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Abstract

Hollow cavity and multi-magnetic components are of great significance in adjusting
impedance characteristics and realizing ultrahigh electromagnetic wave attenuation.
Inspired by this thought, hollow CoNi microspheres are successfully fabricated by a
sacrificial template strategy, in which the morphological evolution via the cation
exchange reaction plays an indispensable role in regulating the multi-magnetic
components. Results reveal that hollow cavity significantly balances the impedance
matching and establishes more conductive networks for the enhancement of
conduction loss, the cation exchange process promotes the morphological evolution
from polyhedral structure to 2D nanosheets and the compositional regulation from
single to multi-magnetic components, and the formation of multiple hetero-interfaces
induces strong interfacial polarization. As expected, the as-synthesized hollow CoNi
microspheres display ultrahigh electromagnetic wave absorption, the maximum
reflection loss is up to -62.9 dB and the absorption bandwidth achieves 7.5 GHz with
only 15 wt% filler loading. Moreover, the specific reflection loss and specific
effective absorption bandwidth are higher than the vast majority of counterparts,
demonstrating the potential practical applications in the field of electromagnetic
stealth and protection.

Keywords: hollow cavity, multi-magnetic components, morphological evolution,

interfacial polarization, electromagnetic wave absorption



1. Introduction

In the frontier of electromagnetic (EM) stealth and defense technology, precise
optimization of matching impedance and significant enhancement of EM wave
attenuation are considered as the most urgent concerns in the development of
promising EM wave absorbing materials [1,2]. For practical applications, ideal EM
wave absorbing materials should simultaneously possess some basic features, such as
low filler content, high absorption performance, and thin thickness [3-5]. In order to
realize these characteristics, abundant researchers focus on adjusting the EM
parameters and promoting the absorption capacity by constructing hierarchical or
core-shell structures [6-9], integrating dielectric-magnetic compositions [10,11],
regulating phase transition [12-14], introducing built-in electric field [15-18], et al. Up
to now, although significant achievements have been realized by these
aforementioned strategies, it still faces huge challenges to balance the relationship
between the EM parameters and absorption attenuation to realize excellent EM wave
absorption performance at low filler loading.

In recent decades, metal-organic-frameworks (MOFs) derivatives with tunable
porous structure, multiple hetero-interfaces and electromagnetic synergy have
received widespread attention in the field of EM wave absorbing materials [19-25]. In
order to achieve satisfied EM wave absorption, high filler loading is often required
because most of MOFs derivatives possess solid structure and only sufficient loadings

can establish effective conductive paths to decrease the percolation threshold in



molecular-scale [26,27]. Besides, the intrinsic advantage of ordered porous structure
of MOFs is destroyed after the pyrolysis treatment, resulting in the formation of
unpredictable porous structure. Hollow engineering can introduce large interior void
to optimize impedance matching and enhance interfacial polarization, thereby
realizing excellent EM wave absorption at low filler loading [28]. Compared with
traditional pyrolysis process, the presence of sacrificial templates can inhibit the
inward shrinkage of organic frameworks during the pyrolysis process and preserve the
original structure. Moreover, the removal of the templates can form controllable
interior void, which is the ideal strategy in constructing hollow cavity [29]. The first
research of hollow MOFs derivatives is reported by Du, who produced hollow Co/C
microspheres by using CTAB as the templates [30]. Benefiting from the cooperative
advantages of boost dielectric loss and matched impedance, the synthesized hollow
Co/C microstructures displayed strong reflection loss (-66.5 dB) with 30 wt% filler
loading. However, the removal of CTAB is time consuming and using corrosive
agents. Encouraged by the synthetic approaches, protecting-etching and ion exchange
are considered as the straightforward strategies to construct hollow MOFs derivatives.
Benefiting from the delicate control of hollow cavity and the controllable
compatibility of multi-magnetic components, these obtained hollow derivatives could
display ultrahigh EM wave absorption [31-33].

Herein, we have synthesized hollow CoNi microspheres with multi-magnetic
regulation via a sacrificial template strategy and investigated the synergistic effects of

hollow cavity and multi-magnetic components on the EM wave absorption.



Benefiting from the cooperative merits of matched impedance, enhanced conduction
loss, promoted interfacial polarization and strong magnetic loss, hollow CoNi
microspheres display a maximum reflection loss of -62.9 dB and wideband absorption
of 7.5 GHz with 15 wt% filler loading. More importantly, the microspheres realize
prominent specific reflection loss and specific effective absorption bandwidth than the
vast majority of counterparts.

2. Experimental sections
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Figure 1. Schematic illustration for the synthetic process of H-CoNi@NC.

The synthetic process of hollow CoNi microspheres is shown in Figure 1. First,
ZIF-67 polyhedrons are assembled on pre-prepared PS microspheres surface to form
core-shell PS@ZIF-67 microspheres. Second, core-shell PS@ZIF-67 microspheres
are transformed into core-shell PS@CoNi-LDHs microspheres via the cation
exchange reaction. Third, hollow CoNi/N-doped carbon (H-CoNi/NC) microspheres
are obtained after a pyrolysis process. For comparison, hollow Co/N-doped carbon

(H-Co/NC) microspheres and solid CoNi/N-doped carbon (S-CoNi/NC) polyhedrons



are obtained, respectively. The detailed information of the synthetic process and the
characterizations are shown in Supplementary Material.

3. Results and discussions
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Figure 2. SEM images, TEM images, HRTEM images, the corresponding element mappings and
Co size distribution of core-shell PS@ZIF-67 (a-c), H-Co/NC (d-h), core-shell PS@CoNi-LDHs
(i,j) and H-CoNi/NC (k-p).

The morphologies and microstructures of core-shell PS@ZIF-67 microspheres,
core-shell PS@CoNi-LDHs microspheres and their corresponding derivatives are
shown in Figure 2. Typically, PS microspheres are obtained via a polymerization

process. After that, assembled ZIF-67 polyhedrons are anchored on these pre-prepared



PS microspheres surface to form core-shell PS@ZIF-67 microspheres by mixing PS
microspheres with mixed Co?"/2-Melm solution (Figure 2a-c). The element mappings
reveal that C element mainly distributes in the inner region while Co/N elements
mostly distribute in the outer region (Figure S1), confirming the successful generation
of core-shell PS@ZIF-67 microspheres. After the pyrolysis process, outer ZIF-67
polyhedrons are converted into Co/NC particles (Figure 2d) and inner PS
microspheres are completely carbonized to form hollow cavity (Figure 2e), resulting
in the formation of H-Co/NC. Because of the strong coordination ability between Co?*
and 2-Melm, the accumulative trend of reduced Co atoms is restricted to some extent,
leading to the formation of small Co particles with an optimal size distribution of only
40 nm (Figure 2f,g). In Figure 2h, the presence of graphitic carbon layers is attributed
to the catalytic effect of Co particles and the lattice spacing of 0.21 nm is indexed into
the (111) plane of Co. After the cation exchange reaction, core-shell PS@ZIF-67
microspheres are transformed into core-shell PS@CoNi-LDHs microspheres. As
presented in Figure 2i,j, SEM and TEM images show that these PS@CoNi-LDHs
microspheres exhibit typically layered shapes, which are consistent with the results of
the element mappings in Figure S2. As depicted in Figure S3, it is clear that the
diffraction peaks at 11.6°, 22.8°, 33.8° and 60.1° are indexed to the (003), (006), (009)
and (110) planes of CoNi-LDHs phase [34], and the disappeared diffraction peaks of
ZIF-67 confirms the completely morphological transformation from ZIF-67
polyhedrons to CoNi-LDHs. After a pyrolysis process, core-shell PS@CoNi-LDHs

microspheres are converted into H-CoNi/NC. In Figure 2k and Figure S4, it is distinct



that these magnetic particles are tightly assembled to form hollow structure. In
CoNi-LDHs, Co?*/Ni** ions can move more freely during the carbonization/reduction
process, thus generating large CoNi particles with an optimal size distribution of 80
nm, and the conclusions are confirmed by TEM and Co/Ni elemental mappings
(Figure 21-0), the lattice spacing of 0.20 nm is indexed into the (111) plane of CoNi
alloys (Figure 2p). In order to emphasize the synergistic effects of morphological
evolution and hollow engineering on the enhancement of impedance characteristics
and EM wave absorption, S-CoNi/NC polyhedrons are prepared by directly annealing

CoNi-MOF precursors (Figure SS5), and the relevant analysis will be discussed in

detail.
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Figure 3. XRD pattern (a,b), Raman spectra (c), Co 2p (d), Ni 2p (e), N2 absorption-desorption

isotherms (f,g) and hysteresis loops (h,i) of H-Co/NC, S-CoNi/NC and H-CoNi/NC.



The crystal structures of H-Co/NC, S-CoNi/NC and H-CoNi/NC are
characterized by XRD pattern in Figure 3a. H-Co/NC exhibits three diffraction peaks
at 44.2° ,51.5° and 75.8° , corresponding to the (111), (200) and (220) planes of
metal Co (PDF#15-0806). As for S-CoNi/NC and H-CoNi/NC, the introduction of Ni
species slightly shifts the diffraction peaks toward high angles (Figure 3b), suggesting
a reduced lattice spacing, which is consistent with HRTEM images. In Figure 3c,
Raman spectroscopy is conducted to evaluate the defect degree of carbon matrix. All
samples display two characteristic peaks at 1350 cm™ (D band) and 1580 cm™ (G
band), the former one corresponds to the structural disorder, while the later one
represents the in-plane vibration of sp? carbon networks. Therefore, the Ip/I; ratio can
be identified to evaluate the defect degree. Clearly, the Ip/lc ratios of H-Co/NC,
S-CoNi/NC and H-CoNi/NC are 0.85, 0.94 and 0.82, respectively. The lowest ratio of
H-CoNi/NC may be attributed to the fact that hollow engineering can significantly
promote the catalytic effect for magnetic CoNi alloys. XPS is employed to analyze the
chemical state of surface elements in Figure S6. It is obvious that the survey
spectrums indicate the presence of C, N, O and Co elements, while the single of Ni
element can be only detected in S-CoNi/NC and H-CoNi/NC. High resolution Cls
spectrum (Figure S7) reveals that except for dominant C-C/C=C bonds, there are also
some additional residual groups, such as C-N, C-O and C=0 groups, which could act
as polarized centers to induce dipolar loss [35]. As presented in Figure 3d for high
resolution Co 2p spectrum, two peaks at 778.1 and 793.7 eV are ascribed to Co 2p3.

and Co 2pi» of metallic Co’, and the other peaks indicate the presence of partial



oxidation states (Co?" and Co**). As regard to high resolution Ni 2p spectrum (Figure
3e), the dominant characteristic peaks of metallic Ni° illustrate that Ni° species are
completely doped in S-CoNi/NC and H-CoNi/NC to form CoNi alloys.

N absorption-desorption isotherms are employed to analyze the specific surface
and pore size distribution in Figure 3f. For H-Co/NC and H-CoNi/NC, the sharply
increased trends of the hysteresis loops at high pressure suggest the presence of
macropores owing to hollow engineering, and pore size analysis reveals that they
possess optimal mesopores than that of S-CoNi/NC. Benefiting from the advantage of
the co-existence of mesopores and macropores, the specific surface area and pore
volume are 150.8 m? g and 0.69 cm? g! for H-Co/NC, 156.4 m? g'' and 0.72 cm® g'!
for H-CoNi/NC (Figure 3g), both of them are higher than that of S-CoNi/NC (108.6
m? gl and 0.35 cm? g!). In general, high specific surface area and large pore volume
could decrease the dielectric constant and adjust the impedance band gap between
absorbents and air [36], resulting in matched impedance. The magnetic properties of
H-Co/NC, S-CoNi/NC and H-CoNi/NC are characterized by VSM analysis at room
temperature. As depicted in Figure 3h and Figure 31, the saturation magnetization (M)
and coercivity (H.) values are 12.2 emu g and 274.9 Oe for H-Co/NC, 81.9 emu g'!
and 293.4 Oe for S-CoNi/NC, 88.8 emu g'! and 341.5 Oe for H-CoNi/NC,
respectively. The significantly increased M; for S-CoNi/NC and H-CoNi/NC is mainly
attributed to the formation of CoNi alloys with both large size and strong magnetism,
which is beneficial to the enhancement of magnetic loss and magnetic coupling [37].

Moreover, because of the morphological transformation from ZIF-67 to CoNi-LDHs,



the derived H-CoNi/NC composites with high shape anisotropy display slightly larger

H_ value than that of H-Co/NC and S-CoNi/NC.
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Figure 4. Ry values and 2D projection of H-Co/NC (a,b), S-CoNi/NC (c,d) and H-CoNi/NC (e,f),
the comparation of R;, (g) and EAB (h) values for H-Co/NC, S-CoNi/NC and H-CoNi/NC.
The EM wave attenuation capability of all absorbents is evaluated based on
transmission line theory with 15 wt% filler loadings. It is obvious that both the
reflection loss (R;) and effective absorption bandwidth (EAB, R;<-10 dB) closely
correlate with the frequency and the corresponding thickness. As shown in Figure 4a,
H-Co/NC displays a maximum R; of -45.6 dB at a relatively lower matching
thickness of 3 mm because compared with solid structure, hollow engineering can
establish more conductive pathways by physical contacts to facilitate electron

migration and hopping [38,39], therefore resulting in enhanced conduction loss.



However, the insufficient magnetic loss can hardly optimize the impedance matching
and promote absorption bandwidth. Therefore, the EAB is 5.4 GHz at 2.0 mm (Figure
4b). For S-CoNi/NC with multi-magnetic components, although the absorption
intensity with a maximum R, of -42.8 dB is weaker than H-Co/NC (Figure 4c), high
saturation magnetization can broaden the absorption bandwidth and the EAB
increases to 6.6 GHz at 2.8 mm (Figure 4d). From the above mentioned results, we
can speculate that hollow engineering is benificial to the enhancement of absorption
intensity while multi-magnetic components could broaden the absorption bandwidth
[40]. Herein, H-CoNi/NC with both hollow cavity and multi-magnetic components is
obtained via the morphological evolution after the cation exchange reaction, which
could simultaneously exhibit high absorption intensity and wide absorption bandwidth.
As expected in Figure 4e, the maximum R; of H-CoNi/NC is up to -62.9 dB at 2.5
mm, and the EAB reaches as wide as 7.5 GHz at 2.3 mm (Figure 4f). Both the
maximum absorption intensity and effective absorption bandwidth are higher than that
of H-Co/NC and S-CoNi/NC in the measured thickness of 1-4 mm (Figure 4g,h),
illustrating that the EM wave attenuation capability can be adjusted by hollow

engineering and composition regulation [41].
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The EM parameters of H-Co/NC, S-CoNi/NC and H-CoNi/NC are measured to
evaluate the EM wave attenuation behavior in Figure 5. As presented in Figure 5a, the
¢’ values gradually decrease with increasing the frequency, demonstrating the typical
dielectric dispersion behavior [42,43]. Besides, the ¢’ values of H-Co/NC and
H-CoNi/NC with hollow canvity are higher than that of S-CoNi/NC, resulting in
enhanced conduction loss. As respect for S-CoNi/NC and H-CoNi/NC with
multi-magnetic components, charge seperation occurs at the abundant heterogeneous
interfaces, generating multiple interfacial polarization and dielectric relaxation under

an alternating EM field [44], and resulting in increased ¢” values from 2 GHz to 18



GHz. As shown in Figure 5b, S-CoNi/NC and H-CoNi/NC possess higher #" and p”
values than H-Co/NC in most frequency range, which is mainly attributed to the
strong saturation magnetization of magnetic CoNi alloys. Moreover, it is obvious that
the dielectric loss tangent (tand.=¢"/¢’) is higher than that of dielectric loss tangent
(tano,=u"/u") for all absorbents in Figure 5c, confirming the dominant nature of
dielectirc loss mechanism. Herein, the precondition of matching characteristics is
evaluated by a delta-function method (A), which intuitively reflects the intrinsic
impedance between absorbents and free space. In general, the A value less than 0.4
usually mean matched impedance. As dipected in Figure 5d-f, the strip area below 0.4
for H-CoNi/NC is larger than H-Co/NC and S-CoNi/NC, demonstrating the promoted
impedance matching, and the optimized characteristics mainly originates from the
cooperative effects of hollow engineering and composition regulation, in which the
former one could significantly decrease the dielectric constant by introducing cavity
and the later one could greatly induce strong magnetic loss by forming CoNi alloys
[45,46]. In Figure 5g-i, radar cross-section (RCS) simulations are constructed to
illustrate the practical applications under different incident angles. It is clear that all
coatings covered on pure Al plates display decreased RCS values, confirming the
strong ability to reduce radar detectability [47]. Typically, the RCS reduction values
of H-CoNi/NC are higher than H-Co/NC and S-CoNi/NC in —90°<6<90°, and the
highest RCS reduction value is 21.33 dB m? when the incident angle is 0°, suggesting
the superior EM wave dissipation capacity for H-CoNi/NC.

To further clarify the relaxation mechanism associated with dielectric loss,



Cole-Cole semicircles of H-Co/NC, S-CoNi/NC and H-CoNi/NC are analyzed in
Figure S8. According to the Debye relaxation theory, each semicircular arc represents
an individual Debye relaxation process [48]. Clearly, S-CoNi/NC and H-CoNi/NC
display more Cole-Cole semicircles than H-Co/NC, indicating enhanced interfacial
polarization [49]. The results demonstrate the construction of multi-magnetic
components with hetero-interfaces significantly promotes polarization relaxation
[50,51]. Moreover, some Cole-Cole semicircles are distorted and the curves in
H-CoNi/NC become small, illustrating interfacial polarization makes a non-negligible
effect in polarization relaxation [52]. Except for dielectric loss, magnetic loss also
plays a crucial role in regulating impedance characteristic and promoting absorption
performance. As shown in Figure 6a, it is distinct that the u”(u’)?f! values almost
keep unchanged in 4-18 GHz, suggesting that ferromagnetic resonance and eddy
current loss simultaneously contribute to magnetic loss [53]. In particular, the

attenuation constant («) is employed according to the following equation [54,55]:

V27
° f\/(/,1"8"—/,!'8')4-\/(,U"S"—/,I'E')z+(,U'8"+,U"8')2 (1)

Benefiting from the enhanced conduction loss caused by established conductive
networks, promoted polarization relaxation induced by multiple hetero-interfaces and
strong magnetic loss triggered by multi-magnetic components (Figure 6b), the
H-CoNi/NC microspheres display higher attenuation constant than H-Co/NC and
S-CoNi/NC in the measured frequency range (Figure 6¢), demonstrating the superior
EM wave attenuation capability [56-58]. To evaluate the EM attenuation capability

for practical applications, the specific reflection loss (SRL, SRL=|R|/(filler



loadingxthickness)) and specific effective absorption bandwidth (SEAB,
SEAB=EAB/(filler loadingxthickness)) are calculated. Compared with the vast
majority of reported absorbents (Figure 6d), the optimized H-CoNi/NC microspheres
exhibit both superior SRL and SEAB values, demonstrating the efficient EM wave

absorption performance.
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4. Conclusions



In summary, we have successfully synthesized hollow CoNi microspheres with
multi-magnetic components via a sacrificial template strategy. Results indicate that
the sacrificial template displays a dominant role in constructing hollow cavity and the
morphological evolution plays an indispensable role in regulating the magnetic
components. Benefiting form the cooperative merits of matched impedance matching,
enhanced conduction loss, multiple interfacial polarization and strong magnetic loss,
the obtained H-CoNi/NC microspheres display a maximum reflection loss of -62.9 dB
at 2.5 mm and a broad bandwidth of 7.5 GHz at 2.3 mm with 15 wt% filler loading,
demonstrating superior specific reflection loss and specific effective absorption
bandwidth than most of the counterparts.
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Experimental sections

Preparation of PS microspheres. 0.22 g of sodium dodecyl sulfate and 0.2 g of
potassium persulfate were dissolved in a 250 mL double necked flask containing 140
mL mixed solvent (100 mL of ethanol and 40 mL of deionized water). Styrene was
treated three times by 10% sodium hydroxide solution in a separating funnel with the
aim to remove the polymerization inhibitor. Then 9 mL of styrene was added in the
flask, heated the solution to 70°C under nitrogen atmosphere and stirred rapidly for 24
h. After the polymerization reaction, 9 mL of styrene diluted with ethanol was added
and the solution was stirred for another 8 h. Finally, the obtained PS microspheres
were collected by centrifugation and dispersed in 20 mL of methanol.

Preparation of PS@ZIF-67 microspheres. 1| mL of PS microspheres mixed with
Co(NO3)26H,0 (20 mM) and 2-Melm (80 mM) were dissolved into 10 mL of
methanol, and the mixed solution was stirred for 24 h. The products of PS@ZIF-67
microspheres were obtained by centrifugation washed with methanol. Besides, ZIF-67
polyhedrons were obtained without adding PS microspheres.

Preparation of PS@CoNi-LDHs microspheres. The PS@CoNi-LDHs microspheres
were synthesized through an ion-exchange reaction. Briefly, 0.1 g of PS@ZIF-67
microspheres were dissolved into 50 mL of ethanol, then 0.1 g of Ni(NO3)6H>O was
added and the mixed solution was stirred and refluxed at 90°C for 5 h. Finally, the
obtained products were collected by centrifugation.

Preparation of Co/Zn-MOF polyhedrons. Briefly, 5 mmol of Co(NO3)6H>O and 5

mmol of Ni(NO3),6H>0 were dissolved in 150 mL of methanol to form solution A. 40



mmol of 2-Melm was dissolved in 150 mL of methanol to form solution B. Then
solution B was quickly poured into solution A and the mixed solution was vigorously
stirred for 24 h. The products of ZIF-67 polyhedrons were obtained by centrifugation
washed with methanol.

Preparation of hollow Co/N-doped carbon (H-Co/NC), solid CoNi/N-doped
carbon (S-CoNi/NC) and hollow CoNi/N-doped carbon (H-CoNi/NC). The
obtained PS@ZIF-67 microspheres, Co/Zn-MOF polyhedrons and PS@CoNi-LDHs
microspheres were annealed at a tubular furnace at 800°C for 2 h with a heating rate
of 5°C/min, resulting in the formation of H-Co/NC, S-CoNi/NC and H-CoNi/NC,
respectively.

Characterizations. The microstructures were characterized by field emission
scanning electron microscope (FESEM, Quanta 600FEG) and field emission
transmission electron microscope (FETEM, Tecnai F30 G?). The crystal phases were
characterized by X-ray powder diffraction (XRD; Bruker, D8-Advance X-ray
Diffractometer) with Cu Ko radiation (A=0.15406 nm). Raman spectroscopy was
carried out by Alpha300R (WITec). The element valence and composition were
recorded by X-ray photoelectron spectrometer (XPS, PHI 5000 Versa Probe). The
electromagnetic parameters were analyzed using a HP8753D vector network analyzer
in 2-18 GHz. The samples were dispersed in paraffin with only 15 wt% filler loading,
and the product was pressed into a toroidal shape with an inner diameter of 3.0 mm
and an outer diameter of 7.0 mm. The reflection loss is calculated according to the

following equations:



R,(dB)=20log % (Equation S1)
Z =Z,\Ju l¢e tanh[j2rfd /c)\Je u, ] (Equation S2)

where Zj is the characteristic impedance of free space, Zi, is the normalized input
impedance of absorber, & and u  are the relative complex permittivity and
permeability, d is the layer thickness, c is the speed of light in free space and f'is the

corresponding frequency.



Results and discussions

Figure S1. The element mappings of core-shell PS@ZIF-67 microspheres.

Figure S2. The element mappings of core-shell PS@CoNi-LDHs microspheres.
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Figure S3. XRD pattern of core-shell PS@CoNi-LDHs microspheres.
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Figure S4. SEM image of H-CoNi/C.



Figure S5. SEM and TEM image of S-CoNi/C.
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Figure S6. XPS survey spectra of H-Co/NC, S-CoNi/NC and H-CoNi/NC.
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Figure S7. C 1s of H-Co/NC, S-CoNi/NC and H-CoNi/NC.

Figure S8. Cole-Cole curves of H-Co/NC (a), S-CoNi/NC (b) and H-CoNi/NC (c).



