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Abstract :

The micro-morphology design of nanomaterials haggs been a hot issue in
the field of microwave absorption. In this work, Itnghell structure is made on the
basis of hollow structure and porous structure, tred effect of shell number of
nanoparticles on microwave absorption propertiestiglied. Multi-shell hollow
porous carbon nanoparticles (HPCNs-m) were prepémedsimple liquid phase
method combined with layer-by-layer process, armd itmicro-morphology, chemical
structure, electromagnetic properties and microwabsorption properties were
studied by a variety of characterization methode fiesults show that the multi-shell
structure is beneficial to improve the conductivitgs and polarization loss, so as to
enhance the microwave absorption properties ofstimaples. In all samples, the
effective absorption bandwidth (EAB) of three-shdibllow porous carbon
nanoparticles (HPCNs-3) is 5.17 GHz under the tiesk of 1.6 mm, and the best
reflection loss (RL) is -18.13 dB at 14.66 GHz. 9ork expands the study of the
effect of the number of shells on microwave absorpproperties, and provides a

useful reference for the design of microwave absstb
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1. Introduction

In recent years, excessive electromagnetic radidiass caused electromagnetic
pollution, which has caused many adverse effectshaman health and military
applications [1-5]. In order to solve the problefretectromagnetic pollution, people
try to use electromagnetic shielding materials acrowave absorbing materials to
solve the problem. Electromagnetic shielding matsrare easy to cause secondary
pollution, while microwave absorbing materials @onvert electromagnetic energy
into thermal energy. Compared with electromagnshielding materials, the latter is
obviously more environmentally friendly and effeetj so it is widely concerned by
the scientific community [6-8]. For absorbing maéiks, it is necessary not only to
pursue large microwave absorption intensity anceveifiective absorption bandwidth,
but also to take into account the requirementsigift Iweight and thin thickness,
which is beneficial to practical application [9,]1Carbon based materials, such as
carbon nanoparticles [11, 12], carbon nanotubes [#3, graphene [15-18], have
gradually become the focus in the field of microwabsorption due to their high
chemical stability, low density and controllableléctric properties [19].

The Charming morphology is one of the importansoes why nanomaterials
attract scholars. Many new nanostructures, sudmolsw structure [20-22], porous
structure [23-25], core-shell structure [26, 2@lkyshell structure [28], often appear
in the frontier researchUnique morphology is often accompanied by excellent
performance. Xu et al. prepared hollow carbon plagi by a template method, and

the effective absorption bandwidth of the sample titickness of 3.5 mm covered the



entire X-band [29]. Zhou et al. obtained hollow kmar particles with an effective
absorption bandwidth of 4.8 GHz at a thickness && inm by adjusting the
calcination temperature [30Not only that, the change of morphology has a direc
impact on the properties of nanomaterials. Zhangletfound that the dielectric
constant and impedance matching characteristicsbeaeffectively controlled by
adjusting the aperture and shell thickness [31krCét al. enhanced the polarization
capability of materials by adjusting the pore volynthus obtaining excellent
absorbent [32]. The research on wave absorpti@ngfe shell hollow porous carbon
nanoparticles has been very rich [33], but it @ty that there is no systematic study
on the wave-absorbing properties of multi-shellldwlporous carbon nanoparticles
[34].

Multi-shell hollow porous structure can be regar@sda composite structure of
hollow structure, porous structure and core-shelucture, which has the
characteristics of light weight, high specific s area, high biocompatibility and
high transmission efficiency [35]. However, comptgxof structures and lack of
pervasive synthesis methods make them difficulptepare.Currently there is no
efficient and convenient preparation mode, andntiéti-shell can only be obtained
by continuous cyclic steps, which makes the expamiad period long and requires
high precision [36]. Nevertheless, the multi-shedllow porous structure still has
made great achievements in the fields of energygéy catalysis, sensors, and drug
delivery [37, 38]. Even among the thousands of nanostructures used for

electromagnetic wave absorption, it is extremelgcsgd. The multi-shell hollow



structure not only integrates the characteristickadlow, porous and core-shell, but
also its interface increases with the increaséhefriumber of shells (each shell has
internal and external surfaces), which is very cmidk to the occurrence of
polarization. Besides, in the process of orderly combination ofidw shells of
different sizes, its composition (metallic oxidesdanonmetal), shape (rod, sphere,
polyhedra), shell layer parameters (size, thickngsacing, porosity of shells) can be
flexibly adjusted to obtain the desired electronegncharacteristics. Thus hopefully
obtaining better electromagnetic performance aedtemagnetic wave absorption
performance than ordinary nanostructures above. E8julation results show that
adjusting shell parameters can improve electronagmeave absorption efficiency
even achieve sequence absorbing effect [40,4ddn be inferred that the multi-shell
structure with adjustable shell and rich interfacesy have unique advantages in
microwave absorption, and research on microwaveorpben of multi-shell
structures needs to be expanded.

In this work, single-shell hollow porous carbon oparticles were prepared by
template-free method, and on this basis, the sWwak successfully coated by
layer-by-layer process, and different shell numbefs hollow porous carbon
nanoparticles were obtained. The results showciatrolling the number of shells is
an effective means to adjust the microwave abswrgiroperties. After characterizing
the electromagnetic properties and microwave alisorproperties of the samples, it
is found that with the increase of the number @llshthe impedance matching of the

samples decreases, but the microwave absorptigerres are enhanced. On the one



hand, the increase of the number of shells inceead® particle size of
electromagnetic waves and enhances the reflectidn nanoparticles to
electromagnetic waves. Although it is not conducit@ the incidence of
electromagnetic waves, it enhances the loss af@émtielectromagnetic waves. On the
other hand, the introduction of hollow structur@rqus structure and multi-shell
structure brings more interfaces and defects, wlaoh conducive to interface
polarization and dipole polarization, and enhanige attenuation of samples to
electromagnetic waves. In addition, nitrogen dopamgl tight shell of multi-shell
structure are beneficial to the transition and moet of electrons, which increases
the conductivity loss of the material. In all saeglthe three-shell hollow porous
carbon nanoparticles (HPCNs-3) have the effectivgogtion bandwidth of 5.17
GHz and the best reflection loss of -18.13 dB urtterthickness of 1.6 mm. This
work fills the gap of the effect of the number diels on the microwave absorption
properties of carbon nanoparticles, and provides igean for the design of

high-performance microwave absorbers.



2. Experimental section

2.1 Materials

The chemical reagents in this work and their speatibns are shown in Table 1.
Table 1

Reactant properties.

Reactant Manufacture Purity, %
3-aminophenol Nanjing Reagent, China 99.0
Formaldehyde solution Solution Nanjing Reagentn@hi 37.0
Ammonia solution Nanjing Reagent, China 25.0
Ethanol absolute Sinopharm Chemical ReagentCo., Ltd 99.5
Acetone Macklin, China 99.7

2.2 Synthesis of carbon nanoparticles (CNs) and Sjle-shell hollow porous
carbon nanoparticles (HPCNs-1)

Phenolic resin nanoparticles were synthesized byptilycondensation reaction
of aldehyde and phenol, and the hollow porous &iraovas obtained after selective
cleaning with acetone, and finally the experimendamples were obtained by
carbonization at high temperature. Firstly, 0.5-gn@nophenol and 0.5 ml ammonia
solution was added to the mixed solution of 100 deionized water and 50 ml
anhydrous ethanol, and magnetically stirred for B.nAfter that, the 0.5 ml
formaldehyde solution was added to the mixture drpmrop, and the 30 min was

stirred by magnetic force, then poured into 100an#@tone and left standing for 2 h.



After centrifuging with deionized water for threienés and drying overnight in an
oven at 60, single shell hollow porous nanoparticles (HPNsvé&je obtained in the
form of yellowish powder. The HPNs-1 was placea itube furnace filled with argon,
heated to 8001 at a heating rate of 3/min for 6 h, and cooled at room temperature
to obtain single-shell hollow porous carbon nantipias (HPCNs-1). The product of
high temperature carbonization of the powder olthiwithout washing with acetone

is solid carbon nanoparticles (CNs).

2.3 Synthesis of Multi-shell hollow porous carbon anoparticles (Take HPCNs-2
as an example)

The multi-layer shell structure was obtained byssieal layer-by-layer process
[38, 42, 43]. The collected HPNs-1 was placed mixed solution containing 0.75 g
3-aminophenol, 0.75 ml ammonia solution, 150 mlod&ed water and 75 ml
anhydrous ethanol, andtrasonic dispersion for 30 min. After that, the/®.ml
formaldehyde solution was added to the mixture drpmrop, and the 30 min was
stirred by magnetic force. Then 150 ml of acetoas woured into it and left standing
for 2 h. After centrifugation and drying, two-shdibllow porous nanoparticles
(HPNs-2) were obtained. HPNs2 was carbonized &t teghperature by the same
method as above, two-shell hollow porous carbonoparticles (HPCNs-2) were

obtained. The reactant of HPNs-3 is twice that BN4-2.

2.4 Characterization



The morphology and structure of the samples wesemed by field emission
scanning electron microscope (FE-SEM, JEOL JSM-FDPO4nd field emission
transmission electron microscope (TEM; JEOL JEM&@1@fter degassing at 160
for 3 hours under vacuum conditions, the &tdsorption-desorption isotherm was
collected with a high-speed automatic area and aoadyzer (TriStar 3000), and the
pore size distribution and specific surface areesevealculated. The crystal structure
of the sample was characterized by X-ray diffracttan (XRD, Bruker D8 Advance)
under the irradiation of Cu K (A = 0.15418 nm). At the laser wavelength of 532 nm,
the Raman spectrum was obtained by confocal Rampeectremeter (Raman, WIiTec
Alpha300R). The chemical composition of the sampls determined by X-ray
photoelectron spectroscopy (XPS) under the irremiadf Al Ko (1486.6 eV). The
sample and KBr powder were pressed into thin sheetd the composition of
functional groups was determined by Fourier tramsfmfrared spectroscopy (FT-IR,
NICOLETIS-10). The electromagnetic parameters ef shmples were obtained by
coaxial method. Press 2.5 parts of samples an@aftS of paraffin into a ring shape
(outer radius: 7.00 mm; inner radius: 3.04 mm), ar@hsure with a vector network

analyzer (VNA, CETC CeYear 3672B).



3. Results and discussion
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Fig. 1. The schematic diagram of the synthesis press for HPCNs-m.

Multi-shell hollow porous carbon nanoparticles (HPM) were prepared by
layer-by-layer process, and then carbonized at tegtperature to obtain multi-shell
hollow porous carbon nanoparticles (HPCNs-m). Thbeematic diagram of the
synthesis process for sample is shown in Fig. fstFf all, 3-aminophenol and
formaldehyde were Polycondensed in alkaline {NHJO) ethanol solution [44, 45],
and the solid phenolic resin nanopatrticles (RN feamed by the reaction of 30 min
under the condition of magnetic stirring. In thitegs of the reaction, because of the
time difference between the formation of phenadisim molecules, the small phenolic
molecules generated later will agglomerate on thdase of the phenolic resin
generated first and gradually become sphericalaBse the outer layer of phenolic

resin particles can fully contact with ammonia, tbaction degree of external resin is



higher than that of internal resin. Making usehi$ property, the hollow structure can
be obtained by dissolving the part of phenolicrrgmrticles with low reaction degree
with suitable concentration of acetone solution|[2& the same time, the appropriate
ethanol/water ratio is conducive to the constructad porous structure, which is
consistent with other studies [31, 32, 46]. Aftddiag acetone and standing for 2 h,
then centrifuging with deionized water three tim&éyjing in an oven of 60! for one
night, the yellowish phenolic resin powder was ectiéd. The phenolic resin powder
without acetone treatment and phenolic resin powd#n acetone treatment was
heated in a tube furnace filled with argon at a &Ht3 [ //min to 800[] and held for 6

h for carbonization, to obtain CNs and HPCNs-1peesively. The structure of
multi-shell is prepared on the basis of single Istiaking HPCNs-2 as an example.
When the prepared HPNs-1 was uniformly dispersedha mixed solution (3
aminophenol, ammonia, ethanol, deionized water) asded drop by drop to the
formaldehyde solution, the newly formed phenolisimeparticles would still reunite
and grow on the surface of the existing phenolgnrgarticles. Then use the same
concentration of acetone solution to dissolve s Ireactive part of the second
growth phenolic resin, and finally carbonize to abtHPCNs-2. In theory, more
shells can be obtained by using layer-by-layer ggecas long as the amount of raw
materials and acetone is adjusted reasonably.idre#periment, the sample with the

most shell is HPCNs-3.
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Fig. 2. SEM images of CNs (a, €), HPCNs-1 (b, f),ANs-2 (c, g), HPCNs-3 (d,
h). Nitrogen adsorption-desorption isotherms and pee size distributions
calculated result (i-1).

The surface morphology of the sample can be obddaye&SEM image, as shown
in Fig. 2a-h. At a larger scale, well-formed carbwmmoparticles can be seen. In the
process of continuous coating of the shell, theiglarsize becomes larger, and the
average size of CNs and HPCNs-1 is about 550 nngekgarticles have appeared in

the image of HPCNSs-2. Finally, the average sizBlBCNs-3 is the largest of the four



groups of samples, close touin. Not only that, the size uniformity of the pales
will also be affected by the shell coating, whi@nde confirmed by the appearance
of carbon particles of different sizes in Fig. @n a smaller scale, it can be seen that
the surface of the sample shows a rough sensertidles. In addition, in the process
of multi-shell preparation, it is inevitable to dinmultiple nanoparticles sintered
together, which is conducive to the conductionlet&ons between particles. The N
adsorption-desorption isotherm (Fig. 3i-I) of thangple shows a typical IV-type
isotherm, indicating that the sample has a pordusctsire [47]. The pore size
distribution of the sample also shows that the nedtes porous. Whether it is hollow
structure, porous structure or multi-shell struefut can reduce the density of the
material and increase the specific surface ard¢laeofaterial (Table S1). Based on the
conductive network model and the mechanism of agdgien-induced charge
transport, lighter samples can increase the denpsitiile micro-conductive network,
thus enhancing the conductivity loss [48-50]. M these structures can also
bring a large number of heterogeneous interfacdsdafects, which are conducive to
interface polarization and dipole polarization.dddition, it has been reported that
holes and depressions can act as dihedral angeghence microwave scattering and

reflection [51, 52].



Fig. 3. TEM images of CNs (a, €), HPCNs-1 (b, f),CNs-2 (c, g), HPCNs-3 (d,
h). HR-TEM image (i), SAED result (j) and Element napping (k-n) of HPCNs-3.
The internal structure of the sample can be obseitweugh the TEM image of
the sample, as shown in Fig. 3a-h. The size oh#mparticles is consistent with the
SEM test results, showing an increasing trend. pixf the solid structure of CNs,
obvious cavities can be found in the other threrigs of samples. The appearance of
thin black lines where the particles are conneeaxbserved in Fig. 3e, which shows
that the particles are connected rather than hafmpsyuch. Perhaps the formation of
conductive networks has something to do with thége black lines. Fig. 3f-h also
confirms that HPCNs-1, HPCNs-2 and HPCNs-3 cornedpo single shell, double
shell and three shell, respectively. Interestintjigre are a lot of gaps between layers,
which leads to a large number of interfaces. Ofrewuthere are not always gaps
between the shell layers. The contact of the iram&l outer shells will promote the
conduction of electrons inside the particles, forgnia tiny conductive network.

HPCNs-3 element mapping (Fig. 3k-n) and EDX analyssults (Fig. S1) show that



C (88.39 wt%), O (3.81 wt%) and N (7.8 wt%) arefamnly distributed in the
nanoparticles. Lattice fringes were not capturetigh resolution TEM (Fig. 3i) and
no clear diffraction points were found in SAED (F8J) which indicated that carbon
was amorphouddowever, it is necessary to note that TEM and sedectiffraction

results in local regions cannot prove the non-eris¢ of the graphite in whole

samples because some nano-crystalline graphiedstb be detected [53].
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Fig. 4. XRD patterns (a) and Raman spectra (b) ofesnples.

In the XRD spectra (Fig. 4a), the wide peak at @ptesents the (0 0 2) crystal
face of amorphous carbon, and the weak bulge ar 4tiginates from the (1 0 1)
crystal face of graphite which imply that graphitay exist in the sample. The Raman
spectra of all samples are shown by Fig. 4b, amddlwious characteristic peaks of
carbon are observed at the positions of 1348 and 1590 ci, which are defined as
D band and G band, respectively. In general, D-bsuedused by defects and disorder
and the wide D band in the figure indicates thatdfystal structure of the material is
in great disorder and there are many defects. THm@l is caused by spybrid

carbon, which represents the order of graphite @odides strong evidence for the



presence of graphite in the sample. The area (AtifAs) of D-band to G-band
reflects the degree of graphitization of mater[al, 55]. According to the integral
areas values of D and G peaks (Table S2), thAA values of CNs, HPCNs-1,
HPCNs-2 and HPCNs-3 are 1.78, 1.80, 1.81 and B§2ectively. The ratio shows a
slight growth trend, which may be due to the fdwtttthe multi-shell structure can
bring more defectsAt the same time, the largepMg may be explained by the
following reasons. A large number of oxygen atomghenolic resin are removed in
the process of high temperature carbonization,ingamany vacancy defect$he
unremoved oxygen atoms exist in the form of asymimekygen-containing groups,
which disturbs the $pstate of graphite, resulting in amorphous and doaphitization
of the samples [48]. Combined with Tem, SAED, XRi &Raman, it was obvious
that samples were mainly amorphous and accompadjiddcalized graphitization
phenomena. The existence of amorphous carbon isomoiucive to the movement of
electrons and may have a negative effect on theluwmivity loss of materials.
However, relatively, a large number of defects mmogohous carbon can be used as
the polarization center of the dipole, which canduce dipole turning polarization
under the action of electromagnetic field, which keneficial to enhance the
polarization loss [31]. In addition, the defectsthre graphite layer, like those in
carbon nanotubes, may produce additional statestheaFermi level, causing the
electromagnetic wave energy in the microwave bandéd absorbed through the
adjacent states on the Fermi level [56-58]. Itaa be speculated that the samples in

this experiment may have great polarization losktyab
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(f).

In order to understand the chemical structure ef rimaterial, we carried out
infrared tests, and the results are as shown hyJeigThe broad peak at 3400tis
thought to be the stretching vibration of -OH, whimay come from the sample or
from the moisture in the air. The weak peak at 2852 comes from -Cht, which is
the product of the reaction of phenols with aldetsy§23]. The peaks at 1600 ¢m
and 1089 cm come from -NH and C-O, respectively. These residual polar groups
are usually regarded as the polarization centahefdipole, which can induce the
dipole to turn polarization, which is beneficial @ahance the polarization loss, thus

improving the microwave absorption capacity of thaterial [31]. The chemical



elements and surface electronic states of the ssmpére further studied by XPS
spectra, as shown by Fig. 5b-e. According to th& X#tal spectrum (Fig. 5b) of the
samples, the characteristic peaks of C 1s, N 1s(rid were detected in the four
samples, indicating that the samples were compos€&] N and O elements, which
was consistent with the previous test resultss Wvorth mentioning that because of
the difference in electronegativity between C, Nl &h these atoms can also be used
as polarization centers of dipoles, thus enhanttiegpolarization loss [16]. The high
resolution C 1s XPS spectrum of samples (Fig. 3©ws that there are three
characteristic peaks at 284.7 eV, ~ 285.6 eV an#88.5 eV, corresponding to
C-C/C=C, C=N, C=0 [49, 59]. The high resolution ©® XPS spectrum of samples
(Fig. 5d) shows that three characteristic peaksbeaobserved at 530.2 eV, 532.2 eV
and 534.2 eV, corresponding to -OH, C=0, C-O [Z4]e high resolution N 1s XPS
spectrum of samples (Fig. 5e) shows that the retmag the sample is composed of
three parts, and the three characteristic peaks 398.2 eV, 400.8 eV, 403.4 eV
correspond to pyridine nitrogen, pyrrole nitrogerd ayraphite nitrogen, respectively
[60]. Various forms of nitrogen doping in partialiyraphitized carbon conductive
networks (Fig. 5f) promote the movement of eleddroend contribute to the
conductivity loss of materials [9, 16]. At the satitae, N atom doping will produce
some positive and negative charges in the adj&emd N atoms, which can be used
as polarization centers, thus increasing the pratan loss [29]. Therefore, nitrogen

doping is beneficial to improve the electromagneiiwe loss of the material.
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In order to explore the influence of the combinatad multi-shell structure on
microwave absorption properties, it is necessary stady the changes of
electromagnetic parameters. According to the trasson line theory [61], there is a
close relationship between complex permittivigy) @nd magnetic permeability.§
and microwave absorption properties. The permeglahd tand, of the sample are
shown in Fig. S2 and Fig. SBll samples have similar permeability which fluctes
slightly with the change of frequency. This fludioa may be related to the magnetic
moment in disordered carbon materidlee H atoms attached to the zigzag edge of
nano-graphite and the vacancy defects in disordeagioon interact with impurities
(H or N atoms) to produce magnetic moment, whicu$eto the change of magnetic
permeability [62, 63]. However, the values pf and u" are close to 1 and O,
respectively, indicating the negligible magnetisddrhus, the complex permittivity
of the sample deserves more attention.

The real partd) of the complex permittivity represents the sggraapacity of

the material to electric energy or the degree spoese to electromagnetic field, and



the imaginary parte(’) represents the power loss ability of the mateto electric
energy [15]. The electromagnetic parameters adathples in the range of 2-18 GHz
were measured at room temperature, and the Delayeaten model was used to help

understandg, €', €" can be represented respectively by Eq. (1-3) [31
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whereg, is the optical dielectric constantis the static dielectric constantjs
the relaxation time, f is the frequency. The relaship between’, ¢”, tand.and f is
shown in Fig. 6.Compared with the other three groups of samples,cthmplex
permittivity of HPCNs-3 is significantly increased.he variation of complex
permittivity of pure carbon materials is usuallylated to chemical structure and
microstructure [64]XRD (Fig. 4a) proved that all samples were amorghcarbon,
Raman (Fig. 4b), FT-IR and XPS (Fig. 5) proved thaly have similar bonding states
(graphitization degree) and chemical groups. Perhtiye remarkable changes in
microstructure of this experimental system had ndirect influence on complex
permittivity of materials.In the multi shell structure, each shell is rich nmany
interfaces (inner surface, outer surface and poterface).With the increase of the
number of shells, the increase of interface became® and more obvious, because
the outer shell size is always larger than therishell size. The hanging bond on the

interface of the multi-shell structure can bind mgpace charge, thus increasing the



storage of electric energy and increasing ¢h§1]. Usually, the dielectric loss of
materials is divided into polarization loss and dactance loss. In the form of
polarization loss, because electron displacemetdripation and ion displacement
polarization occur very quickly, they do not haveviaible effect on the complex
permittivity, so only interface polarization andpdle polarization are considered in
microwave band [20]. According to the Maxwell-Wagmeodel, the aggregation of
space charge at heterogeneous interfaces (pacaifiron, air-carbon and
crystalline-amorphous) leads to interfacial polatian which will dissipate electrical
energy [65-68].The oxygen vacancy defects and residual polar iomat groups
(hydroxyl group, carbonyl group, etc.) in the sloalh be regarded as the polarization
center of the dipole to generate dipole polarizatée;md consume electromagnetic
wave [51].When the accumulated space charge is too muchyehk& current will be
generated, which will form different degrees of doative network between multiple
particles or in the shell of a single multi-she#irficle, so that the electromagnetic
energy will be transformed into thermal energy [41PCNs-3 with three shells has
the most interfaces, which is conducive to the fation of multi polarization and the
enhancement of space charge conduction, sd'its larger than other sampldhe
largest electrical loss tangent (t&s¥e"/e’) of HPCNs-3 (Fig. 6¢) also indicates the
strongest dielectric loss capability [69]. The ojpamf tand. with frequency (from 0.5
at 2 GHz to 0.8 at 18 GHz) is more obvious than tifathe other three groups of
samples, which indicates the excellent high freqyeresponseThe phenomenon

aboute’ decrease with increasing frequency within the eaoig2-18 GHz is attributed



to the hysteresis of dielectric polarization caubgdthe change of electromagnetic
field, which is called dielectric dispersion [6h addition, compared with HPCNs-3
and HPCNs-2, the dielectric parameters of HPCNselckser to CNSThe change

from solid to single-layer hollow structure onlyirigs the increase of inner surface,
while the increase of each shell in multi-shelustare can bring inner surface, outer
surface and pore interfade. short, the multi shell structure can increase storage

and loss of electromagnetic energy, and the gaimuish stronger than the single shell

structure, which is expected to enhance the micvevadsorption performance.
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Fig. 7. Cole-Cole semicircles of CNs (a), HPCNs-Ib)( HPCNs-2 (c), and
HPCNs-3 (d). Conductivity loss (e) and Polarizatiotoss curve (f).

In order to further clarify the origin of the misvave absorption properties of
the samples, we need to focus on the relaxatioavieh The relaxation process is
usually related to the Cole-Cole semicircle. On blasis of Eqg. (2) and Eq. (3), the

relationship betweesi ande" can be expressed by Eq. (4) [2]
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The relation curve ot', &¢" is called Cole-Cole semicircle, and each semleir

represents the Debye relaxation process relatedtedfacial polarization or dipole

polarization.Ilt can be seen from the Fig. 7a-d that all the famples have multiple

relaxation processes, and the values"adnde' corresponding to the upper vertex of
the dotted circle almost correspond to the frequesfcthe formant in Fig. 6¢. The

matrix of amorphous carbon contains a large nunabedefects and polar groups,
which provides conditions for dipole polarizati@g non-hollow CNs can also have
three relaxation processes. By comparison, it samthat HPCNs-3 has at least five
relaxation processes, which are the most in allpsesn Since the effect of the
multi-shell structure on the graphitization degoé¢he matrix (only a slight increase)
is not enough to bring about a huge change in dipolarization, the difference in the
polarization ability of the samples is more suiéatn be attributed to the increase of
interfacial polarization. There is a small tailtae end of all Cole-Cole curves that
tends to be linear. The greater the slope of the kegment, the greater the
conductivity loss of the material, which is beng&fido improve the wave-absorbing
properties. In the analysis of dielectric loss, thatribution of conductance loss and
polarization loss is an interesting problem. Ac@ogdto Eq. (5), the nonlinear

equation is used to fit the original electromagnparameters of the sample [15]
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where g,” is the contribution of polarization loss:" is the contribution of

conductance losg is the conductivity anédp is the vacuum permittivity. The fitting



results can be divided into conductance loss ciifig. 7e) and polarization loss
curve (Fig. 7f). The equivalent circuit of conduata loss is equivalent to the parallel
circuit of resistance and capacitor, while the egla@nt circuit of polarization loss is
equivalent to the series circuit of resistance aapacitor [68, 70]. In Fig. 7e, the
conductance loss curves of all samples show the seend, that is, the conductance
loss decreases with the increase of frequency.eTlserllso a positive correlation
between the number of shells and the conductiai$g,l and the conductivity loss of
HPCNs-3 is significantly higher than that of th@atthree groups of samples. On the
one hand, it may be because the outer shell ofnglesiparticle collapses after
annealing and forms a conductive network with timeer shell. On the other hand, it
may be because the particle size of HPCNs-3 i®)asq it is easier for particles to
contact each other to form a conductive networkaddition, the doping of nitrogen is
beneficial to the migration and transition of eteas [71]. In Fig. 7f, the polarization
loss increases with the increase of frequency. &rtle same frequency, the more the
number of shells, the greater the polarization.ltigs worth noting that the frequency
corresponding to the peak of the polarization loss/e is very close to that of the
formant of theeg" curve (Fig. 6b), which verifies the location tife polarization
relaxation. The fitting results of conductance lassl polarization loss and Cole-Cole
diagram well confirm the following two conclusiondgie multi shell structure can
enhance the conductivity loss and polarization ,lossd the enhancement of
polarization ability is reflected in the increadeirterface polarization; the effect of

polarization loss is greater than that of conduigtiloss (mainly conductivity loss in



2-4 GHz and polarization loss in 4-18 GHz).
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Fig. 8. 3D RL map, 2D RL contour map, RL value andEAB value between
thickness range of 1.6—4.0 mm of CNs (a, b, c¢), HRS-1 (d, e, f), HPCNs-2 (g, h,
i) and HPCNs-3 (j, k, I).

In order to evaluate the microwave absorption igfficy of the sample, the
reflection loss RL is derived from the transmissiioie theoretical model, such as EqQ.

(6) and Eq. (7) [72]



RL(dB) = 20log (Z,~ 1)/ (Z,+ 1) (6)

= [H tantf icntd 1)z
zm_\/:tanl{ j(2rfd Ic ,Urfr} @)

where %, is the normalized input impedance of the matefias the frequency of
microwave, d is the thickness of the material, anid the propagation velocity of
electromagnetic wave in vacuum. In practical agpions, the part where the RL
value is less than -10 dB is considered to be ffieeteve absorption bandwidth (EAB),
because it already represents that 90% of therefeagynetic waves are absorbed [73,
74]. The three-dimensional and two-dimensionalefon loss maps of all samples
and the RL and EAB values under the correspondiigkness are shown in Fig. 8.
The parts of the three-dimensional and two-dimeradigraphs that effectively absorb
bandwidth have been marked with dotted lines. Hikeation loss of each group of
samples showed a similar rule, and the values d8 BAd RL gradually moved to low
frequency with the increase of sample thicknessartier to meet the requirement of
“thin" microwave absorber in practical applicatidhe change law of microwave
absorption property below 4 mm thickness of the @amvas analyzed. When the
thickness of CNs increases, the RL value increasesthe minimum value is -17.95
dB at 1.6 mm, while the EAB increases at first dmeh decreases, and reaches the
widest 2.94 GHz at 2 mm (Fig. 8a-c). The best Rlueaf HPCNs-1 under 1.6 mm
thickness is -24.45 dB, and its EAB increases st fand then decreases with the
increase of thickness, reaching the widest 4.39 @H2 mm (Fig. 8d-f). When the
thickness of HPCNs-2 increases, the values of EA® RL decrease continuously,

the widest EAB is 4.63 GHz at 1.6 mm, and the Bdswalue is -26.27 dB at 4 mm



(Fig. 8g-i). Finally, it is surprising that HPCNs&hieves the widest EAB and the
best RL values under the thickness of 1.6 mm, whieh5.17 GHz and -18.13 dB
respectively (Fig. 8j-I). There is no doubt tha¢ tmicrowave absorbing property of

HPCNs-3 is the best among the four groups of sasnfinks to the largest number

of carbon shells.
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Fig. 9. Reflection loss (RL)-frequency curves, reteonship between simulated
thickness and the peak frequency for CNs (a), HPCNk (b), HPCNs-2 (c),
HPCNs-3 (d).

The EAB and peak frequency found in Fig. 8 gradualift to low frequency
with the increase of sample thickness, which canfoto the law of 1/4 wavelength
matching model (14 [26]. In order to further study the absorbing gedies, it is
necessary to clarify the relationship between matclrequency () and matching
thickness ), expressed by Eq. (8):
t,=nA/4=nc/(4, ||| ) n=(1,35.. (8)
where f, is the matching thicknes$, is the wavelength of microwave, c is the

velocity of light, f, is the matching frequency. Obviously, the intetisec of the



vertical line of the frequency corresponding to Riepeak and the vertical line of the
thickness of the absorbing sample ideally fallgh@1/4. curve (Fig. 9). The cause of
this phenomenon is related to the cancellation ¢écteomagnetic waves.
Electromagnetic waves are reflected twice at thderi@-air interface and the
material-metal (metal substrate in the test insemihn interface. The reflected
electromagnetic wave has an odd multiple of hadf Wavelength, so interference
cancellation occurs, which weakens the electromagneave. In addition, the
relationship betweenytande; is well illustrated by Eq. (8). Because HPCNs-2l an
HPCNs-3 have larget; values, they can achieve the best electromagnedive

absorption performance under the thickness of It m
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Fig. 10. The calculated Zin-1 | values represent for the impendence matching of
HPCNs-3 (a). the normalized wave impedance (b) arattenuation constant (c) of

all samples.



The ability of absorbing materials to allow the idence of electromagnetic
waves is called impedance matching, which is exyeedy Eqg. (6-7)As shown in
Fig. 10a, the cIosefZin-l | is to zerothe stronger the RL feature[ig5]. However,
compared with the other samples (Fig. S4), {t#-1| value of HPCNs-3
has no advantage. This is because the differen¢@ebe permittivity and
permeability is too large, which has an adversectfobn impedance matching [76,
77].

When the electromagnetic wave enters the intefidhe sample, the attenuation
degree of the electromagnetic wave of the sampte lma characterized by the

attenuation factoa, which is expressed by Eq. (9) [51, 54]:
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Fig. 10b is the relationship between attenuatiaofaand frequency of each sample.
At the same frequency, thevalue of the material is positively correlated twihe
number of shells. The more the number of shells, strtonger the attenuation of
electromagnetic waves. In addition, thevalues of all samples showed an upward
trend. Among them, the rising rate of HPCNs-3 & ltighest, with a value of 59 at 2
GHz and 320 at 18 GHz, which may be due to the tfaadt the multi-shell structure
can increase the high-frequency response of theriahitself. Combining the results
of impedance matching and attenuation factor, tkeeleent microwave absorption
energy absorption of the sample in Ku band canXpéamed, as shown by Fig. S5.

The excellent absorbing performance of HPCNs-3 @&niyp due to its outstanding

electromagnetic wave attenuation ability.



Usually in practical applications, it is necessaoy consider the first wave
reflection of the electromagnetic wave, which candxpressed by the normalized
wave impedance Z (Eg. (10)), so as to give fulyptathe attenuation performance of

the material [78].

He
£

r

Z= (10)

As shown in Fig. 10c, although HPCNs-3 has the bBbsbrbing performance, its Z
value is the lowest as a whole, indicating thasitgface reflection is on the high side.
Table 2 shows some recently reported studies oloviaatarbon nanoparticles. The
microwave absorption properties of HPCNs-3 are amaiple to those of these
excellent absorbers, indicating that multi-shellldwe porous carbon nanoparticles
have great potential. In the future, we will devaie exploring multi-shell

nano-absorbers with better impedance matching attdribmicrowave absorption.

Table 2.

Microwave absorption properties of several wave aabsrs reported

recently.
Sample Optimal R Absorption Thickness Ref.
value (dB) Bandwidth (GHz) (mm)
HGs@PAC-5 / 4.2 35 [29]
HCN-6 -50.8 4.8 1.9 [30]

PCHMs-6501C -28 5.28 2.6 [31]



PCHMs / ~4.1 3.1 [46]

core-shell Co@C nanotubes -48 5.2 1.8 [71]
Porous magnetic carbon -52 5 1.7 [79]
Porous Ni/C microspheres -28.4 ~4.5 1.8 [80]
Amorphous PC/Fe304@Fe -49.6 5.2 2 [81]
Nanoporous carbon / 4.8 1.8 [82]
HPCNs-3 -18.13 5.17 1.6 This work
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Fig. 11. Schematic diagram of the microwave absorfgn mechanism of the
sample.

Fig. 11 is a schematic diagram of the microwaveogii®n mechanism of the
sample. First of all, the phenomena of reflectisoattering and transmission will
occur when the electromagnetic wave is in contattt the surface of absorbing agent

particles.In this process, the electromagnetic energy isstommed and dissipated



[83]. Second, the contact between the surfaces wfipte nanoparticles and the
contact between different shells of a single nanapa due to collapse and other
reasons will promote the formation of conductivetwawk and enhance the
conductivity loss [71]. In addition, the doping Nfis beneficial to the migration and
transition of electrons, and also promotes the wgotidty loss [29]. Third, the
residual polar groups and rich defects in amorphoagon will become the
polarization center of the dipole. The dipole resadnd collides constantly under the
action of the electromagnetic field, which convetie electromagnetic energy into
thermal energy [29, 47]. Fourth, multi-shell hollgerous structure can bring more
micro-interface and enhance the effect of interfpotarization [60]. In summary,
under the synergistic action of various loss meidms, the excellent absorbing

performance of HPCNs-3 is obtained.

4. Conclusion

In a word, multi-shell hollow porous carbon nandigégs were prepared by
layer-by-layer process. The results show that théi+shell hollow porous structure
can improve the conductivity loss and polarizatitoss of the material to
electromagnetic wave. At the same time, the mukilsstructure increases the
particle size of the material, thus strengthenihg teflection of electromagnetic
waves. HPCNs-3 has good microwave absorption peegoce in the case of poor
impedance matching, which is due to its excelléatteomagnetic wave attenuation

ability. When the thickness of HPCNs-3 is 1.6 mm\BEis 5.17 GHz and RL is



-18.13 dB. More importantly, this work fills thefa@ency in the study of the effect of
multi-shell structure on microwave absorption pmipe, and has a certain reference

value for the structural design of high-performangerowave absorbers.
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Tablel

Reactant properties

Reactant Manufacture Purity, %
3-aminophenol Nanjing Reagent, China 99.0
Formal dehyde solution Solution Nanjing Reagent, China 37.0
Ammonia solution Nanjing Reagent, China 25.0
Ethanol absolute Sinopharm Chemica ReagentCo., Ltd 99.5
Acetone Macklin, China 99.7




Table2 .

Microwave absorption properties of several wave absorbers reported

recently.

Sample Optimal R Absorption Thickness Ref.

value (dB) Bandwidth (GHz) (mm)
HGS@PAC-5 / 42 35 [29]
HCN-6 -50.8 48 1.9 [30]
PCHMs-650 ‘C -28 5.28 2.6 [31]
PCHMs / ~4.1 31 [46]
core-shell Co@C nanotubes -48 5.2 18 [71]
Porous magnetic carbon -52 5 1.7 [79]
Porous Ni/C microspheres -28.4 ~45 1.8 [80]
Amorphous PC/Fe304@Fe -49.6 5.2 2 [81]
Nanoporous carbon / 4.8 18 [82]

HPCNs-3 -18.13 5.17 1.6 Thiswork
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Fig. 1. The schematic diagram of the synthesis press for HPCNs-m.
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calculated result (i-1).



Fig.3. TEM images of CNs (a, e), HPCNs-1 (b, f), HENs-2 (c, g), HPCNs-3 (d, h).

HR-TEM image (i) , SAED result (j) and Element mapping (k-n) of HPCNs3.
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Fig. 8. 3D RL map, 2D RL contour map, RL value andEAB value between
thickness range of 1.6—4.0 mm of CNs (a, b, c), HRS-1 (d, e, f), HPCNs-2 (g, h,

i) and HPCNs-3 (j, k, I).

(a) (b) ()
0 b 0 f L i
=) a : 2
Z Z =
Z 7 1
Z.a0 g E
~ - -
= 1 ] =
] S 5
T ! ! L g'- g
< | | —a—1.6mm | = = !
& 1 | m—o=2nm - & i
30 1 | =O=3mm | & 1
| ——dmm | i
12 I 1 IV | ;
: 1 I 1
| 1 1
" : I ‘| I
| 1
% § 1 h I - 1
1 1
£, I b £ |
= ! ] ) 2 1
) R, | i 1
“*A =g ! !
1::::::::::::::'_*.___, *
2 4 6 8 10 12 14 16 18 b 12 14 16 18
Frequency(GHz)

Fig. 9. Reflection loss (RL)-frequency curves, reteonship between simulated
thickness and the peak frequency for CNs(a), HPCNs(b), HPCNs-2(c),

HPCNs-3(d).



—_
=

e’
o~

=3

—
u
b
=

=Q=CNs

wP==TIPCNs-1
== HP{Ns-2
w=Q==IPCNs-3

300

Znn
'(t L Lo r.

4y, Q|
P "(u((((l(ul

]

—

=
T

o
=

Reflection Loss(dB)

[
=

=
=

(c) Frequency(GHz)

044k == N5 ===TPCNs-1
e HP(CNs-2 emum HPCNs-3

Soaz}
< 040f
E038f
£ 036

032}
= 0.30f
2028
3 yct
£ 0.26 P
Frequnency(GHz) 2 4 6 8 10 12 14 16 18
Frequency(GHz)

Fig. 10. The calculated Zin-1|values represent for the impendence matching of
HPCNs-3 (a). the normalized wave impedance (b) arattenuation constant (c) of

all samples.
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Highlights

1. The layer-by-layer process is used to preparéi-shell hollow porous carbon
nanoparticles with a complex structure

2. The multi-shell structure can significantly enba the material's attenuation ability
to electromagnetic waves

3. Three-shell hollow porous carbon nanopartickes abtain an effective absorption

bandwidth of 5.17 GHz at a thickness of 1.6 mm
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