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ABSTRACT

In order to tackle the electromagnetic pollution caused by the application of

electromagnetic wave (EMW) in wireless communication, military industry, and

other fields, broadband EMW absorption materials are urgently needed. To

achieve this goal, emerging methods resort to constructing multivariate syner-

gistic composites with unique morphology to enhance EMW absorption through

diverse loss mechanisms and prominent structural advantage. Herein, a spa-

tially tuned confinement pyrolysis strategy is proposed to design pomegranate-

like MnO@NC absorption material. Unique hierarchical structure and more

scattering sites are accessed via well-designed one-shell multiple cores nanos-

tructure. N-doped carbon acts as an interwoven conductive network and

restricts the movement of EMW in the shell, while nano-MnO acts as an

impedance matching phase and interferes with the continuity of EMW. More-

over, the intercalation of dispersed MnO also amplifies the contribution of

interfacial effect to EMW absorption, which can be verified by the calculation of

the surface work function. The optimized composite possesses a maximum

absorption bandwidth of 6.51 GHz at 2.4 mm and its maximum reflection loss

reaches - 58.4 dB (d = 2.3 mm). The synthesis of pomegranate-like composite

provides a new direction for fabricating advanced carbonate-based EMW

absorbers which are toward practical application.
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GRAPHICAL ABSTRACT

Introduction

The rapid development of aerospace equipment,

wireless transmission, and high-frequency commu-

nication technology has made electronic equipment

and component develop toward high integration and

large power, which inevitably brings problems such

as electromagnetic radiation and interference, seri-

ously damaging the electromagnetic compatibility of

equipment and the information security [1–3].

Lightweight and high-efficiency microwave absorb-

ing material can effectively cut off the propagation

path and reduce the secondary pollution of EMW,

which has become a primary strategy to solve the

problem of electromagnetic interference [4–8]. How

to obtain stronger absorption and wider EMW

response range under the premise of lightweight is

an important issue that should be considered in the

study of absorbing materials.

As one of conductive materials, carbon material

with prominent conduction loss mechanism simul-

taneously exhibits low density, abundant morphol-

ogy, and tunable character, so it has played a

significant role in absorbing material [9–11]. Mean-

while, some polymer materials such as pyrrole,

phenolic, and dopamine have adhesion and

uniformity when polymerizing, which have lower

economic cost than carbon nanotube and graphene,

and they have been used in the field of absorbing

material [12–14]. However, excessive electrical con-

ductivity of carbon will lead to total reflection of

electric field wave. The current strategy is to con-

struct multivariate carbon-based composite and use

its synergistic effect to improve the incident behavior

of EMW and enhancing its frequency applicability

[15]. Excellent dielectric materials such as ZnO [16],

TiO2 [17], and CuS [18] have been used in composite

engineering. Their compound not only improves the

responsiveness to EMW, but also introduces hetero-

geneous interfaces. The greater the difference in

electrical conductivity and dielectric property

between the two phases forming the interface, the

stronger the interface polarization effect [19]. MnO is

a cost-effective dielectric material with the abundant

resource. Its wide band gap (3.6 eV) leads to low

conductivity [20]. These features make MnO an

excellent substrate material for carbon material to

suppress high EMW surface reflection behavior [21].

Taking into account the positional and structural

relationship of the different components in the com-

posite, structural engineering has significance in

building advanced absorbers: (1) unique structures

provide abundant heterointerfaces, which can
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enhance the interface polarization; (2) the voids can

adjust the impedance matching of the absorber; (3)

enhanced EMW loss mechanism can also be obtained

by structural engineering [22]. For example, meta-

material-like property of cone-shaped hollow

nanoarray structure can enhance reflection loss [23].

Different air layer thicknesses of yolk-shell would

resonate with different frequencies for absorption

[24]. Apart from this, flower-like Co/MnO@C [25],

yolk-shell Ni@void@SnO2(Ni3Sn2) [26], and hollow

carbon microsphere [27] exhibited the property of

structure-enhancing EMW attenuation ability. How-

ever, the construction of specific structures of the

existing research usually requires complex processes

such as sacrificial template method. Therefore, it is

urgently needed to explore a simple process to fab-

ricate complex structural material that is conducive to

EMW absorption.

Herein, a ‘‘confined pyrolysis’’ method without

sacrificing template was innovatively proposed.

Pomegranate-like MnO@NC with micro–nano, core–

shell, and porous structures was prepared by poly-

merization of dopamine and pyrolysis of MnCO3.

The uniformly dispersed MnO in the shell can form a

dense EMW absorption network. Excellent conduc-

tion loss ability, strong interface polarization, and

special EMW multiple absorption mechanism can be

achieved by tuning the dielectric loss capability of

MnO@NC and special design on the structure. Sur-

prisingly, pomegranate-like MnO@NC has tunable

and excellent EMW absorption properties.

MnO@NC-650 possesses dual-band absorption

property (C-band and Ku-band). Through enhanced

conduction loss and interface polarization, the com-

posite reaches the effective absorption bandwidth of

6.51 GHz, covering the Ku-band and part of the

X-band. And it has an optimal reflection loss of -

58.4 dB at 13.26 GHz and the thickness is only

2.3 mm. There is no doubt that the composite has the

characteristics of excellent absorbing material with

lightweight, strong absorption, and broadband. This

work provides a research idea and basis for design-

ing special structure absorbing materials based on

carbonate to enhance EMW absorption.

Experiment section

Materials

The sodium bicarbonate (NaHCO3) and manganese

sulfate (MnSO4) were purchased from Aladdin

Shanghai Biological Technology Co., LTD., China.

The dopamine hydrochloride (DA) was purchased

from Shanghai Myrell Chemical Technology Co.,

LTD. The trimethylol aminomethane (Tris) was pur-

chased from Tianjin Heowns Technology Co., LTD.

The hydrochloric acid (HCl) was purchased from

Tianjin Jiangtian Chemical Technology Co., LTD. All

reagents used were analytical grade without further

purification.

Synthesis of MnCO3 spheres

The MnCO3 spheres were prepared by a modified

coprecipitation method [28]. One hundred and sev-

enty-six mL of 12 mmol MnSO4 and 35.2 mL of

12 mmol NaHCO3 were dissolved separately in the

mixed solution of deionized water and ethanol with a

volume ratio of 10:1. Then, added the NaHCO3

solution to the MnSO4 solution and stirred for 3 h.

The precipitate is separated and dried.

Synthesis of MnCO3@PDA

0.6057 g of Tris was dissolved in 50 mL deionized

water, adjust pH to 8.5 with 0.1 mol/L hydrochloric

acid, and then add deionized water to 100 ml. The as-

prepared MnCO3 (160 mg) powders and dopamine

hydrochloride (160 mg) were added to the Tris

solution. After continuous stirring at room tempera-

ture for 24 h, the core–shell MnCO3@PDA composite

was collected after centrifugation. The final powders

were washed with deionized water and dried under

vacuum at 60 �C overnight.

Synthesis of MnO@NC

Pomegranate-like MnO@NC: Undergoing an anneal-

ing process in the Ar atmosphere for 100 min with

heating temperature X �C (X = 650, 700, 750, 800), the

as-prepared MnCO3@PDA composites were trans-

formed into the pomegranate-like MnO@NC. The

heating rate is 7 �C min-1. These samples are named

as MnO@NC-X.
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Hollow MnO@NC: The conditions are consistent

with pomegranate-like MnO@NC-700 except that the

holding time is 200 min. The hollow MnO@NC is

named as MnO@NC-700H.

Characterization

X-ray diffraction was recorded by D8 Advance

(Bruker) for determining the crystalline phase. The

micromorphology, structure, and element distribu-

tion of the samples were characterized by field-

emission scanning electron microscopy (SEM,

HITACHI S-4800) and field-emission transmission

electron microscopy (TEM, JEOLJEM-2010, 200 kV).

The carbon atom bonding state of the samples was

recorded using a LabRAM HR Raman spectrometer.

The elemental composition and surface electronic

states of samples were recorded by X-ray electron

spectroscopy (XPS, Thermo ESCALAB 250XI).

Specific surface area and pore size distribution were

collected on a BET analyzer (QuantaGrome US). The

work function of different planes for N-doped carbon

and MnO was calculated by the Material studio

software based on the density function theory (DFT).

For the measurement of electromagnetic parame-

ters, the samples were mixed with paraffin wax in a

certain proportion (45 wt%) to form a ring with an

outer diameter of 7.00 mm and an inner diameter of

3.04 mm. The electromagnetic parameters were

measured through the Agilent PNA-5244 Avector

network analyzer within frequency of 1–18 GHz.

Results and discussion

Preparation and characterization
of MnO@NC

The preparation process of MnO@NC is shown in

Scheme 1. Firstly, NaHCO3 and MnSO4 were dis-

solved in a mixture of deionized water and ethanol,

and then stir to obtain MnCO3 microsphere. Next,

Scheme 1. Schematic

diagram for the synthesis

process of pomegranate-like

MnO@NC composites.

Scheme 2 Schematic

illustration of the

electromagnetic trapping cage

mechanism of pomegranate-

like MnO@NC.
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MnCO3 was coated by dopamine self-polymerizing

in Tris solution (pH = 8.5) to fabricate core–shell

MnCO3@PDA. Finally, the prepared MnCO3@PDA

composite was further annealed in the Ar

atmosphere.

The microstructure of the samples was character-

ized by SEM and TEM. As shown in Fig. 1, the

MnO@NC samples show typical pomegranate-like

morphology. Most of the MnO particles are separated

from each other and uniformly coated by carbonized

dopamine (Fig. 1c). It should be pointed out that

MnCO3 (Fig. S1) shows microsphere structure with

sharp corner which possesses a uniform size of

1.35 lm. Interestingly, the sharp corners become

rounded after being wrapped by layer of PDA

(Fig. S2).

The specific formation process is depicted as fol-

lows: The observed MnCO3 microspheres are formed

by the nucleation, growth, and assembly of many

grains [28]. After annealing process, MnCO3 micro-

spheres were decomposed into MnO and CO2. Due to

the weak binding force at the grain boundary, the

decomposition reaction will take place first from the

relatively weak grain boundaries. At the same time,

the decomposition reaction causes volume shrinkage

resulting in the separate particles. But the dense

carbon shell derived from carbonization of dopamine

will limit the release of CO2 [29], resulting in hierar-

chical microstructure that MnO particles in the outer

layer are in contact with the carbon shell while

exhibiting an individual structure internally (Fig. S3).

Figure S5a shows the MnO particles formed after the

pyrolysis of MnCO3, without the confinement of the

carbon shell, the MnO particles grow to several

microns and are randomly distributed, which proves

the feasibility of the confinement pyrolysis strategy in

the preparation of special morphology [30].

From Fig. 1b–d and Fig. 1e–g, the external mor-

phology of MnO@NC does not obviously change

with temperature, but the voids between the pome-

granate seeds-like MnO particles increase. At the

same time, the MnO particles diameter became sig-

nificantly larger, and some MnO particles gradually

were embedded in the carbon shell, and then

MnO@NC presents a hollow structure, such as

MnO@NC-800 (Fig. 1d and g). The reason is that with

the increase in temperature, the driving force of dif-

fusion increases. The MnO particles aggregate and

grow up in order to reduce the surface energy, finally

diffuse outward [31]. However, due to the confine-

ment of the carbon shell, the MnO particles can only

embed in carbon shell, resulting in enlarged voids

(Fig. 1a). Multiple particles are intercalated into

amorphous carbon to create the heterogeneous

interface. Its HRTEM image (Fig. 1h) displays that

the lattice spacing is 0.256 nm, which exactly matches

the (111) crystal plane of MnO (JCPDS No.77-2363).

The EDS elemental mapping of MnO@NC-700 in

Fig. 1i shows the uniform coating of carbon around

MnO. The N element contained in dopamine is

doped into the carbon shell after annealing process,

which can significantly enhance the dipole polariza-

tion and carrier mobility, then improve the EMW

absorption.

Scheme 3 Schematic of the

EMW absorption mechanisms

for pomegranate-like

MnO@NC composite.
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As shown in Fig. 2a, the phase characterization of

the samples at each preparation stage was obtained

by XRD. The three main peaks are located at

2h = 24.25�, 31.36�, and 51.48� corresponding to the

(012), (104), and (018) crystal planes of MnCO3

(JCPDS No.44-1472), respectively, indicating the

successful synthesis of MnCO3. Coated dopamine did

Figure 1 a Schematic diagram of structural change of MnO@NC, SEM and TEM images of (b, e) MnO@NC-650, c, f MnO@NC-700,

d, g MnO@NC-800; h HRTEM image of MnO@NC-700; i elements mapping images of MnO@NC-700.

cFigure 2 a XRD patterns of as-prepared samples; b Raman

spectrums of MnO@NC (650, 700, 800); XPS spectra: c C 1s,

d N 1s, e Mn 2p, and f O 1s of the MnO@NC-700; g N2

adsorption–desorption isotherm of MnO@NC (650, 700, 800);

h pore size distribution of MnO@NC (650, 700, 800).
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Figure 3 Three-dimensional plots of the frequency dependence of MnO@NC: a 650, c 700, and e 800; RL curves of MnO@NC: b 650,

d 700, and f 800.
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not cause changes in the crystalline phase. The

existing form of carbon will be further characterized

by Raman and XPS. After annealing process, it was

found that all the MnO@NC samples have the same

diffraction peaks at 2h = 34.94�, 40.56�, 58.71�, 70.18�,
73.80�, and 87.78� which match to the (111), (200),

(220), (311), (222), and (400) planes of the MnO

(JCPDS No.77-2363), respectively. The better crys-

tallinity of the MnO nanoparticles was illustrated by

the sharper diffraction peak with the increase in the

calcination temperature. The grain diameters with

different temperature (650, 700, 800), which can be

obtained by the Debye–Scherrer formula, are

20.8 nm, 23.1 nm, and 39.2 nm, respectively. It con-

firms the growth behavior of MnO, that is the pri-

mary fine MnO particles generated by the pyrolysis

of MnCO3 will aggregate and grow in the subsequent

high-temperature environment, resulting in the

change of the pomegranate voids.

Raman spectroscopy can accurately characterize

the bonding state and defect of carbon. The state of

carbon atom is very critical to the EMW absorption

performance because it affects the electromagnetic

parameters of the composite. As shown in Fig. 2b,

two distinct peaks near 1340 cm-1 and 1580 cm-1

correspond to D-band and G-band of carbon,

Figure 4 a Real part and b imaginary part of the relative complex permittivity; c typical Cole–Cole plot; d electrical conductivity (45%);

e e
00
c and f e

00
p g tande, h permeability, and i the attenuation constant (a) of MnO@NC (650, 700, 800).
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respectively [32, 33]. The ratio of ID/IG is closely

related to the disorder degree of carbon material. It

can be seen that the ID/IG value of MnO@NC com-

posites shows a trend of decreasing, indicating an

increase in the degree of graphitization. But the

higher ID/IG value indicates that there are still a lot of

defects in the carbon, benefit for dipole polarization

loss. The elemental electronic state and composition

of the sample surface were further analyzed by XPS.

As shown in Fig. 2c–f, the peak of C, N, O, and Mn is

shown clearly, respectively. The high-resolution XPS

spectrum of C is deconvoluted into the C–C/C=C

(284.7 eV), C–N (285.7 eV), C–O (287.6 eV), and O–

C=O (289.4 eV) species, respectively [34, 35]. The

high-resolution XPS spectrum of N 1 s shows three

peaks at 398.1 eV, 400.2 eV, and 401.2 eV, which

correspond to the pyridinic N, pyrrolic N, and gra-

phitic N [36]. Pyrrolic N and pyridine N contribute to

enhanced polarization and graphitic N contributes to

conduction loss [37]. The Mn2p3/2 and Mn2p1/2 peaks

of Mn2? at 641.2 eV and 653 eV are clearly distin-

guished, indicating the successful synthesis of MnO

[38, 39]. For O 1s spectrum displays peaks at 531.5 eV

and 533.0 eV, matched to C=O and C–O–C groups

[40]. Further, another peak at 529.8 eV is accepted as

Mn–O [41].

To further probing the effect of MnO growth

behavior on structure, the pore size and specific

surface area of these samples were characterized by

N2 adsorption and desorption isotherm. As shown in

Fig. 2g, h, all isotherms possess a distinct combina-

tion of type-I and type-IV curves and display a sharp

increase at low relative pressure, indicating the

presence of diverse pore structure [15, 42]. According

to the BJH model, the main pore size of these samples

is about 3–4 nm. The macro-porous appear as the

Figure 5 First-principles calculations of the work functions. a Model of N-doped carbon and b MnO crystal plane used in the calculation

for the work function; b, c the work function obtained by calculating the typical crystal planes between the sample interface.
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MnO grow (Fig. 2h, MnO@NC-800), similar to the

result obtained by SEM and TEM. As calculated by

the BET method, the specific surface areas of these

MnO@NC samples are 216.4 m2 g-1, 169.3 m2 g-1,

and 52.8 m2 g-1, respectively. This further confirms

that the temperature affects the pore size and specific

surface area of samples as affecting the growth

behavior of MnO.

EMW absorbing properties of MnO@NC

To assess the EMW absorption capability of the

MnO@NC, the reflection loss (RL) value was calcu-

lated by transmission line theory:

Zin ¼ Z0

ffiffiffiffiffi

lr
er

r

tanh j
2pfd
c

ffiffiffiffiffiffiffiffi

lrer
p

� �

ð1Þ

RL dBð Þ ¼ 20 log
Zin � Z0

Zin þ Z0

�

�

�

�

�

�

�

�

ð2Þ

where Zin is the normalized input impedance of the

absorber. Z0 is the free space impedance. er (er = e0-
je00) and lr (lr = l0-jl00) represent the complex per-

mittivity and complex permeability, respectively. f is

the test frequency of the EMW. c is the speed of light.

d is the thickness of the absorber. Generally, the

standard for effective absorption is RL\ - 10 dB.

As shown in Fig. S6, pure MnO shows the RL value

of no more than - 8 dB, which is due to its poor

attenuation ability. Although the EMW can fully

enter into the MnO particles, the inability to attenuate

the EMW completely transmits it out. However, after

composited with carbon, a noticeable improvement

in the EMW absorption capability was observed.

Figure 3 shows 3D RL images and 2D RL curves from

1 to 18 GHz for MnO@NC at different thicknesses.

Among them, MnO@NC-700 exhibits the best

absorbing performance. The RLmin of MnO@NC-700

is - 47.5 dB at 11.65 GHz with a thickness of 2.8 mm

and the effective absorption bandwidth is 6.51 GHz

(11.49–18 GHz) at 2.4 mm. By adjusting the thickness,

full-band absorption of 2.2–18 GHz is achieved. In

other samples, surprisingly, MnO@NC-650 has a rare

dual-band absorption performance, which can

Figure 7 Three-dimensional RL of a MnO@NC-700H, two-dimensional impedance matching (Z) of b MnO@NC-700H.

Figure 6 Dependence of k/4 matching thickness versus RL peak

plots of MnO@NC-650.
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simultaneously absorb C-band and Ku-band EMW

under the same thickness. However, its thickness

cannot meet the need for application. Compared with

MnO@NC-700, MnO@NC-800 exhibited a decreased

RLmin of - 21.4 dB due to excessive skin effect, but

its optimum reflection loss occurs at a thinner thick-

ness (1.5 mm). Therefore, by adjusting structure and

inherent property, this composite can achieve tunable

absorption performance, which can be a competitive

candidate for efficient absorbers.

The electromagnetic parameters were measured to

analyze the EMW absorption property of different

MnO@NC samples. Figure 4a and b shows the real

(e0) and imaginary (e00) parts of the complex permit-

tivity (er) at 1–18 GHz. The e0 component of er repre-
sents the energy storage capacity of the EMW, while

the e00 represents the EMW dissipation capacity of the

absorber. The average value of e0 increases from 4.35

to 6.55 and finally to 8.43, and the average e00 value
increases from 1.33 to 3.49 and then to 5.39. The e00

values of these samples varied in the range of 2.62–

0.92, 6.79–2.50, and 14.96–3.78, respectively. The

changing trend of the e00 curve is very obvious. This

phenomenon is called frequency dispersion which is

characteristic of conduction loss. The reason is that

with the frequency of EMW increase, the cross-sec-

tional area of induced current will decrease, the

resistance increases, so the value of the conductive

loss decreases [43]. Not only that, all samples exhibit

two broad resonance peaks in the frequency range of

1–18 GHz, suggesting that different types of attenu-

ation may exist. Different EMW loss mechanisms can

be further confirmed by the Cole–Cole plots, which

are based on Debye theory:

e0 � es þ e1
2

� �2

þ e00ð Þ2¼ es � e1
2

� �2
ð3Þ

wherein es and e? represent the static and relative

dielectric permittivity at infinite frequencies respec-

tively. Each semicircle corresponds to one Debye

relaxation process [44]. As shown in Fig. 4c, all

samples show two obvious semicircles, consistent

with the resonance peaks in the e00 curves, which are

derived from interface polarization and dipole

polarization. The special pomegranate-like steric

configuration will generate a large number of

heterogeneous interfaces in the contact between the

seed and the shell. The difference in dielectric prop-

erty between MnO (Fig. S5) and the carbon shell is

very significant which creates a strong twisting elec-

tric field, causing strong polarization to dissipate

EMW. From Fig. 2b and Fig. 2d, electronegativity

due to N doping and defects in carbon leads to dipole

relaxation behavior. The alternating electric field in

EMW is periodically acted on the dipole (defect and

doped N) in turn, causing them to move with the

properties of the electric field. As the frequency of the

electric field increases, their changes gradually fail to

keep up with the change in frequency, thus acting as

a ‘‘drag’’ to the electric field, dissipating the energy of

the EMW. Apart from the two semicircles, the Cole–

Cole plots also present an obvious straight line in the

tail, indicating that conductive loss originating from

the conductive carbon network in the MnO@NC

absorber should not be neglected [45]. The higher

slope and the longer tail of the line indicate that

conduction loss increases [46].

In order to further explore the intrinsic EMW

absorption capability of MnO@NC composite, the

direct contribution of polarization e00p

� �

and conduc-

tivity e00c
� 	

to the e00 were calculated, the formula fol-

lows as [47]:

e00 ¼ e
00

p þ e
00

c ¼ es � e1ð Þ 2pfs

1þ 2pfð Þ2
þ r
2pfe0

ð4Þ

r is the conductivity of the absorber. e0 is the vac-

uum permittivity. s is the relaxation time. As shown

in Fig. 4e, in the process of structural tuning, the

change of temperature leads to the improvement of

conduction loss ability. The e00c of MnO@NC-650

hardly contributes to the EMW attenuation, indicat-

ing that polarization is the main source of its

Figure 8 EMW absorption of the composites containing

manganese oxide in recent literature.
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absorption performance. But it still has a smaller e00p
value. Considering the structure, defects, and N

doping of MnO@NC, it believes that the heteroint-

erface behavior caused by the structural change is the

main contribution to its polarization effect [48].

Compared with MnO@NC-650, increased tempera-

ture can provide a stronger driving force for the

diffusion of MnO. More MnO particles will be

embedded in the carbon shell, resulting in more

heterointerfaces, so the remaining samples have

stronger interface polarization effect (Fig. 4f). In the

1–18 GHz frequency range, e00c has a large contribu-

tion to the dielectric loss in the low-frequency band,

while in the middle- and high-frequency bands, the

e00p have a larger magnitude of the contribution to the

dielectric loss. The reason for this phenomenon is

that, on the one hand, the pomegranate structure has

a larger heterojunction area than the traditional face

to face contact, which can have a stronger electro-

magnetic response at the interface; on the other hand,

the uniform coating of dopamine establishes efficient

electrical conductivity network, which facilitates the

transport of charge carriers. But in the high-fre-

quency alternating electric field, there will be higher

inductive reactance and more serious skin effect,

which leads to the decline of the ability of conduction

[49]. The combination of polarization and conduction

loss results in high dielectric loss capability, which

can be confirmed in tande. Considering that the

composite has no magnetic contribution (Fig. 4h), it

can be considered that the attenuation capability is all

derived from the dielectric loss.

tan de ¼
e00

e0
ð5Þ

a ¼ 2pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l00e00 � l0e0ð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l00e00 � l0e0ð Þ2þ l00e0 þ l0e00ð Þ2
q

r

ð6Þ

tande represents the dielectric loss capability, and a
is the attenuation coefficient representing the atten-

uation capability of the absorber to EMW. It can be

seen that they are gradually increasing, indicating

why the composite tends to be thinner. It is worth

noting, as mentioned above: Firstly, only the degree

of graphitization reaches a certain value, the com-

posite material can have a considerable conduction

loss capacity, this is why only increase 50 �C can

make MnO@NC-700 have a higher loss capacity.

Secondly, because pore storage of air reduces the

effective dielectric constant (eeff), properly counter-

acts the effect of e
00
c increase on EMW attenuation

ability [50].

To further illustrate the structural relationship

between MnO and carbon shell, the microscopic

topography of MnO@NC-700 etched by HCl is shown

in Fig. S8. Without the support of MnO particles, the

carbon shell will be broken, which shows that there is

not only a surface-to-surface contact, but an embed-

ded relationship between MnO and N-doped carbon.

In order to qualitatively illustrate the contribution of

the interfacial polarization induced by the heteroint-

erface to the EMW absorption performance, the sur-

face work functions of N-doped carbon and MnO

(200) crystal planes were calculated by DFT. Fig-

ure 5a and b presents the models of crystal plane of

N-doped carbon and MnO which are used in the

calculation for the work function. The work function

of N-doped carbon surface is 3.93 eV (Fig. 5c), and

for MnO (Fig. 5d), the work function of MnO-(200)

plane is only 2.45 eV. The huge difference of the work

function (1.48 eV) between the N-doped carbon/

MnO-(200) interface will lead to a large accumulation

of charges on the interface (tend to N-doped carbon

which has larger work function). Under the alter-

nating electric field of EMW, the carriers collide

continuously, during which EMW energy is dissi-

pated [51, 52].

But only high attenuation capacity does not mean

good EMW absorption performance. It is well known

that the impedance matching determines whether the

EMW can be incident in the absorber. The formula is

as follows [53]:

Z ¼ Zin

Z0

�

�

�

�

�

�

�

�

ð7Þ

When Z is equal to 1, all microwave can be incident

without reflection, while impedance mismatch causes

the EMW to be totally reflected at the absorber/air

interface [54]. The range highlighted by the black line

in Fig. S9 is the region with good impedance

matching (0.9–1.1), indicating that EMW can be

effectively incident inside the material. It is obvious

that the area with good impedance matching shows a

trend of first increasing and then decreasing. Com-

pared with other samples, MnO@NC-700 has the best

impedance matching, which is the direct reason for

its wide bandwidth. Not only due to suitable electri-

cal conductivity, but also the internal homogeneous
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structure has an improved effect on the incident

behavior of EMW. Compared with the agglomerated

and segregated MnO particles, the uniformly dis-

persed MnO particles play a tuning dispersion

function on the EMW in the entire range of micro-

sphere, so that the impedance is closer to the free

space. Apparently, MnO@NC-700 exhibits better

EMW absorption performance due to the strong

dielectric loss capability brought about by more

uniform heterojunction and proper conduction loss

capability, as well as the improved impedance

matching from the uniformly graded garnet-like

structure.

Different from the previous, the as-prepared

MnO@NC-650 can effectively absorb both C-band

and Ku-band EMW at the same thickness, which can

be attributed to the interference loss. When the EMW

reflected at the absorber/air interface and the absor-

ber/backplane interface have a phase difference of

(2n ? 1) p, the EMW will be attenuated by interfer-

ence. The corresponding formula is as follows:

dm ¼ 2nþ 1

4

c

f lrj j erj jð Þ1=2
ðn ¼ 0; 1; 2. . .Þ ð8Þ

dm is the matching thickness. That is when the

thickness of the absorber is (2n ? 1)/4 times of the

wavelength of the EMW, the mutual cancellation of

the reflected wave and the incident wave will occur.

Generally speaking, better impedance matching

characteristics will appear at odd multiples of a

quarter wavelength [43]. As shown in Fig. 6, it is

found that the value of n is different when the C-

band (n = 5) and the Ku-band (n = 15) satisfy the

quarter-wavelength model, while the matching

thickness is same. This particular phenomenon is

closely related to electromagnetic parameter. The

dielectric constant of low-frequency EMW with the

same matching thickness is greater than that of high-

frequency EMW, and the relationship satisfies:

elow ¼ ehigh �
fhigh
f low

� 2nlowþ1
2nhighþ1

� �2
, so that when designing

an absorber that is known to meet dual-frequency

absorption at specified thickness, the electromagnetic

parameters of the material that meet dual-band

absorption can be predicted in advance through the

exhaustive substitution of n values[55].

Structure selection engineering
of MnO@NC

It is found that the dispersion of MnO can be regu-

lated by the growth behavior of MnO. To illustrate

the advantages of the pomegranate-like structure

engineering in EMW absorption, hollow MnO@NC

was prepared under the same heat treatment condi-

tion but extended holding time as a comparison, as

shown in Fig. S10a and Fig. S10b. Prolonging the

holding time will give fine MnO sufficient energy to

aggregate and grow to form a hollow structure. XRD

image (Fig. S10d) and Raman spectrum (Fig. S10e)

show the same phase composition and graphitization

degree as MnO@NC-700. Compared with other

samples, MnO has grown sufficiently, and the grain

size calculated according to the Debye Scherrer for-

mula is 42.1 nm. The N2 adsorption and desorption

isotherm and pore size distribution of the MnO@NC-

700H are shown in Fig. S10f. The reduction in the

amount of absorbed N2 at low pressure and the

appearance of the hierarchical pore structure further

confirmed the successful construction of the hollow

microporous structure, implying that most of MnO

particles are completely embedded in the carbon

shell. As a result, the MnO@NC composite under the

sufficient growth of MnO was successfully obtained,

thereby exploring the effect of the dispersion behav-

ior of MnO on the absorption performance.

Figure 7a shows the RL of MnO@NC-700H, the

composite has a maximum RL of - 19.7 dB at

17.4 GHz and the optimal effective bandwidth

reaches 6 GHz at 2.0 mm, which is much lower than

the EMW absorption performance of pomegranate-

like MnO@NC-700. Not only that, the impedance

match of MnO@NC-700H is far inferior to that of

pomegranate-like composite. On the one hand, it is

found that MnO@NC-700H and MnO@NC-700 have

almost identical electrical conductivity (Table. S1),

suggesting that conduction loss is not a major factor

responsible for the difference in their performance.

On the other hand, for the pomegranate-like struc-

ture, the more uniform dispersion of MnO in the

carbon shell provides stronger interfacial polariza-

tion, but is not much different from MnO@NC-700H.

These further illustrate the dominant role of the

structure in optimizing EMW absorption.

The pomegranate-like structure has uniform and

dense MnO particles inside, the particles are sepa-

rated to form complex and uniform pores benefit to
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area contact with air. The outer layer has a larger

heterojunction interface promote to outstanding

interfacial polarization. When EMW is incident on

the surface of the MnO@NC microsphere from the

outside, the good impedance matching will allow

more EMW to enter, thereby reducing the reflected

wave. When the EMW is incident in, the effects of

different components should be specifically consid-

ered. The N-doping carbon with high electrical con-

ductivity will limit the propagation range of the

EMW, making it multiple reflection and scattering

inside the carbon shell, which plays a role in con-

finement. MnO is a material with low dielectric

property. During the multiple reflection and scatter-

ing process, the EMW is repeatedly embedded and

extracted from multiple MnO particles. Each hetero-

geneous transmission will cause a certain amount of

EMW loss, thus playing a multiple absorption role. In

addition, the MnO particles form a dense coupling

network, which destroys the continuity of the EMW,

changes the phase of the propagating EMW, and then

makes the EMW more likely to interfere. Pome-

granate-like MnO@NC acts as an electromagnetic

trapping cage to ‘‘capture’’ and ‘‘consume’’ EMW, in

which N-doping carbon plays a role in trapping and

MnO particles play a role in absorption (Scheme 2).

Compared with the traditional solid core–shell

structure, the 3D porous pomegranate-like structure

undoubtedly has a lower density, which provides a

prerequisite for lightweight. The uniform pome-

granate-like structure matched with the enhanced

interfacial polarization and conduction loss con-

tributes to the efficient broadband absorption

performance.

EMW dissipation mechanism of MnO@NC

Figure 8 shows the EMW absorption property of

composites containing manganese oxide in recent

literature [13, 20, 25, 56–64]. Compared with the

reported absorbents, pomegranate-like MnO@NC

composite has a better reflection loss, a wider effec-

tive absorption bandwidth, and more lightweight

characteristic, demonstrating that it can serve as a

promising material in the field of EMW absorption.

Scheme 3 displays the diverse EMW dissipation

mechanisms of pomegranate-like MnO@NC. In con-

clusion, its excellent EMW absorption performance

comes from three aspects: (i) Prominent structural

endow MnO@NC with a special electromagnetic

response mechanism: The 3D porous pomegranate-

like structure makes improvement to the incident

behavior of the EMW and increases scattering sites.

The outer highly conductive carbon shell limits the

propagation range of the EMW, and the inner dense

MnO coupling network breaks the EMW continuity

and improves the electromagnetic energy absorption

efficiency. (ii) Strong interfacial polarization effect:

Multiple MnO particles are embedded in the carbon

shell, resulting in a larger heterointerface area. The

huge difference in the ability of the two to capture

electrons makes the electrons accumulate at the

heterointerface, which makes the electric field energy

of the EMW convert into heat energy at the interface.

(iii) Establishment of 3D conductive networks: The

dense encapsulation of dopamine provides a channel

for carrier migration, and the highly conductive

dopamine after carbonization provides a high con-

duction loss capability, which directly leads to the

lightweight property.

Conclusion

In conclusion, this work introduces a confinement

pyrolysis strategy that cleverly exploits the inherent

reactions of material to design a special structure.

Pomegranate-like MnO@NC composite with unique

hierarchical structure, large specific surface area,

abundant heterointerfaces, and abundant N doping

was synthesized via the pyrolysis of MnCO3 and the

polymerization of dopamine. The optimized EMW

absorption performance can be accessed by tuning

dielectric property and micromorphology. It was

found that the MnO@NC-700 exhibits the maximum

effective absorption bandwidth of 6.51 GHz and the

MnO@NC-750 exhibits the best reflection loss of -

58.4 dB. The response mechanisms to EMW come

from the following points: The uniform deposition of

dopamine promotes conduction loss. The fine MnO

particles embedded in the carbon layer enhance the

interface polarization, which is verified by calculating

the surface work function difference of the heteroin-

terface. Besides, special morphology endows it with

‘‘electromagnetic trapping cage’’ absorption mecha-

nism and better impedance matching. The interface

polarization and conduction loss can be matched

through simple process adjustment, and at the same

time, excellent tunable wave absorption performance

can be achieved by taking advantage of the
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outstanding structure. It is believed that this con-

finement pyrolysis strategy with structural advan-

tages and diverse loss mechanisms opens the door for

microstructure engineering to enhance absorption.
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