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ABSTRACT:  

Environment-friendly Fe-based material@N-doped carbon nanoparticles imbedded in 

polylactic acid (PLA) matrix are prepared and applied in microwave absorption field. 

In the synthesis process, polydopamine (PDA) in the precursor could rationally regulate 

the phases of the iron-based particles and carbon contents. It turns out that optimizing 

the chemical composition plays a vital role in modulating microwave absorption 

performance. For instance, the maximum reflection loss (RLmax) for Fe@N-doped 

carbon particles (S-120) reaches −61.6 dB (12.56 GHz, 2.1 mm), and the effective 

bandwidth is 4.48 GHz (from 13.52 GHz to 18 GHz) with a thickness of only 1.7 mm. 

The excellent microwave absorption performance could be attributed to perfect 

impedance matching brought by the synergies of multiple components. Moreover, the 

microwave absorbers display not only high microwave absorption performance but also 

environment-friendly characteristics that can avoid leaving stubborn waste after failure. 

The preparation process of the composite is pollution-free and the PLA in the composite 

can almost be naturally degraded within one month under simulated marine 

environment. This work may provide a new perspective on preparing high-efficient 

functional materials which are also harmless to the environment. 

 

Keywords: Fe-based material@N-doped carbon, polylactic acid, microwave 

absorption, reflection loss, environment-friendly. 
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1. Introduction 

With the rapid development and wide application of high-frequency electronic 

equipment, the emission and interaction of electromagnetic wave become more and 

more serious in the environment[1]. These electromagnetic radiation can be attenuated 

by absorbing agents with strong reflection loss (RL) and broad absorption bandwidth[2], 

such as carbon[3, 4], magnetic metals[5], ferrites[6], and multi-absorbers[7] etc Among 

them, Fe/Fe-based oxides as one kind of the magnetic materials have gained much 

attention due to strong magnetic response, simple preparation, good compatibility and 

nontoxicity, which make them hold promise in microwave shielding application[8].  

Generally, dielectric loss and magnetic loss are believed to contribute to the microwave 

absorption. However, like most single-phase materials, the impedance matching 

between Fe/Fe-based oxides and free space is often inferior, easily leading to 

uncompetitive absorption capacity. The balanced dielectric and magnetic properties 

may improve impedance matching characteristics and give rise to the microwave 

absorption[9]. Therefore, combining dielectric materials with magnetic ones is a 

strategy to obtain strong microwave absorption. Some researchers have incorporated 

carbon into Fe-based materials to induce considerable dielectric loss, and thus achieve 

good impedance matching through the synergistic effect between multiple 

components[10]. Besides, introduction of carbon can modify the agglomeration of 

nano-sized particles and enhance the stability of the composites in service. 

Recently, polydopamine (PDA) used in multilayer particle preparation as a carbon 
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source has attracted tremendous interest[11, 12]. It can be easily coated on almost all 

kinds of surfaces and form nano-sized films through self-polymerization of dopamine 

(DA) [13, 14]. Even after the polymerization process, there may still retain some active 

groups that helps modify the surface structures of the micro/nano-sized materials[15]. 

And the carbon, derived from PDA, demonstrates comparable dielectric property with 

polycrystalline graphite, which is very helpful in enhancing dielectric loss and 

modulating impedance matching, and thus leading to a stronger microwave 

absorption[16]. For instance, Ma et al. prepared 1D flower-like 

ZnFe2O4@SiO2@C@NiCo2O4 nanochains with carbon derived from PDA, achieving 

a strong reflection loss of −54.29 dB (2.39 mm)[17]. 

Meanwhile, there is another issue about green production that needs to be addressed. 

For functional materials, they should not only meet the requirements of application 

performance, but also meet the needs of environmental protection to support the 

sustainable development of human society. As far as we know, microwave absorbers 

generally involve fillers, which should have good absorption properties and matrixes, 

which usually play dominated role on attaching fillers. It is found that many of the 

reported preparation processes of fillers tend to produce pollution and have harmful 

effects on the environment[12, 18, 19]. Moreover, many traditional matrixes including 

epoxy[20], polycaprolactone[21], polyvinylidene fluoride[22], and silicone rubber[23], 

may also cause pollution to the environment due to the toxic raw materials and 

nondegradable final products, leaving a lot of waste behind[24]. It is urgent to prepare 

an environment-friendly filler and find an appropriate matrix which could be obtained 
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greenly and decomposed naturally after failure. 

In view of the above considerations, we intend to develop a high-efficient microwave 

absorber with non-toxic filler and naturally degradable matrix from harmless 

preparation, with a desire to arouse people's environmental awareness. Herein, the filler, 

Fe-based material@N-doped carbon derived from Fe2O3@PDA, is obtained via an 

environment-friendly synthesis. For the matrix, we have noted that polylactic acid 

(PLA) holds promise due to the plant feedstock origination and naturally degradable 

property[25]. In addition, PLA can be well machined to meet the structural demands 

when used in variable circumstances[26]. Thus, incorporation Fe-based material@N-

doped carbon with PLA matrix provides a strategy to realize highly efficient microwave 

absorption and avoid additional environmental pollution. 

2. Experimental section 

2.1. Materials 

Analytical iron nitrate nonahydrate (Fe(NO3)3·9H2O) and dopamine hydrochloride 

(C8H11NO2·HCl) were obtained from Macklin biochemical (Shanghai,China). 

Analytical urea (H2NCONH2), ethanol (C2H5OH) and tris-base (C4H11NO3) were 

obtained from Xilong scientific (Guangdong, China), Beijing Chemical (Beijing, China) 

and Aladdin biochemical (Shanghai, China). Polylactic acid (molecular weight, ~20000) 

was obtained from Jinan Daigang biomaterial (Shandong, China).  

2.2. Synthesis 

2.2.1. Precursors  

1 mmol of Fe(NO3)3·9H2O and 5 mmol of urea were dissolved in 36 mL deionized 
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water. Then, the solution was transferred into a 50 mL Teflon-lined autoclave. The 

autoclave was sealed, maintained at 120 °C for 12 h, and then naturally cooled. The red 

precipitate, denoted as Pre-0, was collected, washed, and dried. To obtain other 

precursors, 50 mg of Pre-0 was dispersed in 80 mL Tris-base buffer solution (pH=8.5) 

ultrasonically, then DA with different amounts (80 mg, 120 mg, and 160 mg, 

respectively) were added into the solution and stirred for extra 5 hours, forming 

particles named as Pre-80, Pre-120, and Pre-160, respectively. Afterwards, the 

precursors were washed and dried. 

2.2.2. Fe-based material@N-doped carbon particles 

To obtain Fe-based material@N-doped carbon structures, the as-prepared precursors 

were heated at 600 ℃ for 2 hours with a heating rate of 2 ℃/min in N2 atmosphere. 

The series of products are named as S-0, S-80, S-120, and S-160, annealed from Pre-0, 

Pre-80, Pre-120, and Pre-160, respectively. Detailed preparation process is depicted in 

Fig. 1. 

 

Fig. 1. Preparation process of Fe-based material@N-doped carbon/PLA 
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(A 2-column fitting image) 

2.3. Characterization 

The samples were characterized with a series of equipment and instruments. The crystal 

structures were obtained with an X-ray diffraction (XRD, D/MAX-2500, Rigaku). 

Mossbauer spectrometer (wissel, Germany) was used to identify the phase structure of 

samples S-0 with 57Co(Pd) radiative source at room temperature. Thermogravimetric 

(TG) experiments were carried out using thermal gravimetric analyzer (209F3, Netzsch, 

Germany) in air atmosphere from room temperature to 800℃. Raman spectrometer 

(LabRam ARAMIS; HORIBA) was used to record the Raman spectra. Surface 

morphologies were observed with scanning electron microscopy (SEM, JSM 7500, 

JEOL). Detailed microstructures were investigated with a transmission electron 

microscopy (TEM, TF30, FEI). The surface valance status was measured with an X-

ray photoelectron spectroscopy (XPS, Axis Supra, Kratos). The saturation 

magnetization was obtained via a vibrating sample magnetometer (VSM, 7404, Lake 

Shore). The dynamic electromagnetic performance was calculated with complex 

permittivity and complex permeability, which were obtained with a vector network 

analyzer (VNA, N5234A, Agilent). For this test, the as-prepared sample was mixed 

with PLA following a typical process as follows: 50 mg of Fe-based material@N-doped 

carbon powder was ultrasonically dispersed in 50 mL acetone, and then 50 mg of PLA 

was added, which was placed for 12 hours to evaporate acetone. Then the obtained 

composites were pressed into circle rings suitable for VNA testing. For the accelerating 

degradation test, the used absorber was immersed into sea water and maintained at 50 ℃ 
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for days and months. 

3. Results and discussion 

3.1. Characterization of Fe-based material@N-doped carbon 

Fig. S1 shows the crystal structures of precursors and the diffraction peaks are well 

indexed to Fe2O3 phase (JCPDS No. 87−1166). The resulting products are obtained 

through annealing treatments with XRD patterns shown in Fig. 2a. For S-0, the peaks 

at 18.5, 30.2, 35.6, 37.3, 43.3, 53.6, 57.1, and 62.7 are observed and could 

belong to cubic Fe3O4 phase (JCPDS No. 89−0691). However, the similarity of the 

XRD patterns for γ-Fe2O3 and Fe3O4 makes it hard to identify the crystal structure only 

by XRD. Therefore, to further investigate the phase configuration, Mössbauer spectrum 

was adopted and fitted with least square method. It is observed that two sextets, ascribed 

to tetrahedral A and octahedral B sites, exist in the spectrum (Fig. 2b).[27] And the 

corresponding hyperfine parameters, ie, hyperfine magnetic field (Bhf), isomer shift (IS), 

quadrupole shift (QS), width, and area fraction (AF), are shown in Table 1. For one 

sextet (the red line), the IS and Bhf values are 0.31 mm/s and 49.5 T, demonstrating the 

presence of tetrahedral Fe3+. And the Fe3+ percentage is 48%.[27] Another sextet (the 

blue line) with IS and Bhf values of 0.66 mm/s and 46.1 T is ascribed to octahedral Fe2.5+ 

and the relative percentage is 56%.[27] The ratio of the two sextets is close to 1:1, 

suggesting the component of S-0 is Fe3O4 combined with the XRD pattern.  This 

means that the precursor, Fe2O3, is totally transformed to Fe3O4. For S-80, two more 

peaks at 36.3 and 42.2 appear besides peaks indexed to cubic Fe3O4 phase, indicating 

the existence of cubic ferrous oxide (Fe0.942O phase, JCPDS No. 73−2144). And with 
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the assistance of Rietveld method, the mass ratio between Fe0.942O and Fe3O4 in S-80 

is identified as 60:40 (Fig. S2). The coexisting of Fe3O4 and Fe0.942O results from the 

reduction effect of carbon under nitrogen atmosphere[28]. For S-120 and S-160, all 

peaks of Fe3O4 and Fe0.942O disappear and peaks corresponding to cubic Fe phase 

(JCPDS No. 89−7194) dominate, suggesting the thorough contribution of carbon 

reduction. To further specify the carbon contents in the samples, TG curves are obtained 

and shown in Fig. 2c. The weight increases by 2.9% in S-0 mainly due to the phase 

change from Fe3O4 to Fe2O3. For S-80, the weight loss reaches 14.5%. Further 

calculation demonstrates that 21% carbon (mass percentage) exists, thus Fe0.942O: 

Fe3O4: C (mass ratio) equals 47:32:21. Since carbon loss and Fe oxidation happen in S-

120 and S-160, the weight decreases and then increases in TG curves. The variation 

magnitudes are 24.1% and 5.8%, respectively, for S-120 and S-160. Through 

calculation, the corresponding mass ratios of Fe and C are 51:49 and 44:56. These 

results illustrate that the constituents of Fe-based material@N-doped carbon particles 

can be rationally controlled by PDA in the precursors, thus modulates the intrinsic 

dielectric and magnetic properties of the samples.  

Since carbon affects the dielectric property remarkably, Raman spectrometer is used to 

investigate the defects and carbon species derived from PDA in different samples with 

the corresponding spectra shown in Fig. 2d. For S-0, the broaden peak at 1400 cm−1 

could be related to carboxyl group originated from urea in the synthesis process[29]. S-

80, S-120 and S-160 exhibit two characteristic peaks located at 1340 cm−1 and 1580 

cm−1, corresponding to D-band and G-band, respectively[30]. The D-band is generated 
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by defective carbon, while G-band represents the existence of graphitic layers[31, 32]. 

Generally, for carbon-based materials, the graphitization degree is negatively correlated 

with ID/IG (intensity ratio)[33]. The values of ID/IG are 1.45, 0.82, and 1.02 for S-80, S-

120 and S-160, respectively. It is obvious that S-120 and S-160 possess higher 

graphitization degree due to Fe acting as a catalyst to generate graphitic carbon from 

PDA[34]. And S-160 has a declined ID/IG value compared with S-120, which might be 

ascribed to increasing defective carbon brought by more PDA. Overall, S-120 possesses 

the highest graphitization degree, which may contribute to the conduction loss[32].  

 

Fig. 2. (a) XRD patterns (, , and  represent cubic Fe3O4, cubic Fe0.942O, and 

cubic Fe, respectively) for S-0, S-80, S-120, and S-160, (b) Mössbauer spectrum of S-

0, (c) TG curves, and (d) Raman spectra for S-0, S-80, S-120 and S-160, respectively. 



11 

 

(A single column fitting image) 

Table 1. The hyperfine parameters of Mössbauer spectrum for S-0. 

Parameters A-site B-site 

IS (mm/s) 0.31 0.66 

Bhf (T) 49.5 46.1 

QS (mm/s) −0.03 0.01 

Width (mm/s) 0.36 0.36 

AF (%) 48 56 

The surface morphologies of the precursors and annealing products are obtained with 

SEM. Fig. S3 shows that the precursors are spherical with average sizes of about 100 

nm. After calcination, the morphologies of the as-prepared products (S-0, S-80, S-120, 

S-160, sequentially) are shown in Fig. 3a-d, which are inherited from the precursors. It 

can be observed that the particle size increases slightly and the surface becomes rougher 

with the increasing content of PDA in precursor. Typically, for S-160, the particles 

agglomerate obviously due to excess carbon coating. 

Insight study of the microstructures is conducted with S-120. Fig. 3e reveals the 

uniform distribution of Fe particles in the carbon matrix. The magnified image (Fig. 3f) 

demonstrates that a carbon layer (~5 nm) coats Fe particles evenly. High resolution 

image (Fig. 3g) indicates the existence of Fe, graphitic carbon and amorphous carbon. 

The two obvious lattice fringes with the spacing of 0.325 nm and 0.205 nm correspond 

to the (002) and (110) lattice planes for graphitic carbon and Fe particles, respectively. 

This crystal lattice structures are consistent with the XRD results. 
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Fig. 3. SEM images of (a) S-0, (b) S-80, (c) S-120, (d) S-160, (e, f) TEM and (g) 

HRTEM images of S-120. 

(A 2-column fitting image) 

S-120 is also selected for the surface elemental status analysis by XPS and the 

corresponding spectra are shown in Fig. 4. The existence of Fe, O, C, N elements are 

identified in the survey spectrum (Fig. 4a). In Fe 2p spectrum (Fig. 4b), the existence 

of Fe0 is proved by peak at 707.1 eV, while peaks at 711.2 eV and 724.4 eV correspond 
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to Fe2+, and those peaks at 715.3 eV, 719.9 eV, and 728.9 eV belong to Fe3+[35]. The 

existence of Fe2+ and Fe3+ can be attributed to surface oxidation, which is also reported 

by Yu et al[36]. For O 1s, the spectrum can be devoluted into four peaks at 530.1 eV, 

531.7 eV, 532.8 eV, and 533.6 eV, attributed to Fe−O, C=O, C−O, and the adsorbed 

water, respectively (Fig. 4c)[37]. In Fig. 4d, the spectrum of C 1s reveals the 

information of carbon functional groups. The devoluted three peaks at 284.8 eV, 285.3 

eV, and 288.5 eV are assigned to C−C, C−N, and C=O, respectively[38], indicating 

nitrogen doping into S-120. And the high peak intensity of C−C implies that graphitic 

carbon is the main species, which is in accordance with Raman spectra. 

Fig. S4 shows the hysteresis loops of Fe-based material@N-doped carbon. The 

saturation magnetization (Ms) values of S-0, S-80, S-120 and S-160 are 88.7, 36.0, 

210.7, and 43.5 emu/g, respectively, demonstrating that all of the samples are 

ferromagnetic and S-120 has the strongest magnetization property. The decrease of Ms 

from S-0 to S-80 can be explained by the existence of non-magnetic Fe0.942O and carbon, 

while the enhanced Ms for S-120 is due to the appearance of pure iron phase with 

stronger magnetization. However, S-160 possesses a declined Ms value attributed to the 

presence of more carbon derived from PDA, although it also contains pure iron phase. 
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Fig. 4. XPS spectra of (a) survey, (b) Fe 2p, (c) O 1s, and (d) C 1s, respectively.  

(A single fitting image) 

3.2. Microwave absorption performance 

Generally, the dielectric and magnetic properties of absorbers work together to affect 

the microwave absorption properties. The complex permittivities are shown in Fig. 5a, 

b. In the range of 2−18 GHz, the real part, ε′, of S-0 demonstrates little fluctuation 

between 7.35−8.82, close to the results reported by Li et al[39]. And S-80 possesses 

similar ε′ values with S-0 in most frequency ranges. S-120 presents ε′ values ranging 

from 9.35−10.86 and S-160 shows a higher value of 12.00 at 2 GHz and decreases to 

7.16 at 18 GHz. As mentioned above, the crystal configurations could be rationally 

controlled with the introduction of DA in the synthesis process. S-0 is constituted with 
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pure Fe3O4. Smaller amount of DA makes the crystal structure of S-80 turn from pure 

Fe3O4 to mixed-phases of Fe3O4, Fe0.942O, and carbon. The comparable ε′ of S-80 with 

that of S-0 might be explained as follows: on one hand, carbon derived from PDA helps 

enhance the conductivity; on the other hand, excess interfaces among Fe3O4, Fe0.942O 

and carbon hinder the electron transfer in the sample. With further increasing amount 

of DA, S-120 and S-160 are composed of cubic Fe and carbon, and their corresponding 

larger ε′ values could be attributed to the good conductivities of the materials.[40] 

The imaginary part, ε′′, reveals the attenuation of electric energy, which is affected by 

the heterostructure and intrinsic electric property through generating interfacial and 

dipole polarization, respectively[41]. S-0 possesses relatively small ε′′ values probably 

because of its single phase. For S-80, multiple interfaces among Fe3O4, Fe0.942O and 

carbon help enhance the interfacial polarization due to disparate electric properties of 

each component. Moreover, many defects, proved by Raman spectra, generate dipole 

polarization. Both of them lead to larger ε′′ values (1.23−2.34). S-120 presents 

comparable ε′′ values with S-0, possibly explained by relatively simple phase interfacial 

interaction between Fe and carbon and the existence of less defects. In S-160, excess 

carbon provides more phase interfacesand abundant defects, arousing stronger 

interfacial polarization and dipole polarization, which lead to larger ε′′ values.[42] 
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Fig. 5. (a, b) complex permittivity, (c, d) complex permeability, (e) dielectric loss and 

(f) magnetic loss of the samples. 

(A single column fitting image) 

Normally, large permittivity values may favor strong dielectric loss capability. The 

dielectric loss tangents (tan δe = ε″/ε′) of the samples are plotted in Fig. 5c, being closely 

dependent on the frequency as the complex permittivity. Roughly, the values of S-0, S-

80 and S-160 follow an increasing order before 12 GHz because of the increasing 
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permittivity values induced by growing carbon content, while S-120 presents the 

smallest values lining at the bottom as shown in Fig. 5b, which is consistent with the 

imaginary permittivity. When subjected to the frequencies higher than 12 GHz, all the 

curves possess several large fluctuations, which are likely to trigger strong microwave 

dissipation through polarization relaxation[43].  

Generally, macroscopic electric moment induced by the charge accumulation and 

depletion accounts for the polarization relaxation process, and the interfacial 

polarization makes additional contribution[44]. To further investigate the contribution 

of polarization relaxation to dielectric loss, the Cole−Cole curves were plotted and 

shown in Fig. S5. A semicircle represents a polarization relaxation process. All the 

samples show several semicircles, suggesting the key role of polarization in generating 

dielectric loss. The complex semicircles of S-0 and S-80 might be generated mostly by 

multiple interfaces and defects, while the curves of S-120 and S-160 present small tails, 

which come from good conductivity induced by Fe and carbon[45]. Through 

polarization process, the microwave energy converts into thermal energy, and dissipates. 

Fig. 5d, e present the complex permeability of the samples. The maximum values are 

achieved at 2 GHz, then decrease to the first minimum values at around 6 GHz because 

of the Snoek’s limits[34]. The peak values are 1.40, 1.27, 1.48, and 1.32 for S-0, S-80, 

S-120 and S-160 at 2 GHz, respectively. It is S-120 that shows the highest ′ peak value 

due to the stronger magnetization of Fe than that of Fe3O4 or Fe0.942O in S-0 and S-80. 

While for S-160, despite Fe in it, the increasing carbon will dilute the magnetic 

response. And in 6−18 GHz, weakened fluctuations occur since the response of the 
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magnetic moments is more suppressed in higher frequency region. The corresponding 

′′ curves show resonant peaks at the frequencies lower than 6 GHz, which are 

attributed to natural ferromagnetic resonance(Fig. 5e)[46][47]. Generally, the natural 

ferromagnetic resonant frequency (fr) of most ferrite or iron bulks is commonly located 

under megahertz, far away from gigahertz[48]. It could shift to gigahertz ascribed to 

small size effect (less than submicron). From the SEM and TEM results, most particles 

are about 100 nm in size. In this case, an enhanced anisotropy constant K results in an 

increasing anisotropy field Ha (K=2MsHa), leading to a considerable large fr 

(fr=Ha/2) at gigahertz[49]. Other several peaks in the region higher than 6 GHz come 

from the exchange resonance[50]. Specially, S-120 has the largest ′′ value of 0.68 at 

3.0 GHz, and displays obviously larger values than the others almost in the whole 

investigated region, implying intense magnetic loss is triggered in it. Besides, ′′ values 

of S-160 in higher frequency are also higher than those of S-0 and S-80, suggesting Fe 

in S-120 and S-160 instead of Fe-based oxides in S-0 and S-80 helps enhance Snoek’s 

limitation[51], maintain good magnetic response in high frequency, and achieve 

broadband absorption performance.  

In addition, the complex permeability is used to define the magnetic loss, i.e. magnetic 

loss tangent (tan δm =′′/′), of the material. And tan δm versus frequency will follow a 

similar dependent trend mostly with ′′ on the frequency. As expected, S-120 shows the 

strongest magnetic loss in Fig. 5f. The corresponding curve begins from 0.4 at 2 GHz 

and drops to 0.41 at 7.5 GHz after scrambling up to 0.7 at 4.50 GHz, and then 

continually slopes gently with several weakened fluctuations along with the increasing 
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frequency. The values exceed 0.3 within 2−18 GHz and are the biggest among all the 

samples, demonstrating that a remarkable absorbing property induced by magnetic 

dissipation is very possible. For other samples, the values of S-0 maintain a second 

place from 2.0 GHz to 13.5 GHz, and are suppressed by S-160 in 13.5-18.0 GHz, which 

is because that high Snoek’s limitation of Fe in S-160 helps maintain performance 

advantage at high frequency, as mentioned in earlier section. S-80 has an inferior 

magnetic loss, resulted from the existence of nonmagnetic component of Fe0.942O. 

As well known, magnetic loss may originate from natural ferromagnetic resonance, 

exchange resonance, and eddy current effect[46]. Among them, eddy current effect 

contributes if C0=μ″(μ′)−2f−1 does not vary with frequency[52]. By investigating the 

relationship between C0 and f in Fig. S6, eddy current effect is not the main reason for 

the frequency dependent variations. Therefore, natural ferromagnetic resonance and 

exchange resonance primarily account for magnetic loss, which is also identified in ′′ 

curves[53]. 

In general, the intrinsic dielectric and magnetic properties affect the microwave 

absorption performance. To evaluate the microwave dissipation intuitively, attenuation 

constant α and impedance matching are introduced and analyzed as follows: firstly, 

attenuation constant α, representing the microwave absorption performance directly, is 

expressed as Equation 1[54].  

𝛂 =
√𝟐𝝅𝒇

𝒄
√(′′′′ − ′′) + √(′′′′ − ′′)𝟐 + (′′′ + ′′′)𝟐  (1) 

It is obvious that dielectric and magnetic properties work together to affect the 

attenuation performance. As shown in Fig. 6a, α values increase with frequency for all 
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the samples. Higher value of α suggests a better microwave attenuation capability. S-0 

presents the smallest α values compared to that of the others, especially in 8−18 GHz. 

This could be possibly related to remarkable cut-off magnetic loss induced by Snoek’s 

limitation, although the dielectric loss is not the smallest one[16]. S-80, S-120, and S-

160 exhibit similar α values within 2−18 GHz, suggesting that dielectric loss and 

magnetic loss work together to achieve an increase. For instance, the strong magnetic 

loss of S-120 makes up its shortage of dielectric property. 

Moreover, the impedance matching, expressed as│Zin/Z0│, where Zin and Z0 are the 

input impedance and free space impedance, respectively, is another factor that directly 

affects the microwave absorption performance[55]. Generally, when Zin/Z0 equals to 1, 

no microwave reflection happens at the interface, suggesting good matching 

performance is obtained. For these samples, the impedance matching (shown in Fig. 6b 

is modulated via the chemical state of Fe-based material and carbon content. Obviously, 

the values of S-0 are far away from 1 except for the cross point, suggesting an 

impedance mismatch condition. S-80 possesses better impedance matching 

characteristics in comparison with S-0. Evidently, the best impedance matching 

property with values close to 1 in a wide range of 12−15 GHz is detected in S-120. This 

is because perfect combination of conductive carbon layers and magnetic iron particles 

helps balance the dielectric and magnetic properties. However, further enhancement of 

carbon will break the dielectric and magnetic match again, resulting in a worse 

impedance match for S-160. Based on these results, S-120 might hold promise in 

achieving good microwave absorption performance. 



21 

 

 

Fig. 6. (a) attenuation constant α, (b) impedance matching (│Zin/Z0│) of the samples. 

(A single column fitting image) 

RL deduced from the electromagnetic wave transmission theory is the direct criterion of 

microwave absorbing performance, employing relative complex permittivity (ε=ε′-jε″) 

and relative complex permeability (μ=μ′-jμ″). It is obtained from the equations as 

follows[56][57]:  

 

𝒁𝟎 = (
𝝁𝟎

𝜺𝟎
)

𝟏/𝟐
       (2) 

𝒁𝒊𝒏 = 𝒁𝟎√
𝝁

𝜺
𝒕𝒂𝒏𝒉 [𝒋 (

𝟐𝒇𝝅𝒕

𝒄
) √𝝁𝜺]              (3) 

𝑹𝑳 = 𝟐𝟎𝒍𝒐𝒈 |
𝒁𝒊𝒏−𝒁𝟎

𝒁𝒊𝒏+𝒁𝟎
|             (4) 

where ε and μ refer to complex permittivity and complex permeability of the sample, 

respectively. ε0 and μ0 are the corresponding parts of free space, respectively. And f, t, 

and c are frequency, thickness, and light velocity, respectively.  
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RL versus variables of f and t is plotted and shown in Fig. 7. In Fig. 7a, S-0 demonstrates 

a RLmax value of −59.8 dB (3.2 mm). Apart from RL, the bandwidth (in which RL  −10 

dB, meaning over 90% of the wave energy is absorbed) also needs to be taken into 

consideration for application purpose[18]. The corresponding effective bandwidth of 

S-0 is 3.52 GHz (7.36−10.88 GHz). For S-80, the RLmax value reaches −54.0 dB with 

the thickness of 5.3 mm (Fig. 7b). When further increasing carbon, S-120 in Fig. 7c 

shows the highest RLmax value of −61.6 dB at 12.56 GHz (2.1 mm). The effective 

absorption bandwidth reaches up to −4.48 GHz (13.52−18 GHz) with a thickness of 

only 1.7 mm. As discussed above, excellent impedance matching and relatively high 

magnetic loss contribute to optimum performance. For S-160 in Fig. 7d, the RLmax value 

decreases to −51.2 dB at 3.2 mm that might be due to excess carbon breaking excellent 

impedance matching condition. 

From Fig. 7a−d, it can be observed that the RLmax values move towards lower 

frequencies with an increasing thickness of layer. This is attributed to the quarter-

wavelength model, saying that two microwaves would interfere with each other when 

they are out of phase, resulting in the appearance of RLmax. The matching between 

thickness and frequency for RLmax can be expressed in the following equation[58]:  

                   𝒕𝒎 =
𝒏𝒄

𝟒𝒇√
 (𝒏 = 𝟏, 𝟑, 𝟓, … )                      (5) 

Fig. 7e demonstrates the calculated tm versus frequency obtained for RLmax with S-120, 

which meet the experimental one very well.  
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Fig. 7. RLmax of (a) S-0, (b) S-80, (c) S-120, (d) S-160, and (e) thickness (tm) vs. 

frequency at wavelengths of λ/4 of S-120. 

(A 2-column fitting image) 
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As shown in Table 2, the performance of as-prepared Fe@N-doped carbon is 

competitive with other Fe-based particles/carbon composites reported in other 

literatures. The as-prepared samples, especially S-120, possess excellent microwave 

absorption performance, which might be attributed to the following aspects depicted in 

Fig. 8. Firstly, the interfacial polarization induced by heterostructures and dipole 

polarization originated from different electronegativity of multi-components contribute 

to dielectric loss. Secondly, the existence of magnetic components helps generate 

natural resonance and exchange resonance, resulting in an enhanced magnetic loss. 

Thirdly, the graphitized carbon provides free electrons, and iron particles work as 

electron donor, which helps form conductive network, leading to effective conduction 

loss. Finally, perfect impedance matching could be achieved with the adjusted iron and 

carbon content.  

Table 2. List of microwave absorption performances of this work and other literatures 

Absorber Thickness 

(mm) 

RLmax 

(dB) 

Effective 

bandwidth 

(GHz) 

Ref 

Fe3O4/Fe composites 1.25 −25.9 4.2 [59] 

Double-layer Fe/C 2.00 −23.9 1.3 [60] 

Fe3O4/SiO2/PVDF 2.5 −28.6 − [61] 

Fe3O4 NP 6.0 −21.2 3.6 [62] 

Fe3O4/C nanospindles 2.1 −38.8 − [63] 

Fe microflakes 1.1 −15.3 4.4 [64] 
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Fe−Fe3C@C 3.0 −28.10 4.10 [65] 

carbonyl 

iron@void@nitrogen 

1.7 −25.7 6.9 [7] 

Fe@N-doped C 2.1 −60.0 4.48 This 

work 

 

Fig. 8. The proposed microwave absorption mechanism 

(A single column fitting image) 

3.3. Degradation performance 

So far, these samples have demonstrated promising microwave absorption properties. 

The other thing we need to pay attention to is to avoid leaving pollution behind after 

service. Therefore, environment-friendly filler and matrix are adopted, especially PLA 

matrix, which is produced with plants and can be degraded after service. The 
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decomposition performance of the microwave absorber is studied in marine 

environment and shown in Fig. 9.  

 

Fig. 9. Decomposition rate of the composites 

(A single column fitting image) 

It is obvious that the residual weight decreases day by day. The weight losses are 0.98 % 

and 4.95 % after 2 days and 4 days. And the residual weight reaches 46.18 % with the 

sample immersed in seawater for one month. When the immersion time prolongs to half 

a year, the residual weight ends as 49.35%, indicating the PLA matrix could almost be 

completely degraded within one month. Moreover, when the sample is stored in lab 

environment or placed in normal service condition, the microwave absorption property 

reveals little attenuation. The decomposition experiment here is to further show the 

environment-friendly characteristic of the composites that they are naturally degradable 

after failure, only leaving harmless debris of the filler. Meanwhile, the time for 
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decomposition of the composites in harsh environment is predictable from the 

experiment. That is to say, thismaterial, which is composed of Fe-based material@N-

doped carbon as filler and PLA as matrix, demonstrates good microwave absorption 

performance and environment-friendly property. 

4. Conclusion 

Spherical Fe-based materials@N-doped carbon have been developed as microwave 

absorbers. PDA is used to regulate the phases of the iron-based particles and generate 

different carbon species in the synthesis process. The microwave absorbers, Fe-based 

material@N-doped carbon cooperated with PLA as matrix, demonstrates excellent 

microwave absorption performance. The RLmax value of S-120 reaches −61.6 dB at 

12.56 GHz with the corresponding thickness of 2.1 mm, and the effective absorption 

bandwidth reaches up to −4.48 GHz (from 13.52 GHz to 18 GHz) with a thickness of 

only 1.7 mm. The high absorption could be ascribed to strong magnetic loss generated 

by metal Fe, boosted dielectric polarization induced by graphitized carbon, and the 

achieved perfect impedance matching. Meanwhile, through decomposition experiment, 

it is observed that the residual weight of absorbers reaches 46.18% and 49.35% with 

the absorbers immersed in seawater for one month and six months, indicating the PLA 

matrix could almost be degraded within one month and only debris of the filler remains. 

Thus, the composites are environment-friendly because Fe-based material@N-doped 

carbon is synthesized via a green process and PLA is produced with plants and can be 

degraded naturally after failure. This work provides a new strategy to prepare 
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environment-friendly microwave absorbers, meeting the requirement of high-efficient 

microwave absorption and sustainable development of modern society. 

Acknowledgement 

This work is supported by National Natural Science Foundation of China 

(51920105001, 51731002, U1832138, 51971008) and State Key Lab of Advanced 

Metals and Materials (2019-Z08). 

Declaration 

The authors declare no competing interests. 

 

References 

[1] X. Cui, X. Liang, W. Liu, W. Gu, G. Ji, Y. Du, Stable microwave absorber derived from 1D customized 

heterogeneous structures of Fe3N@C, Chem.Eng. J. 381 (2020) 122589(1−10). 

[2] Z. Deng, Y. Li, H. Zhang, Y. Zhang, J. Luo, L. Liu, et al., Lightweight Fe@C hollow microspheres 

with tunable cavity for broadband microwave absorption, Compos. Part B−Eng. 177 (2019) 107346(1−8). 

[3] M. Cao, C. Han, X. Wang, M. Zhang, Y. Zhang, J. Shu, et al., Graphene nanohybrids: excellent 

electromagnetic properties for the absorbing and shielding of electromagnetic waves, J. Mater. Chem. C 

6(17) (2018) 4586−4602. 

[4] C. Wu, Z. Chen, M. Wang, X. Cao, Y. Zhang, P. Song, et al., Confining tiny MoO2 clusters into 

reduced graphene oxide for highly efficient low frequency microwave absorption, Small (2020) 

2001686(1−11). 

[5] J. Liu, M. Cao, Q. Luo, H. Shi, W. Wang, J. Yuan, Electromagnetic property and tunable microwave 

absorption of 3D nets from nickel chains at elevated temperature, ACS Appl. Mater. Interfaces 8(34) 

(2016) 22615−22622. 

[6] Y. Yang, L. Liu, H. Zhu, N. Bao, J. Ding, J. Chen, et al., Critical control of highly stable 

nonstoichiometric Mn-Zn ferrites with outstanding magnetic and electromagnetic Performance for 

gigahertz high-Frequency applications, ACS Appl. Mater. Interfaces 12(14) (2020) 16609−16619. 

[7] W. Dai, F. Chen, H. Luo, Y. Xiong, X. Wang, Y. Cheng, et al., Synthesis of yolk-shell structured 

carbonyl iron@void@nitrogen doped carbon for enhanced microwave absorption performance, J. Alloys 

Compd. 812 (2020) 152083(1−10). 

[8] X. Li, Z. Deng, Y. Li, H. Zhang, S. Zhao, Y. Zhang, et al., Controllable synthesis of hollow 

microspheres with Fe@Carbon dual-shells for broad bandwidth microwave absorption, Carbon 147 

(2019) 172−181. 

[9] L. Yang, H. Lv, M. Li, Y. Zhang, J. Liu, Z. Yang, Multiple polarization effect of shell evolution on 

hierarchical hollow C@MnO2 composites and their wideband electromagnetic wave absorption 



29 

 

properties, Chem. Eng. J. 392 (2020) 123666(1−10). 

[10] L. Wang, J. Zhang, M. Wang, R. Che, Hollow porous Fe2O3 microspheres wrapped by reduced 

graphene oxides with high-performance microwave absorption, J. Mater. Chem. C 7(36) (2019) 

11167−11176. 

[11] J.S. Park, S. Yang, Y. Kang, Prussian blue analogue nanocubes with hollow interior and porous walls 

encapsulated within reduced graphene oxide nanosheets and their sodium-ion storage performances, 

Chem. Eng. J. 393 (2020) 124606 (1−13). 

[12] F. Wang, N. Wang, X. Han, D. Liu, Y. Wang, L. Cui, et al., Core-shell FeCo@carbon nanoparticles 

encapsulated in polydopamine-derived carbon nanocages for efficient microwave absorption, Carbon 

145 (2019) 701−711. 

[13] X. Huan, K. Shi, J. Yan, S. Lin, Y. Li, X. Jia, et al., High performance epoxy composites prepared 

using recycled short carbon fiber with enhanced dispersibility and interfacial bonding through 

polydopamine surface-modification, Compos. Part B−Eng. 193 (2020) 107987 (1−14). 

[14] J. Miao, W. Geng, P.J.J. Alvarez, M. Long, 2D N-doped porous carbon derived from polydopamine-

coated graphitic carbon nitride for efficient non-radical activation of peroxymonosulfate, Environ. Sci. 

Technol. 54 (2020) 8473−8481. 

[15] B. Wang, Y. Zhai, S. Li, X. Liu, T. Wang, C. Li, Ultrafine Re/Pd nanoparticles on polydopamine 

modified carbon nanotubes for efficient perchlorate reduction and reusability, J. Colloid Interface Sci. 

574 (2020) 122−130. 

[16] F. Chen, H. Luo, Y. Cheng, J. Liu, X. Wang, R. Gong, Fe/Fe3O4@N-Doped carbon hexagonal plates 

decorated with Ag nanoparticles for microwave absorption, ACS Appl. Nano Mater. 2(11) (2019) 

7266−7278. 

[17] M. Ma, W. Li, Z. Tong, Y. Ma, Y. Bi, Z. Liao, et al., NiCo2O4 nanosheets decorated on one-

dimensional ZnFe2O4@SiO2@C nanochains with high-performance microwave absorption, J. Colloid 

Interface Sci. 578 (2020) 58−68. 

[18] Y. Wang, H. Wang, J. Ye, L. Shi, X. Feng, Magnetic CoFe alloy@C nanocomposites derived from 

ZnCo-MOF for electromagnetic wave absorption, Chem. Eng. J. 383 (2020) 123096(1−12). 

[19] Z. Wu, Z. Yang, K. Pei, X. Qian, C. Jin, R. Che, Dandelion-like carbon nanotube assembly embedded 

with closely separated Co nanoparticles for high-performance microwave absorption materials, 

Nanoscale 12(18) (2020) 10149−10157. 

[20] X. Zhang, X. Wang, P. Sha, B. Wang, Y. Ding, S. Du, High-efficiency electromagnetic wave 

absorption of epoxy composites filled with ultralow content of reduced graphene/carbon nanotube oxides, 

Compos. Sci. Technol. 189 (2020) 108020(1−8). 

[21] H. Han, Z. Lou, P. Wang, Q. Wang, R. Li, Y. Zhang, et al., Synthesis of ultralight and porous 

magnetic g-C3N4/carbon foams with excellent electromagnetic wave (EMW) absorption performance 

and their Application as a reinforcing agent for 3D printing EMW absorbers, Ind. Eng. Chem. Res. 59(16) 

(2020) 7633−7645. 

[22] Z. Wang, Y. Yang, Z. Zheng, R. Lan, K. Dai, L. Xu, et al., Achieving excellent thermally conductive 

and electromagnetic shielding performance by nondestructive functionalization and oriented 

arrangement of carbon nanotubes in composite films, Compos. Sci. Technol. 194 (2020) 108190(1−8). 

[23] J. Yang, X. Liao, J. Li, G. He, Y. Zhang, W. Tang, et al., Light-weight and flexible silicone 

rubber/MWCNTs/Fe3O4 nanocomposite foams for efficient electromagnetic interference shielding and 

microwave absorption, Compos. Sci. Technol. 181 (2019) 107670(1−9). 

[24] D. Wanasinghe, F. Aslani, G. Ma, D. Habibi, Review of polymer composites with diverse nanofillers 



30 

 

for electromagnetic interference shielding, Nanomaterials 10(3) (2020) 541(1−46). 

[25] J.C.C. Yeo, J.K. Muiruri, J.J. Koh, W. Thitsartarn, X. Zhang, J. Kong, et al., Bend, twist, and turn: 

First bendable and malleable toughened PLA green composites, Adv. Funct. Mater. (2020) 

2001565(1−12). 

[26] S. Wang, Y. Ma, Z. Deng, S. Zhang, J. Cai, Effects of fused deposition modeling process parameters 

on tensile, dynamic mechanical properties of 3D printed polylactic acid materials, Polym. Test. 86 (2020) 

106483. 

[27] J. Winsett, A. Moilanen, K. Paudel, S. Kamali1, K. Ding, W. Cribb, et al., Quantitative determination 

of magnetite and maghemite in iron oxide nanoparticles using Mössbauer spectroscopy, SN Appl. Sci. 1 
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