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ABSTRACT

Hierarchical hollow-structured magnetic—dielectric materials are considered to be promising and competitive functional absorbers
for microwave absorption (MA). Herein, a hierarchical hollow hydrangea multicomponent metal oxides/metal-carbon was
designed and successfully produced via a facile self-assembly method and calcination process. Adequate magnetic NiO and Ni
nanoparticles were suspended within the hollow hydrangea-like nitrogen-doped carbon matrix (HH N-NiO/Ni/C), constructing a
unique hierarchical hollow structured multicomponent magnetic—dielectric MA composite. The annealing temperature and
oxidation time were carefully regulated to investigate the complex permittivity and permeability. HH N-NiO/Ni/C delivers
exceptional MA properties with maximum reflection loss of —45.8 dB at 1.7 mm thickness and displays a wide effective
absorption frequency range of 5.6 GHz. The superior MA performance can be attributed to the following aspects: (1) The
hierarchical hollow multicomponent structure offers plentiful of heterojunction interfaces triggering interfacial polarization; (2)
nitrogen doped-carbon (N-C) facilitates the conductive loss by the unique electron migration path in the graphitized C and NiO/Ni;
(3) magnetic NiO/Ni nanoparticles homogeneously dispersed within N-C form extensive C skeleton and strengthen the magnetic
response ability; (4) hierarchical hollow wrinkled structures possess a large interspace and heterogeneous interface improving
polarization loss and enhancing multireflection process and the unique structure satisfies magnetic and dielectric loss
simultaneously resulting from synergistic effects of different components within the composites.
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1 Introduction

With the fifth-generation wireless systems and the use of
multiband radar in military equipment, microwave absorption
(MA) materials with high-efficiency and broadband are urgently
required to address the severe electromagnetic radiation pollution
caused by the diverse electronic products [1-3]. MA materials can
be separated into three categories according to the main loss
mechanism, dielectric loss, magnetic loss, and conductivity loss
materials. However, nor of them comfort to the science and
technology development to absorbers’ requirement of thin, light,
broadband, and strong. High-efficient MA materials demand to
simultaneously generate the strong magnetic loss and dielectric
dissipation.

Dielectric loss materials (semiconductor metal oxide and
ferroelectric ceramics) possess low density, high aspect ratio, and
good antioxidation capability benefiting the “light” character for
ideal microwave absorbers. However, this kind absorber with high
conductivity easily led to benign impedance mismatching [4-7].
Magnetic loss materials (ferrite and fine metal powder, etc.) have

perfect magnetic loss ability. However, the high density of this
kind absorber is inconsistent with the “lighter weight and thin
layer” demand, hindering practical applications [8-12].
Conductive loss materials often have high conductivity and strong
reflection of the incident electromagnetic wave. So, high
conductivity carbon materials such as graphene and carbon
nanotubes are often used in the field of electromagnetic shielding
[13-16]. Each type of materials possesses their superiority, but
they cannot construct the balanced electromagnetic property in
absorbers for the single electromagnetic loss mechanism [17].
Therefore, magnetic-dielectric composites with controllable
electric/magnetic components and synergy loss mechanism
become a research hotspot.

Magnetic-dielectric composites are considered as competitive
and promising microwave absorbing materials by the functional
expression toward advanced materials. In view of the importance
of magnetic—dielectric composites in enhancing the MA property,
many studies of magnetic—dielectric-based absorbers have been
explored. Che’s group successfully prepared Co@NC-ZnO
absorbers with electron conduction and magnetic coupling
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network achieving a confined electromagnetic (EM) balance [18].
Lu’s group synthesized sandwich-like Fe&TiO,@C composites
from MXene-metal-organic frame hybrids as the MA materials.
The existence of Fe and TiO, anchored in carbon nanosheets
offered good impedance matching and strong reflection loss
(-51.8 dB at 6.6 GHz) [19]. Many heterogeneous components
provide numerous interfaces that permit the accumulation of
electrons and promote electromagnetic energy attenuation. Our
group prepared unique hollow bowl-like nitrogen-doped Co/C
(HBN-Co/C) using a facile two-step method. Compared with
former studies, HBN-Co/C composites displayed a perfect
absorption performance with the minimum reflection loss of
—-423 dB at 13.3 GHz with a thickness of 1.9 mm and wide
bandwidth (12.9-18.0 GHz). The excellent electromagnetic
absorption performance is primarily attributed to the synergistic
effects among the multiple components, interface polarization loss,
dielectric loss, and magnetic loss [20]. In short, the construction
and synergy loss mechanism of magnetic-dielectric composites
have become research hotspots. However, it is still an enormous
challenge to simultaneously adjust dielectric and magnetic
property parameters of magnetic-dielectric composite absorbers
at the nano-scale.

In this work, hierarchical hollow hydrangea-like N-doped
NiO/Ni/C nanosheet spheres (HH N-NiO/Ni/C) were first
successfully formed via a facile self-assembly method and
calcination process as MA materials. Magnetic NiO and Ni
nanoparticles suspended within hollow hydrangea-like N-doped C
(N-C) matrix, constructing multidimensional magnetic coupling
network and strengthening the magnetic dissipation capability.
The generated heterojunction interfaces among NiO, Ni, and C
trigger interfacial polarization, boosting the dielectric loss. The
proper sizes and dispersion states of NiO and Ni had an important
influence on the effective permittivity and electromagnetic wave
absorption. The defects induced by heteroatoms, produce the
outstanding electron migration/hop paths to optimize the
permittivity, conduction loss, and impedance matching of the
composites. All the above superiorities can synergistically regulate
the parameters of dielectric and magnetic properties. In addition,
these hollow structures are beneficial to increased reflection loss
and broader absorption band as well as the “low-weight”
character. In particularly, these hierarchical two-dimensional (2D)
nanosheets assembled form multi-component hollow hydrangea
composites exhibit excellent MA performance.

2 Experiments section

2.1 Materials

All agents were applied defectively without any further
purification. The Co(NOs),.-6H,0 (99%) was purchased from
ACROS Organics USA. Hexamethylenetetramine (HMTA,
C¢H,N,) and glucose (C¢H,,04) were purchased from Shanghai
hutryan Co., Ltd, China.

2.2 Synthesis

2.2.1 Synthesis of hierarchical HH precursors

In the typical synthesis process, 5 mmol of nickel sulfate
hexahydrate (NiSO,6H,0), 4 mmol of glucose, and 5 mmol of
HMTA were added into 40 mL of deionized (DI) water and
obtained the pellucidly green solution by ultrasonic
dispersion for 30 min. Then, the upper solution was
transferred in the Teflon -lined stainless -steel autoclave and
heated to 180 °C for 24 h. After cooling down to room
temperature, the HH precursors were collected by
centrifugation rinsing thoroughly with DI water and ethanol.
The solid powder was hierarchical HH precursor.
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2.22 Synthesis of hierarchical hollow hydrangea-like N-doped
Ni/C (HH N-Ni/C) composites

The brown HH precursors were further calcined at 700, 800 and
900 °C for 3 h under N, with a heating rate of 5 °C/min. And HH
N-Ni/C composites could be achieved. According to the
calcination temperatures, the obtained production can be marked
as HH N-Ni/C 700, HH N-Ni/C 800, and HH N-Ni/C 900.

2.2.3 Synthesis of hierarchical hollow hydrangea-like N-doped
NiO/Ni/C (HH N-NiO/Ni/C) nanosheet spheres

HH N-Ni/C 700, HH N-Ni/C 800, and HH N-Ni/C 900 were
calcined for different time (5, 10, and 20 min) under air at 300 °C
with a heating rate of 1 °C/min, and HH N-NiO/Ni/C
700-5/10/20, HH N-NiO/Ni/C 800-5/10/20, and HH N-
NiO/Ni/C 900-5/10/20 were finally achieved.

2.3 Characterization

The morphologies of the obtained materials were measured by
field-emission scanning electron microscopy (FESEM, Verios G4,
FEI, USA) with energy disperse spectroscopy (EDS) and
transmission electron microscopy (TEM, Talos F200X, Thermo
Fisher Scitific, USA). The weight loss of the composites was tested
by thermogravimetric (TG, STA 449 F3, NETZSCH, Germany)
analysis under N, atmospheres. The elements state of the materials
was charactered by X-ray photoelectron spectroscopy (XPS, Axis
Ultra DLD, UK) with a model Kratos Axis Ultra DLD (Al K«
radiation was generated at 15 kV and 150 W, C 1s 285 eV).
Fourier transform-infrared (FT-IR) spectroscopy was applied to
examine the state of amorphous carbon by Bruker Tensor 27.
Crystal structure and constitution of the composites were
measured by X-ray diffraction (XRD, Rigaku Mini Flex 600,
Japan) using Cu Ka X-ray. Raman spectra were performed on the
Alpha 300R (WI Tec, Germany) spectrometer. The N,
adsorption—desorption isotherms were characterized according to
the Brunauer-Emmett-Teller (BET) method (Bei Shi De
3H-2000 PS2, Beijing, China). The static magnetic properties were
analyzed by multifunctional physical property measurement
system (PPMS, Cryogenic CFMS-14T). Multifunctional physical
property measurement system was employed to explore the
influence of magnetic loss on MA wave attenuation.

3 Results and discussion

3.1 Synthesis and morphology of hollow hydrangea-like
materials

The over overall synthesis is schematically illustrated in Fig. 1,
taken HH N-doped NiO/Ni/C as example. The key step of
preparing HH N-doped NiO/Ni/C is to synthesis HH precursors
(Fig. S1(a) in the Electronic Supplementary Material (ESM)) by
one-pot self-template method. The formation of the hollow
structure can be explained as follows. At first, the prototype of the
target product is smooth solid spheres which are formed via the
heterogeneous nucleation process at the preliminary stage of the
solvothermal reaction. Following with the reaction proceeded, the
smooth spheres gradually roughen, because certain small and thin
nanosheets anchor on the out surface of the solid spheres. Further
prolongation of the reaction time results in partial cavitation of the
pristine solid spheres, accompanied by an increase in the thickness
and size of the nanoflakes on the surface. After reaction for 24 h,
the pristine smooth solid spheres translate into HH precursors
constructed by nanoflakes. The achieved materials display a
spherical shape composed of interpenetrating network
architecture nanosheets (Fig. S1(b) in the ESM) and the diameter
is about 1,000 nm. The HH precursors possess a hollow structure,
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Figure1 Schematic illustration of the fabrication procedure of HH N-doped NiO/Ni/C composites.

such as the hemisphere (Fig.S1(c) in the ESM) and broken
materials (Fig.S1(d) in the ESM), these pristine structures are
beneficial to harvest special architecture for multiple reflections
and loss absorption of electromagnetic waves [21,22]. From the
enlarged scanning electron microscope (SEM) image, it can be
seen that the thickness of the nanosheets (Fig. S1(e) in the ESM)
are about 20 nm. Furthermore, the TEM image (Fig. S1(f) in the
ESM) demonstrates that these interleaved nanosheets are thin and
short, offering special electron conduction paths. After the second
synthetic procedure, HH precursors were transferred into HH N-
Ni/C composites under different pyrolysis conditions (700, 800,
and 900 °C) and named as HH N-Ni/C 700, HH N-Ni/C 800, and
HH N-Ni/C 900, respectively.

The morphologies of these materials were determined and
shown in Fig. 2. These morphologies of three types have almost no
discernible changes compared with the HH precursors,
manifesting the excellent structural stability of HH N-Ni/C
composites. For the enlarged images (Figs. 2(c), 2(f), and 2(j)) of
the HH N-Ni/C nanosheets, the surfaces of HH N-Ni/C 800 and
HH N-Ni/C 900 possess an apparent granular character compared
with HH N-Ni/C 700. To our knowledge, these types of
concave-convex cover can strengthen the scattering of

electromagnetic waves to enhance electromagnetic absorption
[23]. HH N-Ni/C 800 was further characterized in Fig. S3 in the
ESM. For the TEM images (Figs. S3(a) and S3(b) in the ESM), it
can be seen that the HH N-Ni/C 800 is essential to the nature of
nanosheets and almost maintains the same diameter as the HH
precursors. The higher-magnification TEM image (Fig. S3(c) in
the ESM) shows that many nanoparticles anchor in the C layer
and their size is about 7 nm (Fig. S3(d) in the ESM). The high-
resolution TEM (HRTEM) image shows the well-defined
interplanar distance of 0.245 nm (Fig. S3(e) in the ESM), which
can be indexed to (111) crystal planes of metallic Ni. Moreover,
the corresponding selected area electron diffraction (SAED)
pattern of individual anchored nanoparticles (Fig. S3(f) in the
ESM) shows two obvious rings, revealing the feature of metallic
nickel and demonstrating the successful preparation of the
designed magnetic-dielectric composites. It is well known that
multiple components usually exhibit a wider spectrum range of
MA along with stronger reflection loss. Based on this face, all the
harvested composites were further exposed to oxidization in an air
atmosphere. The three types of HH N-Ni/C were annealed in a
tube furnace at 300 °C for 5, 10, and 20 min. After this procedure,
the annealed materials well maintained the same structure of HH

Figure2 SEM images of (a)-(c) HH N-Ni/C 700, (d)-(f) HH N-Ni/C 800, and (h)-(j) HH N-Ni/C 900, respectively.
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N-Ni/C, displaying excellent structural stability (Fig.S2 in the
ESM). The morphology and distribution of elements of oxidized
materials were subsequently analyzed in detail. HH N-NiO/Ni/C
800-10, for instance, is shown in Fig. 3. TEM images (Figs. 3(a)
and 3(b)) reveal that the HH N-NiO/Ni/C 800-10 possesses the
representative feature of a hollow porous structure and the
thickness of the nanosheets is about 20 nm (Fig. 3(c)). Because of
the loose and porous surface, part of the electromagnetic wave can
enter the cavity of the absorber, which is conducive to the
attenuation of electromagnetic waves. From the enlarged TEM
image, the nanoparticles (Fig. 3(d)) enshrouded by a C layer still
exist and the interplanar spacing is 0.238 nm which is confirmed
as (200) crystal plane of Ni (Fig. 3(e)). The two SAED diffraction
rings can be fitted to the (200) crystal plane of Ni and (220) crystal
plane of NiO (Fig. 3(f)), proving the existence of Ni in the form of
NiO and Ni [24].

Figure3 (a)-(d) TEM images, (¢) HRTEM image, and (f) SAED pattern of
HH N-NiO/Ni/C 800-10.
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To demonstrate the distribution of elements of the HH N-
NiO/Ni/C 800-10, EDS elemental mapping was employed on a
representative hollow structure particle (Fig.4(a)). The result
(Figs. 4(b)-4(f)) illustrates the uniform distribution of Ni, C, and
O, while less N existed distributed in the inner portion. EDS
mapping images of HH N-NiO/Ni/C 800-0 (HH N-NiO/C 800),
HH N-NiO/Ni/C 800-5, and HH N-NiO/Ni/C 800-20 are shown
in Figs. S4-S6 in the ESM. Following the increase in oxidation
time, NiO is slowly generated, and the amount increases. At the
same time, the amounts of Ni, N, and O decrease along with
pyrolysis temperatures (Table SI in the ESM). Conversely, the
content of C increases. To a certain degree, the composition of the
MA materials is successfully adjusted using the postprocessing
temperature. The controllability of HH N-NiO/Ni/C components
is beneficial to balance dielectric-magnetic properties and
impedance matching. In a word, these unique structures could
promote multireflection, prolong the microwave transition paths,
and enhance the microwave loss probability.

3.2 Phase composition and microstructure of the hollow
hydrangea-like materials

The crystal structure of the obtained materials was confirmed by
XRD result as shown in Fig. 5(a), the two peaks at 44.4° and 51.8°
can be assigned to the planes (111) and (200) of metallic Ni
(JCPDS 70-1849) [25, 26]. For the three oxidated samples, peaks at
20 = 44.4°, 51.8°, and 76.35° can be attributed to the planes (111),
(200), and (220) of Ni (JCPDS 70-1849), whereas the reflections
corresponding to the planes (111) and (200) of NiO can be
observed at 20 = 37.1° and 43.3° (JCPDS 89-7130) for the oxidated
composites. No obvious peaks of C have been detected
corresponding to C in the three HH N-NiO/Ni/C samples, which
are amorphous [27]. To verify this conclusion, Raman spectra
were employed to measure the nature of carbon in the composites.
As shown in Fig. 5(b), D and G bands appear at 1,360 and
1,573 cm’, illustrating the existence of amorphous carbon [28].
The ratio Ip/I; can be applied to calculate the degree of carbon
disorder. The ratios of the three samples are 2.79, 2.36, and 1.52,
respectively. A high value of the ratio means more graphitic
structure, fewer defects, and better electrical conductivity [29]. The
increase of ordered phase content can not only increase the
ordered/disordered phase interface, but also tends to have more
defects and impurities distributed at the interface. This could

Figure4 (a) Typical SEM image of HH N-NiO/Ni/C 800-10 and (b)-(f) corresponding EDS elemental mapping images.
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provide more multiploidization centers for the material
polarization relaxation, further increasing the electromagnetic
parameters of the composite absorbers, and effectively improving
the energy storage and loss capacity of the absorbers [30].

Specific surface area (SSA) and pore size distribution of the
three samples were determined using BET method. As shown in
Fig.5(c), the N, adsorption/desorption isotherms of the N-
NiO/Ni/C 700-10, N-NiO/Ni/C 800-10, and N-NiO/Ni/C
900-10 can be assigned to H3 of a type-IV hysteresis loop,
demonstrating that the composites have micropores [31]. The
SSAs of the three samples are 163.27, 167.05, and 252.54 m’/g,
respectively. It can be seen that the SSA of the observed absorbers
increases with the increase of annealing temperature, which can be
attributed to the escape of unstable structures during pyrolysis.
Figure 5(d) demonstrates that the pore sizes of the three
composites concentrated at ~ 4 nm. Nonlamellar absorber
microspheres have high SSAs, and wedge-shaped pores provide
favorable conditions for electromagnetic absorption. At the same
time, the pores also form abundant lamellar/lamellar and
microsphere/air interfaces, which provide favorable conditions for
relaxation loss [32].

XPS measurement was introduced to characterize the elemental
valence and chemical composition of the obtained materials. As
displayed in Fig.6(a), the survey spectrum illustrates that the
existence of C, N, O, and Ni in the N-NiO/Ni/C 800-10. In the
high-resolution XPS spectra of Ni 2p for HH N-NiO/Ni/C 800-10
(Fig. 6(e)), the peaks at 854.2, 855.8, and 872.1 eV can be ascribed
to Ni 2p,;; and Ni 2p,,, of NiO, and the corresponding satellite
peaks are situated at 858.8 and 874.4 eV, respectively. Two peaks
at 8535 and 8702 eV can be assigned to Ni, and the
corresponding satellite peaks appear at 858.8 and 874.4 eV,
according with the XRD results. The high-resolution N 1s spectra
(Fig. 6(d)) of HH N-NiO/Ni/C 800-10 can be fitted to pyridine N,
pyrrole N, and graphite N at 3985, 399.5, and 401.0 eV,
respectively. Pyridine N and pyrrole N could offer extra
polarization for electromagnetic MA and graphite N promotes the
conductivity of the carbon skeleton [31]. For C 1s spectra
(Fig. 6(c)), peaks at 284.6, 285.5, 286.7, and 288.8 eV are related to
C-0O, C-N, O-C=0, and C-C bonds, respectively. C-N bonds
can mainly increase the conductivity and dielectric polarization of
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the absorbers [33]. The O 1s spectra (Fig. 6(b)) demonstrate that
these composites possess adequate functional groups including
C-O, O-C=0, and Ni-O at 5294, 5324, and 5339 eV,
respectively. The content of every element was calculated using
Casa XPS software as shown in Table S1 in the ESM, which is in
keeping with the mapping results. All of these evidences prove that
the structures possess asymmetric charge density differences,
demonstrating the formation of dipoles. From the previous
researches, the dipoles can break loose, orient, and convert
electromagnetic energy into heat energy by relaxation.

For the existence of NiO and Ni, a multifunctional physical
property measurement system was employed to explore the
influence of magnetic loss on MA wave attenuation. As shown in
Fig. S7 in the ESM, the three samples exhibit S-type hysteresis
loops revealing the characteristics of soft magnetic materials. The
coercivity (H,) values of the three samples are 108, 186, and
192 Qe. As reported, the value of H, is relative to the size of the
absorber’s particles [34]. That value is increasing meaning that the
size of the nanoparticles grows following the increase in the
annealing temperature. Magnetization can be regarded as the
vector sum of the dipole magnetic moments of the material. The
saturation magnetizations (M) of the three samples are 4.2, 5.9,
and 12.3 emu/g. For the hollow-structured materials, the hollow
inner concaves are produced as a nonferromagnetic medium. The
increasing M from HH N-NiO/Ni/C 700-10 to HH N-NiO/Ni/C
900-10 shows that a high magnetic—dielectric is beneficial to the
crystallinity of the NiO/Ni nanoparticles and suppresses surface
effects improving the magnetic particles’ degree of order.

3.3 EM wave absorption performance

The electromagnetic MA performance was characterized by
reflection loss (RL) as precious research reported [35,36]. The
electromagnetic properties of absorbers are determined by the
complex permittivity (g, = ¢’ — je") and permeability (p, = ' — ju")
primarily, where ¢’ is permittivity, e”is imaginary permittivity, 4’
is real permeability, and " is imaginary permeability. As displayed
in Fig.7(a), the ¢’ of the HH N-NiO/Ni/C 700-10, HH N-
NiO/Ni/C 800-10, and HH N-NiO/Ni/C 900-10 delivers a gently
decreasing tendency from 6.4 to 4.9, 12 to 54, and 18.1 to 84,
respectively, with increasing frequency. This phenomenon is
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Figure5 (a) XRD patterns of the HH N-NiO/Ni/C 700-10, HH N-NiO/Ni/C 800-10, and HH N-NiO/Ni/C 900-10; (b) Raman spectra, (c) N,
adsorption-desorption curves, and (d) pore size distribution of HH N-NiO/Ni/C 700-10, HH N-NiO/Ni/C 800-10, and HH N-NiO/Ni/C 900-10, respectively.
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Figure 6 XPS spectra of HH N-NiO/Ni/C 800-10: (a) full scan, (b) C 1s, (c) Ols, (d) N 1s, and (e) Ni 2p spectra.

caused by the reciprocating frequency of the dipole reaching the
limit, which cannot synchronize with the electromagnetic wave
frequency, resulting in hysteresis and the gradually decreased &’
[37]. With the increase of pyrolysis temperature, the &' of the
different samples increases. The higher the pyrolysis temperature
is, the more ordered carbon phase becomes and the more
polarization centers are formed. The increase of polarization
centers enhances the material’s energy storage ability, so the &’
increases following the pyrolysis temperature [38]. Resonance
peaks caused by the polarization relaxation phenomenon are
observed at 12.0, 14.5, and 16.8 GHz, showing that many
polarization relaxation mechanisms exist in the absorbers [39].
The ¢” of all the composites are shown in Fig.7(b), and the
variation of the ¢” is similar to that of ¢’ The ¢” values of the three
composites also express a decreasing tendency between 2 and 18
GHz from 1.6 to 1.2, 6.5 to 42, and 16 to 5.0. This positive
phenomenon can be clearly observed in Raman spectra. With the
increase of pyrolysis temperature, the C content of graphite in
carbon skeleton increases to generate more multiploidization
units, resulting in more multiploidization relaxation. Therefore,
the &” representing dielectric loss capacity also increases with the
increase of ordered phase content [40]. The tangent value of the
dielectric loss (tand,) always signifies the conductivity loss ability as
shown in Fig.7(c). tand, increases with pyrolysis temperature,
although both ¢ and &” increase with pyrolysis temperature,
because the increase of ¢ is smaller than that of ¢". The three
samples’ tand, displays a little change between 2 and 18 GHz
(0.16-0.36, 0.45-0.67, and 0.51-0.88), indicating the low dielectric
loss ability in the frequency window. tand, of HH N-NiO/Ni/C
900-10 possesses the highest value, meaning that this sample has
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the strongest loss of electromagnetic waves entering the material.
The much higher tand, may lead to impedance imbalance, so the
proper tand, can be one of the important factors in evaluating the
properties of absorbers. For further comparision, electromagnetic
parameters of samples (HH N-NiO/Ni/C 700, HH N-NiO/Ni/C
800, and HH N-NiO/Ni/C 900) oxided with different time were
also tested and displayed in Figs. S9-S12 in the ESM.

Cole-cole plots describe the relationship of ¢" and ¢” by Debye
relaxation theory [41]. To further explore the dielectric loss
process of the HH N-NiO/Ni/C samples, Cole—cole (¢'-¢'") plots
are adopted to analyze the polarization loss mechanism. The
Cole—cole plots of the three samples are shown in Fig. S13(a) in
the ESM. Among the three samples, there is no straight line in the
Cole-cole semicircle of the HH N-NiO/Ni/C 700-10 sample (Fig.
S13(b) in the ESM), indicating that the sample has poor
conductivity. The Cole-cole semicircles produced by HH N-
NiO/Ni/C 800-10 (Fig. S13(c) in the ESM) and HH N-NiO/Ni/C
900-10 (Fig. S13(d) in the ESM) has long straight lines. Here, the
HH N-NiO/Ni/C 900-10 straight line is the longest, indicating
that the growing pyrolysis temperature leads to the increase in the
conductivity and conductance loss of the absorbers. In addition,
the Cole—cole semicircle of the three samples is not smooth, which
is mainly caused by the effects of various interface polarization
mechanisms, such as carbon skeleton defects, defects originating
from O and N atoms, and the high SSA of the material itself on
the relaxation process. One semicircle of the Cole-cole plot
expresses a type of polarization process. In the plot of N-
NiO/Ni/C 800-10, multiple semicircles are discovered in the
complex scatter plots, sustaining multiple polarization processes.
The multiple polarization processes primarily appear on the outer
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nanosheet of the hollow N-NiO/Ni/C 800-10 spheres when
incident microwaves arrive at the nanosheet surface, because of
the efficient separation of charge centers. Polarization processes
can be greatly facilitated by multiple internal reflections in the
inner cavity of the individual hollow hydrangeas and reflections
among the hollow hydrangeas promote the contact frequency
between electromagnetic waves and the outer nanosheet surfaces.
The complex permeability (real permeability ' and imaginary
permeability 1) and tangent magnetic loss (tand,) of the three
samples are displayed in Figs. 7(d) and 7(e). The apparent
resonance peaks can be detected in the plot of u” against
frequency, revealing magnetic loss caused by the Ni/NiO. The
results indicate the tand, values of these three absorbers are greater
than that of tand,, and manifest dielectric loss as the primary loss
mechanism in the MA process for the HH N-NiO/Ni/C/paraffin
composites [41]. To our knowledge, that natural resonance always
appears in the low-frequency region, whereas the exchange
resonance may correspond to the high-frequency resonance peaks.
Apart from this, eddy loss is also an important path for magnetic
loss and can be expressed by the eddy current coefficient (C,)

C, = : Zf) [42]. From Fig.S14 in the ESM, G, of the three
samples decreases between 2 to 6 GHz, and is maintained almost
constant in the frequency range of 6-18 GHz, inferring that the
eddy current loss contributed to microwave attenuation in the Ku-
band.

To investigate the electromagnetic absorption performance of
the achieved composite materials, RL, as an effective indicator for
evaluating MA performance, was calculated by using the
electromagnetic parameters according to transmission line theory.

Figure 8 depicts the RL curves of different dimensions with a
thickness from 1.0 to 4.0 mm in the measured frequency range
(2-18 GHz). Figures 8(b), 8(e), and 8(h) shows the 2D, three-
dimensional (3D), and contour maps of the RL values for
NiO/Ni/C 800-10 composites. As shown in Figs. 8(b) and 8(e),
the minimum RL (RL,;,) of NiO/Ni/C 800-10 is -45.8 dB at
17.15 GHz with the thickness of 1.7 mm, and at the thickness of
1.9 mm, it reaches the max effective absorption bandwidth (EAB)
reaching 5.6 GHz (from 124 to 18.0 GHz). According to the
contour maps of NiO/Ni/C 800-10 (Fig. 8(h)), it can be found
that the thickness is between 1.5-4.0 mm, and there is an effective
absorption area, that is, the effective absorption of electromagnetic
waves in 5.36-18 GHz can be achieved by adjusting the thickness
of the sample. For NiO/Ni/C 700-10 (Figs. 8(a), 8(d), and 8(g))
and NiO/Ni/C 900-10 (Figs. 8(c), 8(f), and 8(i)), the RL,;, and
EAB are -1525 dB (4.0 mm)/3.5 GHz (10.2-13.72 GHz) and
-20.15 dB (1.5 mm)/5.28 GHz (12.72-18.0 GHz), respectively.
Compared with NiO/Ni/C 700-10 and NiO/Ni/C 900-10,
NiO/Ni/C 800-10 achieves the RL,;, and the widest effective
absorption band. This electromagnetic absorption ability is more
favorable than that of most Ni-based nanocomplexes. Based on
the thickness (mm) and RL,;,, N-NiO/Ni/C 800-10 achieved a
better electromagnetic absorption ability than all of the previous
Ni-based microwave absorbers. A detailed comparison of these
electromagnetic absorbing materials is displayed in Fig.9 and
Table S2 in the ESM [43-59].

To explore the reasons for the difference in absorbing
performance among samples, the two parameters of the three
samples’ attenuation constant and impedance matching (Z;,)
value are discussed. « represents whether the incident microwave
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Figure9 Comparison of microwave absorbing performance of Ni-based absorbers. (a) RL versus thickness and (b) RL versus EAB.

energy could be effectively attenuated. Z;, determines the
transmission degree of the incident electromagnetic wave. The
excellent impedance matching means that the great majority of
the incident electromagnetic wave will transmit into the absorbers
rather than reflect at the outer surface. Effective permittivity may
be decreased by reducing the impedance gap between the
absorbers via the architecture of the hollow structures with
hierarchical, pore engineering, and synergistic effects between the
magnetic and dielectric components. For the HH NiO/Ni/C
composites, all the mentioned strategies are beneficial to
impedance matching. As illustrated in Figs. S15(a) and S15(b) in
the ESM, though the value of HH NiO/Ni/C 900-10 is higher
than that of HH NiO/Ni/C 800-10, the Z;, value of HH NiO/Ni/C
800-10 is much closer to 1, displaying exceptional impedance
matching and perfect attenuation ability. HH NiO/Ni/C 800-10
thus achieved both remarkable absorption ability and broad
bandwidth.

Based on the above characterization and analysis, the
electromagnetic wave (EMW) absorption mechanisms of the HH
NiO/Ni/C 800-10 composites are displayed and declined in

TSINGHUA

UNIVERSITY PRESS

Fig. 10. First, the magnetic coupling network and conductivity
network are compatible together in the HH NiO/Ni/C 800-10
hybrids constructed by the dispersed magnetic NiO/Ni
nanoparticles within the N-C built with an extensive carbon
skeleton; second, the hierarchical hollow multicomponent
structure offers plentiful heterojunction interfaces and triggers
interfacial polarization, including dipolar polarization, natural
resonance, and eddy loss; third, hollow wrinkled structures possess
large interspaces and heterogeneous interface improving
polarization loss and enhancing multireflection and scattering
processes; fourth, N-doped C facilitates the conductive loss by the
unique electron migration path in the graphitized C and NiO/Ni.
As-synthesized HH NiO/Ni/C 800-10 exhibits confined and
balanced magnetic and dielectric loss, creating the widest
absorption bandwidth of 5.6 GHz (Ku-band).

4 Conclusions

In summary, the uniform hierarchical hollow hydrangea-like
NiO/Ni/C composites were successfully achieved via a facile
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Figure 10 Possible microwave absorption mechanism of HH NiO/Ni/C
800-10.

strategy for EMW absorptions. The annealing temperature and
oxidation time play important roles in the degree of crystallinity of
C, composites’ components, and EMW absorption. The magnetic
coupling network and conductivity network of the hollow
structure combined with the multiple components and structures
endow the HH NiO/Ni/C 800-10 with matched impedance and
good attenuation ability. Finally, it is hoped that this research will
provide information for future explorations on the design of self-
assembled hollow structures with advantageous EMW absorption
properties.
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