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Abstract 
 

The Co/C nanocomposites toward outstanding electromagnetic (EM) microwave absorption were meticulously designed and 
prepared by bio-gel method. The Co nanoparticles were embedded into the carbon network constructed by agar powder. Our 
obtained Co/C nanocomposites exhibited excellent EM wave absorption performance including wide bandwidth (7.1 GHz), 
thin thickness (1.71 mm), light weight and wide effective absorbing frequency. Dielectric relaxation at multilayer interfaces, 
porous biomass carbon materials and magnetic Co nanoparticles are the main sources for enhancing the wave absorption 
properties. The amorphous carbon in the material prevents the condensation and oxidation of magnetic Co nanoparticles, 
thus contributing to the generation of good impedance matching. On the basis of the percolation theory, the optimal Co 
content was determined, and a percolation model suitable for Co/C materials was established.  
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1. Introduction 

With the development and progress of modern electronic 

science and technology, excessive electromagnetic (EM) wave 

pollution has interfered and affected people's normal 

production and life as well as their health.[1-4] Therefore, 

solving the EM wave interference problem is an inevitable and 

despised issue in today's society, and it is also a researching 

spot in EM field over the world.[5-8] Hence, new-generation 

absorbing materials with wide bandwidth, thin thickness, light 

weight and wide effective absorbing frequency are urgently 

needed. 

In principle, when the electromagnetic wave is incident on 

the surface of an object medium, its direction is usually 

reflection, internal loss and transmission of three parts, and the 

electromagnetic wave can be effectively attenuated by the 

material is called absorbing material. Theoretically, the 

absorbing material consumes the electromagnetic wave by 

making the incident electromagnetic wave lose energy in other 

forms or by means of interference elimination.[5,6] The decay 

performance is determined by the electromagnetic properties 

of the material itself, namely the dielectric constant (ε', ε'') and 

magnetic permeability (μ', μ'').[7,8] The real part of the two 

parameters respectively represents the storage capacity of 

electric energy and magnetic energy of EM media, and the 

imaginary part describes the magnitude of its loss. There are 

usually three loss mechanisms: magnetic loss, dielectric loss 

and interference loss. A good absorbing material should 

consume as much energy as possible into the material, 

reducing reflection and transmission.[9,10] 

At present, the development target of absorbing materials 

is "light, thin, wide and strong". That is, the material has the 

characteristics of light weight, thin thickness, wide effective 

absorption frequency range and large microwave absorption 

percentage. To meet these requirements, a lot of research and 

efforts have been made.[11,12] The first is "light", to meet the 

requirements of light, carbon materials as the main composite 
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material source of absorbing materials were mostly used.[13] 

Compared with ceramic materials and metal materials, the 

density of carbon materials is very low, so the application of 

carbon materials can greatly meet the target of lightweight. In 

addition, the lightweight can be further achieved by 

constructing a multistage aperture. It is well known that the 

hole is divided into big holes, mesoporous and microporous. 

The construction of multistage holes can not only further solve 

the problem of lightweight by reducing the density of the 

absorbing material, but also make the electromagnetic wave 

reflect several times after entering the material, thus enhancing 

their absorbing performance. To construct better multi-porous 

structure of carbon materials, biomineralization is usually 

used to construct biomass porous carbon materials in 

experiments.[14,15] The so-called biological mineralization 

method is an experimental method involved in imitating the 

formation conditions of mineralization in nature, and the 

microstructure of the materials with obvious bionic 

characteristics. As is well known, the long-term evolution of 

nature makes the internal structure has the congenital 

advantage, the biomass and the use of this method, the porous 

carbon, can better use of its natural biological which originally 

have different internal structure to make porous structure 

design. Therefore, in order to increase the scattering of 

electromagnetic waves inside the material and ultimately 

improve the absorption performance of the material, we 

meticulously designed the Co/C porous nanocomposites.[16] 

Unfortunately, only the use of biomass porous carbon 

materials to build the absorbing material, its absorbing 

performance is far from meeting the demand. Pure carbon 

materials have only electrical responses and almost no 

magnetic response, which limits the improvement of their 

absorbing properties. But the single magnetic metal material 

is too heavy and chemical properties are not stable enough, 

easy to occur in the air oxidation and other phenomena, 

thereby reducing the absorption performance of the material. 

which affects the low weight of the material. Therefore, to 

optimize the wave-absorbing properties, the composite 

material is usually constructed with porous carbon materials 

and other kinds of materials, which can also reduce the weight 

of the material, so as to meet the need for low weight. At 

present, according to the different substrates and absorbents, 

absorbing materials can be simply categorized as the 

following categories: one is magnetic dielectric absorbing 

materials, usually functionalized by ferrite or Fe, Co, Ni and 

other magnetic metals; one is dielectric absorbing materials, 

usually using ceramic and semiconductor materials; another is 

a resistive absorbing material made of conductive carbon 

black or graphite, etc.[17] It was found that the absorbing 

materials constructed by magnetic metals, such as Fe, Co and 

Ni, have the advantages of high saturation magnetization, high 

snooker limit and strong magnetic loss, which made them 

excellent candidates for EM absorbing.[18-20] 

Therefore, Co/C nanocomposites were meticulously 

designed and fabricated by bio gel-derived method in this 

study, so that magnetic Co nanoparticles could be evenly 

distributed in the carbon matrix network constructed by agar. 

The absorbing nanocomposites has the advantages of light 

weight, thin thickness, wide effective absorption frequency 

and large microwave absorption percentage. The filling 

content of Co/C in absorbing coating was optimized by 

percolation theory, and good impedance matching was 

obtained. Due to the porous structure and multilayer interface, 

absorbing composites have many different dielectric response 

regions, which is conducive to enhancing the dielectric loss 

capacity to achieve good electromagnetic wave absorption 

performance. On the other side, the high-frequency 

diamagnetism of the agar carbon mesh can be offset to a 

certain extent by the magnetism of the cobalt metal particles. 

High-performance absorbing materials with light weight, thin 

thickness and large preparation scale were prepared by bio-

gels technology. As for the synthesis steps of Co/C 

nanocomposites in this experiment and the corresponding 

proportioning parameters, we have given a detailed 

description and flowchart explanation in the supplementary 

materials. 

 

2.Results and discussions 

The composition and microstructure of absorbing materials 

closely correlates with their electromagnetic wave absorption 

properties. Therefore, XRD and Raman spectroscopy are used 

to analyze the microstructure and composition of the materials 

to explain why the materials constructed in this way have 

excellent absorption properties. The structure information and 

crystallization conditions of the material are illustrated by 

Raman spectroscopy and XRD. XRD patterns were obtained 

for nanocomposites and pure carbon powders. As shown in Fig. 

1a, the diffraction peaks of cubic Co were obviously observed. 

Pure carbon powder has a wide peak at 2θ =26°, while graphite 

carbon has no characteristic peak at 2θ = 44°, manifesting that 

amorphous carbon is the main form of carbon in Co/C 

nanocomposites. The pyrolysis of agar powder produces  
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Fig. 1 XRD pattern(a) and Raman spectrum (b) of the Co/C nanocomposites (Co/C 0.15 mol/L 15%). 

 

amorphous carbon, while cobalt is produced by the thermal 

decomposition reaction of CoCO3 and the thermal reduction 

caused by carbon. 

The detailed carbon composition of the Co/C 

nanocomposite has been studied using Raman spectroscopy. 

As shown in the Fig. 1b, Raman spectra show that pure toner 

and Co/C nanocomposites have two peaks, namely D peak at 

1100 cm−1 and G peak at 1594 cm−1. The G-band is known to 

be caused by in-plane vibrations of sp2 carbon atoms; the D-

band signal indicates that it is mainly amorphous carbon 

structure.[18-26] The higher the degree of graduation of carbon 

materials, the lower the ID/IG value. From the Fig. 2b, it can 

see that ID/IG of the Co/C nanocomposite were relatively large, 

which indicates that the degree of graduation of the fabricated 

 
Fig. 2 XPS spectra of Co/C composites: (a) survey spectrum, (b) C 1s, (c) N 1s, and (d) Co 2p. 
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material is low and that the carbon inside the material is 

mainly crystalline carbon. The properties of crystalline carbon 

make it less conductive, which also favors better impedance 

matting. Meanwhile, it also protects the Co metal 

nanoparticles inside the material from oxidation, and the 

retention of Co metal magnetism favors the EM waves 

absorption due to magnetic metal particles. Moreover, the 

calculated ID/IG of the Co/C nanocomposite is 0.9351 due to 

the amorphous carbon, in agreement with the XRD results.[18]  

The XPS spectrum of the nanocomposite material is shown in 

Fig. 2. The presence of distinct peaks for Co, O and C in Fig. 

2a indicates that the main constituent elements in the material 

are C, O and Co. The 1s of C are divided into three peaks, 

denoted C=C and C-O-C respectively.[33,34] However, we found 

that the two forms of carbon did not take up all the proportion, 

so it is inferred that there should be a small part of C-O-C, 

which can interact with electromagnetic to enhance the wave-

absorbing performance.[35-40]  

Scanning electron microscopy (SEM) was used for 

analyzing some detailed structural information of materials. 

As dipected in the Fig. 3, the SEM image presented that the 

material has a porous honeycomb shape with a pore diameter 

of about 7 μm and a thin pore wall thickness of about 500-

1000 nm. From the observations in Fig. 3, it can see that the 

walls of these pores are littered with several tiny particles. 

Observations in the unfolded state show that the distribution 

of cobalt nanoparticles is relatively uniform at concentrations 

of 0.05 mol/L and 0.15 mol/L, and that there is no mass 

aggregation. At a concentration of 0.25 mol/L, agglomeration 

occurs for some particles. More SEM images can be viewed 

in the supplementary material. 

Figure 4 provides the reflection loss (RL) curves at diverse 

frequencies and thicknesses. Based on the data analysis, we 

find that the optimal RL at each concentration is 15 % 

component content. When RL = -10 dB, the material is able to 

absorb 90% of the incident electromagnetic wave. When RL = 

-20 dB, 99% of the incident electromagnetic wave is 

absorbed.[41] However, in practice, the highest absorption 

strength is not necessarily the most critical issue. Therefore, in 

practical application, we usually regard RL < -10 dB, i.e., 90% 

absorption, as the effective absorption of materials for 

electromagnetic waves. Within a certain range of frequencies 

and thicknesses, the four samples can effectively absorb 

electromagnetic waves, but different samples have different 

levels of effective absorption. The ratio of the Co/C content 

has a significant effect on the reflection loss.  

The minimum RL of pure carbon sample (a) is -30.4 dB 

when the thickness is 2.26 mm, and the maximum RL is 4.6 

GHz, when the thickness is 2.01 mm. For sample (b) of 1.71 

mm, the RLmin is -26.5 dB, and the sample of 1.75 mm, the 

 
Fig. 3 SEM images of the Co/C nanocomposites. 
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Fig. 4 Three-dimensional reflection loss curves for the paraffin composites. 

 

maximum bandwidth is 6.9 GHz, which shows the best overall 

absorption performance for electromagnetic waves. The Co/C 

content ratio of sample (c) was 0.15 mol/L, the sample (c) has 

a minimum RL of -75.4 dB and a maximum broadband width 

of 6.4 GHz at a thickness of 1.98 mm. For sample (d) of 2.01 

mm thickness, the RLmin value is -52 dB. When the thickness 

of sample (d) is 1.98 mm, its maximum broadband width is 7.1 

GHz.[38] Through the experimental data, it is not difficult to see 

that compared with EM wave absorption capacity of pure 

carbon sample, that of sample (b) and sample (c) increases 

with the increase of Co/C content ratio, and the absorption 

performance of sample (c) is better than that of sample (b), 

while the electromagnetic wave absorption performance of 

sample (d) is relatively worse than that of sample (c). 

Therefore, we can know that the addition of magnetic cobalt 

nanoparticles can enhance the absorption performance of 

carbon materials, and the increase of the number of magnetic 

cobalt nanoparticles in a certain range can improve the EM 

wave absorption performance, but too much amount will also 

have a negative impact on the absorption performance of 

carbon materials. 

To assess the absorption capacity, the absorption 

performance of Co/C nanocomposites from this work and 

other works are listed in Table 1. Compared to other Co/C 

nanocomposites, the nanocomposite fabricated in this work 

has a thinner thickness, a wider bandwidth and a stronger 

absorption capacity of electromagnetic waves, which 

demonstrates that the nanocomposite fabricated in this study 

has good electromagnetic wave absorption property. As 

everyone knowns that outstanding absorption function means 

that EM waves can easily enter into the EM medium and lost 

as much as possible inside the material, and impedance 

matching parameter is the key factor to evaluate this behavior. 

The impedance ratio Zin/Z0 = 1 indicates that EM waves can 

perfectly entry into EM medium, which is hardly obtained in 

real materials, but the closer Zin/Z0 is to 1, the better the 

impedance match of electromagnetic wave-absorbing 

materials. In this paper, Zin/Z0 = 0.8-1.2 is used to estimate the 

impedance matting of the fabricated nanocomposites. 
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Table 1. EM wave absorption properties of the previously reported Co nanomaterials and this work. 

Materials 
Content-mass 

ratio (%) 
RLmin 

Matching 

Thickness (mm) 

Frequency range 

(GHz) 
d(RL<-10dB) Ref. 

Co/C 30 -52.42 dB 1.93 mm 2.9 GHz 2.00mm [27] 

Co/C 50 -56.9 dB 1.92 mm 2.7 GHz 2.00mm [28] 

Co/C 30 -18.0 dB 3.20 mm 3.6 GHz 2.00mm [29] 

CoNi/C 35 -46.0dB 2.00 mm 5.5 GHz 2.00mm [30] 

Co/C 20 -56.0 dB 3.50mm 3.6GHz 2.30mm [31] 

Co/CNTs 20 -36.5dB 4.10mm 2.9GHZ 1.80mm [32] 

Co/C 17.5 -75.4 dB 3.85 mm 6.4 GHz 1.98mm This work 

Co/C 15 -26.5 dB 1.71mm 6.9 GHz 1.75mm This work 

The impedance ratio Zin/Z0 can be expressed as:[41-45] 

𝑍in=Z0(𝜇𝑟/𝜀𝑟)
1/2 𝑡𝑎𝑛ℎ {𝑗 (2𝜋ƒ

𝑑

𝑐
) (𝜇𝑟/𝜀𝑟)

1/2}        (1) 

RL(dB)=20lg |
(𝑍𝑖𝑛−𝑍0)

(𝑍𝑖𝑛+𝑍0)
|                              (2) 

where j means the unreliable number, f is the frequency of EM 

wave, d is the thickness of paraffin composite, and c is the light 

velocity in vacuum. 

Zin/Z0 is calculated by formula (1). From the figure, it can 

see the three-dimensional (3D) impedance ratios of the four 

samples have different thicknesses and frequencies. By 

comparing Figs. 5a, b and c, it is not difficult to see that the 

effective impedance matching range first increases and then 

decreases as the Co/C content ratio increases, even up to a 

certain content, but there is almost no effective impedance 

matching range. Therefore, we can conclude that the optimal 

impedance matching could be attained at the certain range of 

Co/C content ratios. We analyzed its relationship between 

material impedance matching and Co content by studying 

impedance matching images with different Co/C content ratios 

at 0.15 mol/L concentration. In the experiment, images with 

Co volume fraction content of 10%, 15%, 17.5% and 20% 

were selected and named as specimen a, b, c and d respectively. 

Through the analysis of sample (a) and sample (b) images, the 

incremental Co/C content ratio and impedance matching 

performance of 15 % content is significantly more excellent 

 
Fig. 5 The three-dimensional impedance ratio of Co/C nanomaterials at different contents. 
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Fig. 6 Schematic for EM microwave absorption mechanism. 

 

than that of 10 % content, which proves that the addition of 

metal Co improves the impedance matching function of 

materials.  

Figure 6 shows the wave absorbing mechanism of Co/C 

nanocomposites. Through SEM images, we can see that the 

material almost presents a honeycomb-like structure. When 

electromagnetic waves are injected into the material, the 

internal honeycomb-like structure can make electromagnetic 

waves reflect inside for many times, thus attenuating 

electromagnetic waves. Similarly, the magnetic loss caused by 

the Co metal particles in the material will also attenuate 

electromagnetic waves, thereby improving the wave 

absorption performance. 

Figures 5c-d show that as the Co/C ratio increases, the 

impedance matching becomes worse while its effective 

impedance matching region becomes smaller. The effective 

impedance matching in Fig. 5c is split into two parts, while in 

d there is almost no effective impedance matching. It is also 

shown that when the Co/C content ratio reaches a certain value, 

the impedance matching of the material becomes worse with 

increasing content, leading to a deterioration of its absorption 

performance. This also explains why the absorption 

performance deteriorates when the ratio of Co/C content in the 

RL map is too large. However, when the ratio of Co/C content 

is too large, the decay competence of the sample is sufficient 

to absorb and attenuate electromagnetic waves. However, due 

to the poor impedance matching of the material, as shown in 

the figure for 20 % proportion content, when the content is too 

large, it is almost not in the range of Zin/Z0 =0.8 to 1.2, 

resulting in the overall electromagnetic wave absorption 

performance of the material.[39,40] Therefore, it was need to find 

the optimal ratio of Co/C content through experimental data to 

achieve the best match of material impedance matching and 

attenuation capability for the best absorption performance. 

In fact, a good performance of absorbing material not only 

needs good impedance matching, also needs to have excellent 

attenuation competence to burn off the incoming 

electromagnetic wave, because good impedance matching 

only said material is able to allow the electromagnetic wave 

into attenuation factor () calculated by the formula (3), 

diagram for the four samples of the relationship between 

frequency and attenuation factor. The attenuation coefficient 

of the pure carbon sample is inferior to that of the 0.05 mol/L 

sample, and its absorption is stronger. The reason for this is 

that 0.05 mol/L not only has a better impedance matching than 

the pure carbon sample, but also a better attenuation factor, 

which is consistent with the fact that the attenuation factor and 

impedance matching jointly determine the absorption capacity. 

However, the decay factors of 0.15-0.25 mol/L are worse than 

those of 0.05 mol/L, which leads to a reduction in the 

attenuation and loss capacity of the material to 

electromagnetic waves. As shown in Fig. 7, the adsorption 

properties of 0.15 mol/L and 0.25 mol/L are better than those 

of pure carbon. From this, it can be concluded that the higher 

the impedance matching is not the better, because when the 

high impedance matching, the attenuation factor is reduced, 

resulting in the electromagnetic wave cannot enter into the 

materials well, thereby reducing the absorption performance. 

However, if the attenuation factor is too low, the incident 

electromagnetic wave will be less lost, and the absorption 

performance of the materials will be reduced. Therefore, we 

need to choose the appropriate size of the attenuation factor 
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and find a suitable impedance matching and attenuation factor 

coordination range. The  can be expressed as:[46-50] 

𝛼 =
√2𝜋𝑓

𝑐
×

√(𝜇″𝜀″ − 𝜇′𝜀′) + √(𝜇″𝜀″ − 𝜇′𝜀′)2 + (𝜇′𝜀″ + 𝜇″𝜀′)2          (3) 

where μ' and μ'' are complex permeability, ε' and ε'' are 

complex permittivity. 

 
Fig. 7 Frequency dependances of the attenuation factor () for 

four samples. 

The complex ε and μ are two fundamental electromagnetic 

parameters that affect the interaction of an absorbing material 

with electromagnetic waves. The electromagnetic parameters 

of the material were studied and its effect of Co/C ratio on 

absorption properties of material was determined and 

demonstrated. Fig. 8 shows that ε' decreases with increasing 

Co/C ratio at 12.5 % and 15 % content (volume fraction), 

which is actually different from the normal perception. Since 

in the testing process we usually use paraffin and samples to 

construct the composite material, since their quality is 

determined, an increase in the Co/C ratio will increase the 

mass of the powder and thus decrease the volume fraction of 

the paraffin composite sample. The higher the concentration 

of the Co element, the smaller the volume fraction of the 

paraffin complex, so a decrease in the sample volume fraction 

generally leads to a decrease in the permittivity. In the range 

of 11 GHz to 15 GHz, there is a clear virtual peak and a 

significant reduce in the real component of the permittivity 

due to dielectric relaxation phenomena.[51-55] 

Figure 9a shows the tangent diagram of the dielectric loss 

of the prepared Co/C nanocomposite. There is a strong peak 

near 15 GHz, indicating that there is a strong dielectric loss 

here, which can correspond to a strong electromagnetic 

absorption band. 

 
Fig. 8 Frequency dependences of the complex permittivity (a, b) and magnetic permeability (c, d) for Co/C composites. 



Engineered Science                                                                                                                                                                                Research article        

 

© Engineered Science Publisher LLC 2023                                                                                                                                                       Eng. Sci., 2023, 26, 988 | 9  

 
Fig. 9 Image of dielectric loss tangent (a) and magnetic loss tangent (b) for the nanocomposites. 

 

According to the combination of Fig. 8 and Fig. 9, there 

are obvious loss peaks in the dielectric loss and magnetic loss 

curves of 12 ~ 18 GHz, and the Co-1 sample has the best 

comprehensive loss performance. Although Co-0, the blank 

group, has excellent magnetic loss performance, its dielectric 

loss is very poor, so its comprehensive absorption 

performance is the worst. 

The C0 is always used to express the contribution of eddy 

current loss to magnetic loss and is expressed by the formula 

(4):[56-60] 

𝐶0 = 𝜇"/(𝜇′2𝑓)                                (4) 

𝜇" = 2𝜋𝜇0(𝜇′
2)𝜎𝑑2𝑓/3                         (5) 

As can be seen in Fig. 10, the value of C0 changes significantly 

with increasing frequency and shows decreasing trend, 

indicating that vortex loss is absent in the nanocomposite. 

Therefore, the magnetic losses of the composite are dominated 

by natural resonance losses, and the representative hysteresis 

losses are also too feeble in the GHz frequency scope.[43-46] The  

 
Fig. 10 Eddy current loss (C0) as a function of frequency. 

absorption capacity of electromagnetic waves is a result of the 

combination of dielectric and magnetic losses. The 

experimental results show that the effect of dielectric loss on 

the absorbing properties of materials is dominant in this 

experiment. Therefore, when the peaks of ε'' and μ'' are 

inconsistent, the influence of ε'' on absorption capacity should 

be paid more attention.[56-62] 

 

4. Conclusion 

Here, the bio-gel based technology to fabricate a new porous 

Co/C nanocomposite was proposed. The amorphous carbon 

holds back the aggregation of Co nanoparticles, resulting in 

excellent impedance matching. On the basis of the seepage 

doctrine, the optimal ratio of Co/C content in the composite 

material was determined to make it have a good impedance 

matching. Under the condition of thin thickness, light weight 

and wide band, excellent reflection loss (RL < -10 dB) was 

obtained. Its excellent absorption performance originated from 

the resonances of cobalt nanoparticles in multilayer carbon 

structure and dielectric relaxation losses. This research offers 

a brand-new paradigm for confirming the optimal absorbent 

content by percolation theory which will trigger greatly real-

world applications on EM fields. 
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