG/
DTA/DSC). The relative complex permeability and
relative permittivity of the sample in the frequency range
of ability and relative permittivity of the sample in the
frequency range of 2—18 GHz were characterized by a
vector network analyzer (VNA, Agilent N5234A). After
mixing the products with the paraffin in the mass ratio of
3:7 uniformly, the annular sample with outer diameter of
7 mm and inner diameter of 3 mm was pressed, and the
thickness was about 3.00 mm. The subsequent research on
mixing our products with epoxy for the future practical test
of electromagnetic performance will be conducted as well.

4.6 Radar cross-section (RCS) simulation

The RCS values were simulated using CST Studio Suite
2022. The simulation model was a square (180 mm of side
length), comprising a top absorber (thickness=1.73 mm)
and a bottom perfect electric conductor (1 mm of side
length). The simulation was set on the XOY plane to
describe the RCS, and the EM wave propagated along the
negative direction of the Z-axis, while the electric polariza-
tion direction of the EM wave was designed to propagate
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along the X-axis. Open boundary conditions were set in all
directions, while the scattering direction was dependent on
theta and phi in polar coordinates. Calculations were per-
formed by means of a time domain solver, which enabled
the determination of the monostatic RCS. The RCS can be
described as follows:

4rS 2

4xS|E,
A2

a(dBmz) = 10log 7

N

where 1 is the wavelength, S is the area, E| represents the
electric field intensity of the receiving waves, and E is the
electric field intensity of the transmitting waves.
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