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Abstract： 

The micro-morphology design of nanomaterials has always been a hot issue in 

the field of microwave absorption. In this work, multi-shell structure is made on the 

basis of hollow structure and porous structure, and the effect of shell number of 

nanoparticles on microwave absorption properties is studied. Multi-shell hollow 

porous carbon nanoparticles (HPCNs-m) were prepared by simple liquid phase 

method combined with layer-by-layer process, and their micro-morphology, chemical 

structure, electromagnetic properties and microwave absorption properties were 

studied by a variety of characterization methods. The results show that the multi-shell 

structure is beneficial to improve the conductivity loss and polarization loss, so as to 

enhance the microwave absorption properties of the samples. In all samples, the 

effective absorption bandwidth (EAB) of three-shell hollow porous carbon 

nanoparticles (HPCNs-3) is 5.17 GHz under the thickness of 1.6 mm, and the best 

reflection loss (RL) is -18.13 dB at 14.66 GHz. This work expands the study of the 

effect of the number of shells on microwave absorption properties, and provides a 

useful reference for the design of microwave absorbers.  

 

Keywords：Hollow; porous; Multi-shell; Layer-by-Layer; Microwave absorption 
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1. Introduction 

In recent years, excessive electromagnetic radiation has caused electromagnetic 

pollution, which has caused many adverse effects on human health and military 

applications [1-5]. In order to solve the problem of electromagnetic pollution, people 

try to use electromagnetic shielding materials or microwave absorbing materials to 

solve the problem. Electromagnetic shielding materials are easy to cause secondary 

pollution, while microwave absorbing materials can convert electromagnetic energy 

into thermal energy. Compared with electromagnetic shielding materials, the latter is 

obviously more environmentally friendly and effective, so it is widely concerned by 

the scientific community [6-8]. For absorbing materials, it is necessary not only to 

pursue large microwave absorption intensity and wide effective absorption bandwidth, 

but also to take into account the requirements of light weight and thin thickness, 

which is beneficial to practical application [9, 10]. Carbon based materials, such as 

carbon nanoparticles [11, 12], carbon nanotubes [13, 14], graphene [15-18], have 

gradually become the focus in the field of microwave absorption due to their high 

chemical stability, low density and controllable dielectric properties [19]. 

The Charming morphology is one of the important reasons why nanomaterials 

attract scholars. Many new nanostructures, such as hollow structure [20-22], porous 

structure [23-25], core-shell structure [26, 27], yolk-shell structure [28], often appear 

in the frontier research. Unique morphology is often accompanied by excellent 

performance. Xu et al. prepared hollow carbon particles by a template method, and 

the effective absorption bandwidth of the sample at a thickness of 3.5 mm covered the 
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entire X-band [29]. Zhou et al. obtained hollow carbon particles with an effective 

absorption bandwidth of 4.8 GHz at a thickness of 1.9 mm by adjusting the 

calcination temperature [30]. Not only that, the change of morphology has a direct 

impact on the properties of nanomaterials. Zhang et al. found that the dielectric 

constant and impedance matching characteristics can be effectively controlled by 

adjusting the aperture and shell thickness [31]. Chen et al. enhanced the polarization 

capability of materials by adjusting the pore volume, thus obtaining excellent 

absorbent [32]. The research on wave absorption of single shell hollow porous carbon 

nanoparticles has been very rich [33], but it is a pity that there is no systematic study 

on the wave-absorbing properties of multi-shell hollow porous carbon nanoparticles 

[34]. 

Multi-shell hollow porous structure can be regarded as a composite structure of 

hollow structure, porous structure and core-shell structure, which has the 

characteristics of light weight, high specific surface area, high biocompatibility and 

high transmission efficiency [35]. However, complexity of structures and lack of 

pervasive synthesis methods make them difficult to prepare. Currently there is no 

efficient and convenient preparation mode, and the multi-shell can only be obtained 

by continuous cyclic steps, which makes the experimental period long and requires 

high precision [36]. Nevertheless, the multi-shell hollow porous structure still has 

made great achievements in the fields of energy storage, catalysis, sensors, and drug 

delivery [37, 38]. Even among the thousands of nanostructures used for 

electromagnetic wave absorption, it is extremely special. The multi-shell hollow 
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structure not only integrates the characteristics of hollow, porous and core-shell, but 

also its interface increases with the increase of the number of shells (each shell has 

internal and external surfaces), which is very conducive to the occurrence of 

polarization. Besides, in the process of orderly combination of hollow shells of 

different sizes, its composition (metallic oxides and nonmetal), shape (rod, sphere, 

polyhedra), shell layer parameters (size, thickness, spacing, porosity of shells) can be 

flexibly adjusted to obtain the desired electromagnetic characteristics. Thus hopefully 

obtaining better electromagnetic performance and electromagnetic wave absorption 

performance than ordinary nanostructures above [39]. Simulation results show that 

adjusting shell parameters can improve electromagnetic wave absorption efficiency 

even achieve sequence absorbing effect [40, 41]. It can be inferred that the multi-shell 

structure with adjustable shell and rich interfaces may have unique advantages in 

microwave absorption, and research on microwave absorption of multi-shell 

structures needs to be expanded. 

In this work, single-shell hollow porous carbon nanoparticles were prepared by 

template-free method, and on this basis, the shell was successfully coated by 

layer-by-layer process, and different shell numbers of hollow porous carbon 

nanoparticles were obtained. The results show that controlling the number of shells is 

an effective means to adjust the microwave absorption properties. After characterizing 

the electromagnetic properties and microwave absorption properties of the samples, it 

is found that with the increase of the number of shells, the impedance matching of the 

samples decreases, but the microwave absorption properties are enhanced. On the one 
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hand, the increase of the number of shells increases the particle size of 

electromagnetic waves and enhances the reflection of nanoparticles to 

electromagnetic waves. Although it is not conducive to the incidence of 

electromagnetic waves, it enhances the loss of incident electromagnetic waves. On the 

other hand, the introduction of hollow structure, porous structure and multi-shell 

structure brings more interfaces and defects, which are conducive to interface 

polarization and dipole polarization, and enhance the attenuation of samples to 

electromagnetic waves. In addition, nitrogen doping and tight shell of multi-shell 

structure are beneficial to the transition and movement of electrons, which increases 

the conductivity loss of the material. In all samples, the three-shell hollow porous 

carbon nanoparticles (HPCNs-3) have the effective absorption bandwidth of 5.17 

GHz and the best reflection loss of -18.13 dB under the thickness of 1.6 mm. This 

work fills the gap of the effect of the number of shells on the microwave absorption 

properties of carbon nanoparticles, and provides an idea for the design of 

high-performance microwave absorbers. 
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2. Experimental section 

2.1 Materials 

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

Table 1 

Reactant properties. 

Reactant Manufacture Purity, % 

3-aminophenol Nanjing Reagent, China 99.0 

Formaldehyde solution Solution Nanjing Reagent, China   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 Single-shell hollow porous 

carbon nanoparticles (HPCNs-1) 

Phenolic resin nanoparticles were synthesized by the polycondensation reaction 

of aldehyde and phenol, and the hollow porous structure was obtained after selective 

cleaning with acetone, and finally the experimental samples were obtained by 

carbonization at high temperature. Firstly, 0.5 g 3-aminophenol and 0.5 ml ammonia 

solution was added to the mixed solution of 100 ml deionized water and 50 ml 

anhydrous ethanol, and magnetically stirred for 5 min. After that, the 0.5 ml 

formaldehyde solution was added to the mixture drop by drop, and the 30 min was 

stirred by magnetic force, then poured into 100 ml acetone and left standing for 2 h. 
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After centrifuging with deionized water for three times and drying overnight in an 

oven at 60 �, single shell hollow porous nanoparticles (HPNs-1) were obtained in the 

form of yellowish powder. The HPNs-1 was placed in a tube furnace filled with argon, 

heated to 800 � at a heating rate of 3 �/min for 6 h, and cooled at room temperature 

to obtain single-shell hollow porous carbon nanoparticles (HPCNs-1). The product of 

high temperature carbonization of the powder obtained without washing with acetone 

is solid carbon nanoparticles (CNs). 

 

2.3 Synthesis of Multi-shell hollow porous carbon nanoparticles (Take HPCNs-2 

as an example)  

The multi-layer shell structure was obtained by classical layer-by-layer process 

[38, 42, 43]. The collected HPNs-1 was placed in a mixed solution containing 0.75 g 

3-aminophenol, 0.75 ml ammonia solution, 150 ml deionized water and 75 ml 

anhydrous ethanol, and ultrasonic dispersion for 30 min. After that, the 0.75 ml 

formaldehyde solution was added to the mixture drop by drop, and the 30 min was 

stirred by magnetic force. Then 150 ml of acetone was poured into it and left standing 

for 2 h. After centrifugation and drying, two-shell hollow porous nanoparticles 

(HPNs-2) were obtained. HPNs2 was carbonized at high temperature by the same 

method as above, two-shell hollow porous carbon nanoparticles (HPCNs-2) were 

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

 

2.4 Characterization 
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The morphology and structure of the samples were observed by field emission 

scanning electron microscope (FE-SEM, JEOL JSM-7001F) and field emission 

transmission electron microscope (TEM; JEOL JEM-2100). After degassing at 160 � 

for 3 hours under vacuum conditions, the N2 adsorption-desorption isotherm was 

collected with a high-speed automatic area and pore analyzer (TriStar 3000), and the 

pore size distribution and specific surface area were calculated. The crystal structure 

of the sample was characterized by X-ray diffractometer (XRD, Bruker D8 Advance) 

under the irradiation of Cu K α (λ = 0.15418 nm). At the laser wavelength of 532 nm, 

the Raman spectrum was obtained by confocal Raman spectrometer (Raman, WITec 

Alpha300R). The chemical composition of the sample was determined by X-ray 

photoelectron spectroscopy (XPS) under the irradiation of Al Kα (1486.6 eV). The 

sample and KBr powder were pressed into thin sheets, and the composition of 

functional groups was determined by Fourier transform infrared spectroscopy (FT-IR, 

NICOLETIS-10). The electromagnetic parameters of the samples were obtained by 

coaxial method. Press 2.5 parts of samples and 7.5 parts of paraffin into a ring shape 

(outer radius: 7.00 mm; inner radius: 3.04 mm), and measure with a vector network 

analyzer (VNA, CETC CeYear 3672B). 
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3. Results and discussion 

 

Fig. 1. The schematic diagram of the synthesis process for HPCNs-m. 

Multi-shell hollow porous carbon nanoparticles (HPNs-m) were prepared by 

layer-by-layer process, and then carbonized at high temperature to obtain multi-shell 

hollow porous carbon nanoparticles (HPCNs-m). The schematic diagram of the 

synthesis process for sample is shown in Fig. 1. First of all, 3-aminophenol and 

formaldehyde were Polycondensed in alkaline (NH3·H2O) ethanol solution [44, 45], 

and the solid phenolic resin nanoparticles (RNs) was formed by the reaction of 30 min 

under the condition of magnetic stirring. In this step of the reaction, because of the 

time difference between the formation of phenolic resin molecules, the small phenolic 

molecules generated later will agglomerate on the surface of the phenolic resin 

generated first and gradually become spherical. Because the outer layer of phenolic 

resin particles can fully contact with ammonia, the reaction degree of external resin is 
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higher than that of internal resin. Making use of this property, the hollow structure can 

be obtained by dissolving the part of phenolic resin particles with low reaction degree 

with suitable concentration of acetone solution [38]. At the same time, the appropriate 

ethanol/water ratio is conducive to the construction of porous structure, which is 

consistent with other studies [31, 32, 46]. After adding acetone and standing for 2 h, 

then centrifuging with deionized water three times, drying in an oven of 60 � for one 

night, the yellowish phenolic resin powder was collected. The phenolic resin powder 

without acetone treatment and phenolic resin powder with acetone treatment was 

heated in a tube furnace filled with argon at a rate of 3 �/min to 800 � and held for 6 

h for carbonization, to obtain CNs and HPCNs-1, respectively.  The structure of 

multi-shell is prepared on the basis of single shell, taking HPCNs-2 as an example. 

When the prepared HPNs-1 was uniformly dispersed in the mixed solution (3 

aminophenol, ammonia, ethanol, deionized water) and added drop by drop to the 

formaldehyde solution, the newly formed phenolic resin particles would still reunite 

and grow on the surface of the existing phenolic resin particles. Then use the same 

concentration of acetone solution to dissolve the less reactive part of the second 

growth phenolic resin, and finally carbonize to obtain HPCNs-2. In theory, more 

shells can be obtained by using layer-by-layer process as long as the amount of raw 

materials and acetone is adjusted reasonably. In this experiment, the sample with the 

most shell is HPCNs-3. 

 

Jo
urn

al 
Pre-

pro
of



 

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

h). Nitrogen adsorption-desorption isotherms and pore size distributions 

calculated result (i-l). 

The surface morphology of the sample can be observed by SEM image, as shown 

in Fig. 2a-h. At a larger scale, well-formed carbon nanoparticles can be seen. In the 

process of continuous coating of the shell, the particle size becomes larger, and the 

average size of CNs and HPCNs-1 is about 550 nm. Larger particles have appeared in 

the image of HPCNs-2. Finally, the average size of HPCNs-3 is the largest of the four 
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groups of samples, close to 1 µm. Not only that, the size uniformity of the particles 

will also be affected by the shell coating, which can be confirmed by the appearance 

of carbon particles of different sizes in Fig. 2c. On a smaller scale, it can be seen that 

the surface of the sample shows a rough sense of particles. In addition, in the process 

of multi-shell preparation, it is inevitable to find multiple nanoparticles sintered 

together, which is conducive to the conduction of electrons between particles. The N2 

adsorption-desorption isotherm (Fig. 3i-l) of the sample shows a typical IV-type 

isotherm, indicating that the sample has a porous structure [47]. The pore size 

distribution of the sample also shows that the material is porous. Whether it is hollow 

structure, porous structure or multi-shell structure, it can reduce the density of the 

material and increase the specific surface area of the material (Table S1). Based on the 

conductive network model and the mechanism of aggregation-induced charge 

transport, lighter samples can increase the density of the micro-conductive network, 

thus enhancing the conductivity loss [48-50]. Moreover, these structures can also 

bring a large number of heterogeneous interfaces and defects, which are conducive to 

interface polarization and dipole polarization. In addition, it has been reported that 

holes and depressions can act as dihedral angles to enhance microwave scattering and 

reflection [51, 52]. 
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Fig. 3. TEM images of CNs (a, e), HPCNs-1 (b, f), HPCNs-2 (c, g), HPCNs-3 (d, 

h). HR-TEM image (i), SAED result (j) and Element mapping (k-n) of HPCNs-3. 

The internal structure of the sample can be observed through the TEM image of 

the sample, as shown in Fig. 3a-h. The size of the nanoparticles is consistent with the 

SEM test results, showing an increasing trend. Except for the solid structure of CNs, 

obvious cavities can be found in the other three groups of samples. The appearance of 

thin black lines where the particles are connected is observed in Fig. 3e, which shows 

that the particles are connected rather than happen to touch. Perhaps the formation of 

conductive networks has something to do with these thin black lines. Fig. 3f-h also 

confirms that HPCNs-1, HPCNs-2 and HPCNs-3 correspond to single shell, double 

shell and three shell, respectively. Interestingly, there are a lot of gaps between layers, 

which leads to a large number of interfaces. Of course, there are not always gaps 

between the shell layers. The contact of the inner and outer shells will promote the 

conduction of electrons inside the particles, forming a tiny conductive network. 

HPCNs-3 element mapping (Fig. 3k-n) and EDX analysis results (Fig. S1) show that 
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C (88.39 wt%), O (3.81 wt%) and N (7.8 wt%) are uniformly distributed in the 

nanoparticles. Lattice fringes were not captured in high resolution TEM (Fig. 3i) and 

no clear diffraction points were found in SAED (Fig. 3j) which indicated that carbon 

was amorphous. However, it is necessary to note that TEM and electron diffraction 

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

samples because some nano-crystalline graphite is hard to be detected [53]. 

 

 

Fig. 4. XRD patterns (a) and Raman spectra (b) of samples. 

In the XRD spectra (Fig. 4a), the wide peak at 25° represents the (0 0 2) crystal 

face of amorphous carbon, and the weak bulge at 44.1° originates from the (1 0 1) 

crystal face of graphite which imply that graphite may exist in the sample. The Raman 

spectra of all samples are shown by Fig. 4b, and two obvious characteristic peaks of 

carbon are observed at the positions of 1340 cm-1 and 1590 cm-1, which are defined as 

D band and G band, respectively. In general, D-band is caused by defects and disorder 

and the wide D band in the figure indicates that the crystal structure of the material is 

in great disorder and there are many defects. The G band is caused by sp2 hybrid 

carbon, which represents the order of graphite and provides strong evidence for the 
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presence of graphite in the sample. The area ratio (AD/AG) of D-band to G-band 

reflects the degree of graphitization of materials [54, 55]. According to the integral 

areas values of D and G peaks (Table S2), the AD/AG values of CNs, HPCNs-1, 

HPCNs-2 and HPCNs-3 are 1.78, 1.80, 1.81 and 1.82 respectively. The ratio shows a 

slight growth trend, which may be due to the fact that the multi-shell structure can 

bring more defects. At the same time, the large AD/AG may be explained by the 

following reasons. A large number of oxygen atoms in phenolic resin are removed in 

the process of high temperature carbonization, leaving many vacancy defects. The 

unremoved oxygen atoms exist in the form of asymmetric oxygen-containing groups, 

which disturbs the sp2 state of graphite, resulting in amorphous and low graphitization 

of the samples [48]. Combined with Tem, SAED, XRD and Raman, it was obvious 

that samples were mainly amorphous and accompanied by localized graphitization 

phenomena. The existence of amorphous carbon is not conducive to the movement of 

electrons and may have a negative effect on the conductivity loss of materials. 

However, relatively, a large number of defects in amorphous carbon can be used as 

the polarization center of the dipole, which can produce dipole turning polarization 

under the action of electromagnetic field, which is beneficial to enhance the 

polarization loss [31]. In addition, the defects in the graphite layer, like those in 

carbon nanotubes, may produce additional states near the Fermi level, causing the 

electromagnetic wave energy in the microwave band to be absorbed through the 

adjacent states on the Fermi level [56-58]. It is can be speculated that the samples in 

this experiment may have great polarization loss ability. 
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Fig. 5. FT-IR spectrum (a) and XPS spectrum (b) of samples, high resolution C 

1s XPS spectrum of samples (c), high resolution N 1s XPS spectrum of samples 

(d), high resolution O 1s XPS spectrum of samples (e), schematic structure of N 

(f). 

In order to understand the chemical structure of the material, we carried out 

infrared tests, and the results are as shown by Fig. 5a. The broad peak at 3400cm-1 is 

thought to be the stretching vibration of -OH, which may come from the sample or 

from the moisture in the air. The weak peak at 2852 cm-1 comes from -CH2-, which is 

the product of the reaction of phenols with aldehydes [23]. The peaks at 1600 cm-1 

and 1089 cm-1 come from -NH2 and C-O, respectively. These residual polar groups 

are usually regarded as the polarization center of the dipole, which can induce the 

dipole to turn polarization, which is beneficial to enhance the polarization loss, thus 

improving the microwave absorption capacity of the material [31]. The chemical 
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elements and surface electronic states of the samples were further studied by XPS 

spectra, as shown by Fig. 5b-e. According to the XPS total spectrum (Fig. 5b) of the 

samples, the characteristic peaks of C 1s, N 1s and O 1s were detected in the four 

samples, indicating that the samples were composed of C, N and O elements, which 

was consistent with the previous test results. It is worth mentioning that because of 

the difference in electronegativity between C, N and O, these atoms can also be used 

as polarization centers of dipoles, thus enhancing the polarization loss [16]. The high 

resolution C 1s XPS spectrum of samples (Fig. 5c) shows that there are three 

characteristic peaks at 284.7 eV, ~ 285.6 eV and ~ 288.5 eV, corresponding to 

C-C/C=C, C=N, C=O [49, 59]. The high resolution O 1s XPS spectrum of samples 

(Fig. 5d) shows that three characteristic peaks can be observed at 530.2 eV, 532.2 eV 

and 534.2 eV, corresponding to -OH, C=O, C-O [24]. The high resolution N 1s XPS 

spectrum of samples (Fig. 5e) shows that the nitrogen in the sample is composed of 

three parts, and the three characteristic peaks at ~ 398.2 eV, 400.8 eV, 403.4 eV 

correspond to pyridine nitrogen, pyrrole nitrogen and graphite nitrogen, respectively 

[60]. Various forms of nitrogen doping in partially graphitized carbon conductive 

networks (Fig. 5f) promote the movement of electrons and contribute to the 

conductivity loss of materials [9, 16]. At the same time, N atom doping will produce 

some positive and negative charges in the adjacent C and N atoms, which can be used 

as polarization centers, thus increasing the polarization loss [29]. Therefore, nitrogen 

doping is beneficial to improve the electromagnetic wave loss of the material. 
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Fig. 6. The real (ε′) and imaginary (ε′′) of complex permittivity (a, b), and tan δε 

(c) versus frequency. 

In order to explore the influence of the combination of multi-shell structure on 

microwave absorption properties, it is necessary to study the changes of 

electromagnetic parameters. According to the transmission line theory [61], there is a 

close relationship between complex permittivity (εr) and magnetic permeability (µr) 

and microwave absorption properties. The permeability and tan δµ of the sample are 

shown in Fig. S2 and Fig. S3. All samples have similar permeability which fluctuates 

slightly with the change of frequency. This fluctuation may be related to the magnetic 

moment in disordered carbon materials. The H atoms attached to the zigzag edge of 

nano-graphite and the vacancy defects in disordered carbon interact with impurities 

(H or N atoms) to produce magnetic moment, which leads to the change of magnetic 

permeability [62, 63]. However, the values of µ' and µ'' are close to 1 and 0, 

respectively, indicating the negligible magnetic loss. Thus, the complex permittivity 

of the sample deserves more attention. 

The real part (ε') of the complex permittivity represents the storage capacity of 

the material to electric energy or the degree of response to electromagnetic field, and 
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the imaginary part (ε'') represents the power loss ability of the material to electric 

energy [15]. The electromagnetic parameters of all samples in the range of 2-18 GHz 

were measured at room temperature, and the Debye relaxation model was used to help 

understand. εr, ε', ε'' can be represented respectively by Eq. (1-3) [31]: 

+ = ' ''
1 2r j
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ε εε ε ε ε
π τ

−= −
+

s ∞

∞

 (1) 

2 2
'

1 (2 )f

ε εε ε
π τ
−= +

+
s ∞

∞

 (2) 

2 2

2 ( )
''

1 (2 )

f

f

π τ ε εε
π τ

−=
+

s ∞  (3) 

where ε∞ is the optical dielectric constant, εs is the static dielectric constant, τ is 

the relaxation time, f is the frequency. The relationship between ε′, ε′′, tan δε and f is 

shown in Fig. 6. Compared with the other three groups of samples, the complex 

permittivity of HPCNs-3 is significantly increased. The variation of complex 

permittivity of pure carbon materials is usually related to chemical structure and 

microstructure [64]. XRD (Fig. 4a) proved that all samples were amorphous carbon, 

Raman (Fig. 4b), FT-IR and XPS (Fig. 5) proved that they have similar bonding states 

(graphitization degree) and chemical groups. Perhaps the remarkable changes in 

microstructure of this experimental system had more direct influence on complex 

permittivity of materials. In the multi shell structure, each shell is rich in many 

interfaces (inner surface, outer surface and pore interface). With the increase of the 

number of shells, the increase of interface becomes more and more obvious, because 

the outer shell size is always larger than the inner shell size. The hanging bond on the 

interface of the multi-shell structure can bind more space charge, thus increasing the 
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storage of electric energy and increasing the ε′ [21]. Usually, the dielectric loss of 

materials is divided into polarization loss and conductance loss. In the form of 

polarization loss, because electron displacement polarization and ion displacement 

polarization occur very quickly, they do not have a visible effect on the complex 

permittivity, so only interface polarization and dipole polarization are considered in 

microwave band [20]. According to the Maxwell-Wagner model, the aggregation of 

space charge at heterogeneous interfaces (paraffin-carbon, air-carbon and 

crystalline-amorphous) leads to interfacial polarization which will dissipate electrical 

energy [65-68]. The oxygen vacancy defects and residual polar functional groups 

(hydroxyl group, carbonyl group, etc.) in the shell can be regarded as the polarization 

center of the dipole to generate dipole polarization and consume electromagnetic 

wave [51]. When the accumulated space charge is too much, the weak current will be 

generated, which will form different degrees of conductive network between multiple 

particles or in the shell of a single multi-shell particle, so that the electromagnetic 

energy will be transformed into thermal energy [41]. HPCNs-3 with three shells has 

the most interfaces, which is conducive to the formation of multi polarization and the 

enhancement of space charge conduction, so its ε′′ is larger than other samples. The 

largest electrical loss tangent (tan δε=ε′′/ε′) of HPCNs-3 (Fig. 6c) also indicates the 

strongest dielectric loss capability [69]. The change of tan δε with frequency (from 0.5 

at 2 GHz to 0.8 at 18 GHz) is more obvious than that of the other three groups of 

samples, which indicates the excellent high frequency response. The phenomenon 

about ε′ decrease with increasing frequency within the range of 2-18 GHz is attributed 
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to the hysteresis of dielectric polarization caused by the change of electromagnetic 

field, which is called dielectric dispersion [6]. In addition, compared with HPCNs-3 

and HPCNs-2, the dielectric parameters of HPCNs-1 are closer to CNS. The change 

from solid to single-layer hollow structure only brings the increase of inner surface, 

while the increase of each shell in multi-shell structure can bring inner surface, outer 

surface and pore interface. In short, the multi shell structure can increase the storage 

and loss of electromagnetic energy, and the gain is much stronger than the single shell 

structure, which is expected to enhance the microwave absorption performance. 

 

 

Fig. 7. Cole-Cole semicircles of CNs (a), HPCNs-1 (b), HPCNs-2 (c), and 

HPCNs-3 (d). Conductivity loss (e) and Polarization loss curve (f). 

In order to further clarify the origin of the microwave absorption properties of 

the samples, we need to focus on the relaxation behavior. The relaxation process is 

usually related to the Cole-Cole semicircle. On the basis of Eq. (2) and Eq. (3), the 

relationship between ε' and ε'' can be expressed by Eq. (4) [2]： 
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ε ε ε εε ε− + =∞ ∞  (4) 

The relation curve of ε', ε'' is called Cole-Cole semicircle, and each semicircle 

represents the Debye relaxation process related to interfacial polarization or dipole 

polarization. It can be seen from the Fig. 7a-d that all the four samples have multiple 

relaxation processes, and the values of ε'' and ε' corresponding to the upper vertex of 

the dotted circle almost correspond to the frequency of the formant in Fig. 6c. The 

matrix of amorphous carbon contains a large number of defects and polar groups, 

which provides conditions for dipole polarization, so non-hollow CNs can also have 

three relaxation processes. By comparison, it is known that HPCNs-3 has at least five 

relaxation processes, which are the most in all samples. Since the effect of the 

multi-shell structure on the graphitization degree of the matrix (only a slight increase) 

is not enough to bring about a huge change in dipole polarization, the difference in the 

polarization ability of the samples is more suitable to be attributed to the increase of 

interfacial polarization. There is a small tail at the end of all Cole-Cole curves that 

tends to be linear. The greater the slope of the line segment, the greater the 

conductivity loss of the material, which is beneficial to improve the wave-absorbing 

properties. In the analysis of dielectric loss, the contribution of conductance loss and 

polarization loss is an interesting problem. According to Eq. (5), the nonlinear 

equation is used to fit the original electromagnetic parameters of the sample [15]： 

( )p c s 2 2
0

2
''= ''+ '' ( - )

21 2

f

ff

π τ σε ε ε ε ε
π επ τ

= +
+

∞

 (5) 

where εp′′ is the contribution of polarization loss, εc′′ is the contribution of 

conductance loss, σ is the conductivity and ε0 is the vacuum permittivity. The fitting 
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results can be divided into conductance loss curve (Fig. 7e) and polarization loss 

curve (Fig. 7f). The equivalent circuit of conductance loss is equivalent to the parallel 

circuit of resistance and capacitor, while the equivalent circuit of polarization loss is 

equivalent to the series circuit of resistance and capacitor [68, 70]. In Fig. 7e, the 

conductance loss curves of all samples show the same trend, that is, the conductance 

loss decreases with the increase of frequency. There is also a positive correlation 

between the number of shells and the conductivity loss, and the conductivity loss of 

HPCNs-3 is significantly higher than that of the other three groups of samples. On the 

one hand, it may be because the outer shell of a single particle collapses after 

annealing and forms a conductive network with the inner shell. On the other hand, it 

may be because the particle size of HPCNs-3 is large, so it is easier for particles to 

contact each other to form a conductive network. In addition, the doping of nitrogen is 

beneficial to the migration and transition of electrons [71]. In Fig. 7f, the polarization 

loss increases with the increase of frequency. And at the same frequency, the more the 

number of shells, the greater the polarization loss. It is worth noting that the frequency 

corresponding to the peak of the polarization loss curve is very close to that of the 

formant of the ε'' curve (Fig. 6b), which verifies the location of the polarization 

relaxation. The fitting results of conductance loss and polarization loss and Cole-Cole 

diagram well confirm the following two conclusions: the multi shell structure can 

enhance the conductivity loss and polarization loss, and the enhancement of 

polarization ability is reflected in the increase of interface polarization; the effect of 

polarization loss is greater than that of conductivity loss (mainly conductivity loss in 
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2-4 GHz and polarization loss in 4-18 GHz). 

 

 

Fig. 8. 3D RL map, 2D RL contour map, RL value and EAB value between 

thickness range of 1.6–4.0 mm of CNs (a, b, c), HPCNs-1 (d, e, f), HPCNs-2 (g, h, 

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

In order to evaluate the microwave absorption efficiency of the sample, the 

reflection loss RL is derived from the transmission line theoretical model, such as Eq. 

(6) and Eq. (7) [72]： 
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in in(dB) 20log (Z 1) / (Z 1)RL = − +  (6) 

r
in r r

r

= tanh j(2 /c)Z fd
µ π µ ε
ε

 
   (7) 

where Zin is the normalized input impedance of the material, f is the frequency of 

microwave, d is the thickness of the material, and c is the propagation velocity of 

electromagnetic wave in vacuum. In practical applications, the part where the RL 

value is less than -10 dB is considered to be the effective absorption bandwidth (EAB), 

because it already represents that 90% of the electromagnetic waves are absorbed [73, 

74]. The three-dimensional and two-dimensional reflection loss maps of all samples 

and the RL and EAB values under the corresponding thickness are shown in Fig. 8. 

The parts of the three-dimensional and two-dimensional graphs that effectively absorb 

bandwidth have been marked with dotted lines. The reflection loss of each group of 

samples showed a similar rule, and the values of EAB and RL gradually moved to low 

frequency with the increase of sample thickness. In order to meet the requirement of 

"thin" microwave absorber in practical application, the change law of microwave 

absorption property below 4 mm thickness of the sample was analyzed. When the 

thickness of CNs increases, the RL value increases, and the minimum value is -17.95 

dB at 1.6 mm, while the EAB increases at first and then decreases, and reaches the 

widest 2.94 GHz at 2 mm (Fig. 8a-c). The best RL value of HPCNs-1 under 1.6 mm 

thickness is -24.45 dB, and its EAB increases at first and then decreases with the 

increase of thickness, reaching the widest 4.39 GHz at 2 mm (Fig. 8d-f). When the 

thickness of HPCNs-2 increases, the values of EAB and RL decrease continuously, 

the widest EAB is 4.63 GHz at 1.6 mm, and the best RL value is -26.27 dB at 4 mm 

Jo
urn

al 
Pre-

pro
of



(Fig. 8g-i). Finally, it is surprising that HPCNs-3 achieves the widest EAB and the 

best RL values under the thickness of 1.6 mm, which are 5.17 GHz and -18.13 dB 

respectively (Fig. 8j-l). There is no doubt that the microwave absorbing property of 

HPCNs-3 is the best among the four groups of samples, thanks to the largest number 

of carbon shells. 

 

Fig. 9. Reflection loss (RL)-frequency curves, relationship between simulated 

thickness and the peak frequency for CNs (a), HPCNs-1 (b), HPCNs-2 (c), 

HPCNs-3 (d). 

The EAB and peak frequency found in Fig. 8 gradually shift to low frequency 

with the increase of sample thickness, which conforms to the law of 1/4 wavelength 

matching model (1/4λ) [26]. In order to further study the absorbing properties, it is 

necessary to clarify the relationship between matching frequency (fm) and matching 

thickness (tm), expressed by Eq. (8): 

m mt =n /4=nc/(4 ) n=(1,3,5...)r rfλ µ ε  (8) 

where tm is the matching thickness, λ is the wavelength of microwave, c is the 

velocity of light, fm is the matching frequency. Obviously, the intersection of the 
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vertical line of the frequency corresponding to the RL peak and the vertical line of the 

thickness of the absorbing sample ideally falls on the 1/4λ curve (Fig. 9). The cause of 

this phenomenon is related to the cancellation of electromagnetic waves. 

Electromagnetic waves are reflected twice at the material-air interface and the 

material-metal (metal substrate in the test instrument) interface. The reflected 

electromagnetic wave has an odd multiple of half the wavelength, so interference 

cancellation occurs, which weakens the electromagnetic wave. In addition, the 

relationship between tm and εr is well illustrated by Eq. (8). Because HPCNs-2 and 

HPCNs-3 have larger εr values, they can achieve the best electromagnetic wave 

absorption performance under the thickness of 1.6 mm. 

 

Fig. 10. The calculated│Z in-1│values represent for the impendence matching of 

HPCNs-3 (a). the normalized wave impedance (b) and attenuation constant (c) of 

all samples. 
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The ability of absorbing materials to allow the incidence of electromagnetic 

waves is called impedance matching, which is expressed by Eq. (6-7). As shown in 

Fig. 10a, the closer │Zin-1│is to zero, the stronger the RL feature is [75]. However, 

compared with the other samples (Fig. S4), the │Zin-1│ value of HPCNs-3 

has no advantage. This is because the difference between permittivity and 

permeability is too large, which has an adverse effect on impedance matching [76, 

77]. 

When the electromagnetic wave enters the interior of the sample, the attenuation 

degree of the electromagnetic wave of the sample can be characterized by the 

attenuation factor α, which is expressed by Eq. (9) [51, 54]: 

2 22
= ( '' '' ' ') ( '' '' ' ') ( ' '' '' ')

c

fπα µ ε µ ε µ ε µ ε µ ε µ ε− + − + + (9) 

Fig. 10b is the relationship between attenuation factor and frequency of each sample. 

At the same frequency, the α value of the material is positively correlated with the 

number of shells. The more the number of shells, the stronger the attenuation of 

electromagnetic waves. In addition, the α values of all samples showed an upward 

trend. Among them, the rising rate of HPCNs-3 is the highest, with a value of 59 at 2 

GHz and 320 at 18 GHz, which may be due to the fact that the multi-shell structure 

can increase the high-frequency response of the material itself. Combining the results 

of impedance matching and attenuation factor, the excellent microwave absorption 

energy absorption of the sample in Ku band can be explained, as shown by Fig. S5. 

The excellent absorbing performance of HPCNs-3 is mainly due to its outstanding 

electromagnetic wave attenuation ability. 

Jo
urn

al 
Pre-

pro
of



Usually in practical applications, it is necessary to consider the first wave 

reflection of the electromagnetic wave, which can be expressed by the normalized 

wave impedance Z (Eq. (10)), so as to give full play to the attenuation performance of 

the material [78]. 

r

r

Z
µ
ε

=  (10) 

As shown in Fig. 10c, although HPCNs-3 has the best absorbing performance, its Z 

value is the lowest as a whole, indicating that its surface reflection is on the high side. 

Table 2 shows some recently reported studies on hollow carbon nanoparticles. The 

microwave absorption properties of HPCNs-3 are comparable to those of these 

excellent absorbers, indicating that multi-shell hollow porous carbon nanoparticles 

have great potential. In the future, we will devote to exploring multi-shell 

nano-absorbers with better impedance matching and better microwave absorption. 

 

Table 2． 

Microwave absorption properties of several wave absorbers reported 

recently. 

Sample Optimal RL 

value (dB) 

Absorption 

Bandwidth (GHz) 

Thickness 

(mm) 

Ref. 

HGs@PAC-5 / 4.2 3.5 [29] 

HCN-6 -50.8 4.8 1.9 [30] 

PCHMs-650 ℃ -28 5.28 2.6 [31] 
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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/Fe3O4@Fe -49.6 5.2 2 [81] 

Nanoporous carbon / 4.8 1.8 [82] 

HPCNs-3 -18.13 5.17 1.6 This work 

  

Fig. 11. Schematic diagram of the microwave absorption mechanism of the 

sample. 

Fig. 11 is a schematic diagram of the microwave absorption mechanism of the 

sample. First of all, the phenomena of reflection, scattering and transmission will 

occur when the electromagnetic wave is in contact with the surface of absorbing agent 

particles. In this process, the electromagnetic energy is transformed and dissipated 
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[83]. Second, the contact between the surfaces of multiple nanoparticles and the 

contact between different shells of a single nanoparticle due to collapse and other 

reasons will promote the formation of conductive network and enhance the 

conductivity loss [71]. In addition, the doping of N is beneficial to the migration and 

transition of electrons, and also promotes the conductivity loss [29]. Third, the 

residual polar groups and rich defects in amorphous carbon will become the 

polarization center of the dipole. The dipole rotates and collides constantly under the 

action of the electromagnetic field, which converts the electromagnetic energy into 

thermal energy [29, 47]. Fourth, multi-shell hollow porous structure can bring more 

micro-interface and enhance the effect of interface polarization [60]. In summary, 

under the synergistic action of various loss mechanisms, the excellent absorbing 

performance of HPCNs-3 is obtained. 

 

4. Conclusion 

In a word, multi-shell hollow porous carbon nanoparticles were prepared by 

layer-by-layer process. The results show that the multi-shell hollow porous structure 

can improve the conductivity loss and polarization loss of the material to 

electromagnetic wave. At the same time, the multi-shell structure increases the 

particle size of the material, thus strengthening the reflection of electromagnetic 

waves. HPCNs-3 has good microwave absorption performance in the case of poor 

impedance matching, which is due to its excellent electromagnetic wave attenuation 

ability. When the thickness of HPCNs-3 is 1.6 mm, EAB is 5.17 GHz and RL is 
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-18.13 dB. More importantly, this work fills the deficiency in the study of the effect of 

multi-shell structure on microwave absorption properties, and has a certain reference 

value for the structural design of high-performance microwave absorbers. 
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Table 1 

Reactant properties 

Reactant Manufacture Purity, % 

3-aminophenol Nanjing Reagent, China 99.0 

Formaldehyde solution Solution Nanjing Reagent, China   37.0 

Ammonia solution Nanjing Reagent, China 25.0 

Ethanol absolute Sinopharm Chemical ReagentCo., Ltd 99.5 

Acetone Macklin, China 99.7 
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Table 2． 

Microwave absorption properties of several wave absorbers reported 

recently. 

Sample Optimal RL 

value (dB) 

Absorption 

Bandwidth (GHz) 

Thickness 

(mm) 

Ref. 

HGs@PAC-5 / 4.2 3.5 [29] 

HCN-6 -50.8 4.8 1.9 [30] 

PCHMs-650 ℃ -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/Fe3O4@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. 1. The schematic diagram of the synthesis process for HPCNs-m. 
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Fig. 2. SEM images of CNs (a, e), HPCNs-1 (b, f), HPCNs-2 (c, g), HPCNs-3 (d, 

h). Nitrogen adsorption-desorption isotherms and pore size distributions 

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

HR-TEM image (i)，SAED result (j) and Element mapping (k-n) of HPCNs-3. 

 

Fig. 4. XRD patterns (a) and Raman spectra (b) of samples. 
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Fig. 5. FT-IR spectrum (a) and XPS spectrum (b) of samples, high resolution C 

1s XPS spectrum of samples (c), high resolution N 1s XPS spectrum of samples 

(d), high resolution O 1s XPS spectrum of samples (e), schematic structure of N 

(f). 

 

Fig. 6. The real (ε′) and imaginary (ε′′) of complex permittivity (a, b), and tan δε 

(c) versus frequency. 
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Fig. 7. Cole-Cole semicircles of CNs (a), HPCNs-1 (b), HPCNs-2 (c), and 

HPCNs-3 (d). Conductivity loss (e) and Polarization loss curve (f). 
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Fig. 8. 3D RL map, 2D RL contour map, RL value and EAB value between 

thickness range of 1.6–4.0 mm of CNs (a, b, c), HPCNs-1 (d, e, f), HPCNs-2 (g, h, 

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

 

Fig. 9. Reflection loss (RL)-frequency curves, relationship between simulated 

thickness and the peak frequency for CNs(a), HPCNs-1(b), HPCNs-2(c), 

HPCNs-3(d). 
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Fig. 10. The calculated│Z in-1│values represent for the impendence matching of 

HPCNs-3 (a). the normalized wave impedance (b) and attenuation constant (c) of 

all samples. 

 

Fig.11. Schematic diagram of the microwave absorption mechanism of the 
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sample. 
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Highlights 

1. The layer-by-layer process is used to prepare multi-shell hollow porous carbon 

nanoparticles with a complex structure 

2. The multi-shell structure can significantly enhance the material's attenuation ability 

to electromagnetic waves 

3. Three-shell hollow porous carbon nanoparticles can obtain an effective absorption 

bandwidth of 5.17 GHz at a thickness of 1.6 mm 
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