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Abstract: In this study, MoS2/Mn-Zn ferrite composites were obtained by mixing MoS2 and Mn-Zn ferrite via 

high-speed vibrating ball milling. The dielectric properties, magnetic properties and microwave absorption 

performance of MoS2, Mn-Zn ferrite and their composites were investigated in the frequency of 2-18 GHz. 

Then the mechanism of electromagnetic loss was further explored. Our results show that the imaginary 

permittivity (ε'') and imaginary permeability (μ'') of MoS2/Mn-Zn ferrite composites are between those of 

their parents, indicating that the composites have both dielectric and magnetic loss. The absorption capability 

of the composites is better than that of MoS2 at low frequency, and at high frequency, it is better than that of 

Mn-Zn ferrite. Compared with their parents, the composites have thinner matching thicknesses and broader 

effective bandwidths without obviously affecting the minimum reflection loss (RL) (still between −50 dB to 

−60 dB). The broadest effective bandwidth is 3.43 GHz of MS-DMR40-2-1, and the thinnest matching 

thickness is 1.59 mm of MS-DMR40-1-2. The enhanced microwave absorption performances of 

MoS2/Mn-Zn ferrite composites are mainly attributed to the improved impedance matching and dual-loss 

mechanism. We believe that MoS2/Mn-Zn ferrite composites are promising for the potential applications as 

novel, efficient microwave absorbents. 

1 INTRODUCTION 

With the development of modern technology, more 

and more electronic products have entered people’s 

lives, bringing convenience to people while causing 

electromagnetic pollution. Compared with water 

pollution, air pollution and soil pollution, 

electromagnetic pollution is invisible and 

unsmellable, but it affects everyone all the time. 

Therefore, developing novel, efficient microwave 

absorption materials has always been a hot spot in the 

field of materials and environmental protection. 

In recent years, MoS2 is an emerging 

two-dimensional material that has attracted 

significant attentions. (Novoselov et al., 2005) 

prepared the single- or few-layer MoS2 by using 

mechanical cleavage, and these sheets exhibited high 

crystal quality. Then liquid exfoliation method was 

used to improve the preparation efficiency and yield 

(Coleman et al., 2011), this method is simple but the 

appearance of product is single. Hydrothermal 

method can be used to synthesize MoS2-based 

composites with different morphologies (Ding et al., 

2016) and phases (Li et al., 2017), which is beneficial 

for performance improvement. But the lateral size of 

the MoS2 films obtained by the aforementioned 

methods is often on the order of several micrometers 

(Lee, 2012). Lee et al (2012) obtained large-area 

MoS2 films on SiO2/Si substrates with chemical 

vapor deposition (CVD). This method can produce 

large-area films with controllable thickness and high 

crystallinity.  

Because of diverse preparation methods and 

unique physicochemical properties, MoS2 has widely 

applications in lubrication (Chhowalla and 

Amaratunga, 2000), semiconductor (Radisavljevic et 

al., 2011), catalysis (Jaramillo et al., 2007; Zhang et 

al., 2017) and energy storage (Wang et al., 2015). In 

addition, the large specific surface area and high 

dielectric constant make it an excellent microwave 

absorption material (Ning et al., 2015). (Liang et al., 

2016) investigated the microwave absorbing 

performance of two-dimensional MoS2 nanosheets 

synthesized by hydrothermal method. The minimum 

reflection loss (RL) was −47.8 dB and the effective 

bandwidth was up to 4.5 GHz (11-15.5 GHz) with the 
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thickness of 2.4 mm. Hierarchical MoS2 nanospheres 

compounded with polyvinylidene fluoride (PVDF) 

was designed by (Zhang et al., 2016), and this 

material showed an adjustable and improved 

performance in a wide frequency of 2-40 GHz. 

However, when MoS2 is used independently, it will 

suffer from poor impedance matching, which will 

attenuate the absorption capability. Therefore, many 

studies have focused on improving impedance 

matching characteristics, and compositing with 

magnetic materials is an important method to achieve 

this goal (Wang et al., 2018).   

Like carbonyl iron powder (CIP), ferrite is also a 

widely used magnetic material, especially Mn-Zn 

ferrite, with high magnetic permeability (Jiang et al., 

2012) and high Curie temperature (Ahmed et al., 

2015).(You et al., 2015) found that pre-sintered 

Mn-Zn ferrite had poor absorbing performance, and 

the minimum RL could only reached −2.9 dB, while 

the performance was significantly improved after 

annealing in H2 atmosphere. The minimum RL at 

13.6 GHz was −47.6 dB with the matching thickness 

of 1.85 mm. Obviously, this step increased the 

complexity and the cost. 

For these reasons, we proposed to combine MoS2 

with Mn-Zn ferrite, and the results showed that the 

composites had inherited the advantages of their 

parents, improved impedance matching and better 

absorbing performance. They were promising for the 

potential applications as novel, efficient microwave 

absorbents, and the study of mechanism was very 

meaningful for the design of microwave absorbing 

materials. 

2 EXPERIMENTAL SECTION 

2.1 Materials 

The commercial MoS2 powder with purity of 99% 

was purchased from Macklin. Mn-Zn ferrite, number 

DMR40, was purchased from DongCiCo., Ltd. All 

reagents were used as received without further 

purification or grind. 

2.2 Preparation of MoS2/Mn-Zn Ferrite 
Composites and Coaxial Ring 
Samples 

The composites were obtained by mixing commercial 

MoS2 and Mn-Zn ferrite at a certain mass ratio by 

high-speed vibrating ball milling (NJ1-QM-3A, 

Midwest Co. Ltd, Beijing). The vibration time was 

5min with grinding ball. After that, the paraffin and 

composite were weighed to achieve a mass ratio of 

1:4. The paraffin was then melted at 80°C, and the 

composite was added to the melted paraffin for 

mixing. The paraffin solidified after heating was 

terminated. A special mold was then used to prepare 

coaxial ring samples with an inner diameter of 3 mm, 

an outer diameter of 7 mm and a thickness of 2-4 mm. 

The coaxial ring samples of MoS2 and Mn-Zn ferrite 

were prepared in the same way without the vibration 

step. 

2.3 Characterization 

X-ray diffraction (XRD) patterns were recorded by 

using a Rigaku TTRⅢ X-ray diffractometer with Cu 

Kα radiation. Scanning electron microscopy (SEM) 

images were obtained using a VEGA 3 SBH. A 

vector network analyzer (VNA, Agilent, 8720ET) 

was used to measure electromagnetic properties. The 

testing frequency range was 2-18 GHz. 

3 RESULTS AND DISCUSSION 

3.1 Morphology and Structure 

MoS2 and Mn-Zn ferrite are pure components, and 

MS-DMR40-2-1 represents that the mass ratio of 

MoS2 to Mn-Zn ferrite in the composite is 2:1. The 

same notation applies to other composites.  

The XRD images of MoS2, Mn-Zn ferrite and 

their composite (MS-DMR40-1-1) are shown in 

Figure 1(a). We can find that the main diffraction 

peaks of MoS2 are well indexed to hexagonal 

MoS2(JCPDS 77-1716), and the main diffraction 

peaks of Mn-Zn ferrite are well indexed to 

Mn0.6Zn0.4Fe2O4 (JCPDS 74-2401). The XRD image 

of MS-DMR40-1-1 is the superposition of MoS2 and 

Mn-Zn ferrite. 

The SEM images of MoS2, Mn-Zn ferrite and 

their composite are shown in Figure 1(b)-(d). Small 

flakes with layer-structure can be observed in MoS2, 

and many polygonal blocks can be observed in 

Mn-Zn ferrite. Owing to the high-speed vibrating ball 

milling process, the composite consist of thinner 

MoS2 flakes and compressed ferrite polygonal 

blocks.  
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Figure 1: Characterization of MoS2, Mn-Zn ferrite and 

MoS2/Mn-Zn ferrite composite, XRD image (a); SEM 

images of (b) MoS2, (c) Mn-Zn ferrite, (d) 

MS-DMR40-1-1.  

3.2 Dielectric and Magnetic Properties 

The real part (ε') and the imaginary part (ε'') of the 

complex permittivity (εr=ε'–jε'') of MoS2, Mn-Zn 

ferrite and MoS2/Mn-Zn ferrite composties are shown 

in Figure 2. The ε' of the Mn-Zn ferrite is almost a 

constant in 2-14 GHz and fluctuates slightly in 14-18 

GHz. The ε' of MoS2 decreases with increasing 

frequency, and two inconspicuous relaxtion peaks 

appear at the mid-high frequency, corresponding to 

10.2 and 14.6 GHz, respectively; the ε' of composites 

decreases with increasing frequency with multiple 

relaxtion peaks at high frequency, and exhibits a 

remarkable dispersion effect like that of MoS2, which 

can be explained by the formula (1). 

 

Figure 2: The complex permittivity of MoS2, Mn-Zn ferrite 

and MoS2/Mn-Zn ferrite composites. 

In general, the dielectric loss can be expressed by 

the Debye theory as follows (Cao et al., 2012):  

 

𝜀′ = 𝜀∞ +
𝜀𝑠−𝜀∞

1+𝜔2𝜏2
                        (1) 

 

𝜀" =
𝜀𝑠−𝜀∞

1+𝜔2𝜏2
𝜔𝜏 +

σ

ω𝜀0
                     (2) 

 

Where σ is the dc conductive, ω is the angular 

frequency, τ is the polarization relaxation time, εs is 

the static permittivity, and ε∞ is the relative dielectric 

permittivity at the high frequency limit. 

According to the above two equations, the 

relationship between ε' and ε" can be deduced as 

follows:  

 

(𝜀′ −
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2
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2

+ (𝜀"
2
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Thus, the curve of ε' versus ε" is a single 

semicircle, which is called Cole-Cole semicircle, and 

each semicircle corresponds to a Debye relaxation 

process. As shown in Figure 3, two distinct 

semicircles can be observed in MoS2, corresponding 

to two resonance peaks appearing at 10.2 and 14.6 

GHz, indicating the dual-dielectric relaxation 

process. The composites have many segments of 

semicircles, corresponding to the resonance peaks 

appearing at high frequency, indicating the 

multi-dielectric relaxation process. 

 

    

Figure 3: The Cole-Cole semicircle of MoS2 and 

MoS2/Mn-Zn ferrite composties. 

The real part (μ') and the imaginary part (μ'') of the 

complex permeability (μr=μ'–jμ'') of MoS2, Mn-Zn 

ferrite and MoS2/Mn-Zn ferrite composties are shown 

in Figure 4. The μ' of MoS2 is floating around 1.1 

modestly, while the μ' of the Mn-Zn ferrite and  

composites exhibits the same trend, first decreasing 

and then increasing with increasing frequency. The 

μ" of MoS2 is almost 0, while the μ" of Mn-Zn ferrite 

and composites decreases with increasing frequency 

and drops to 0 at around 15 GHz, indicating that the 

magnetic loss is significant degraded. 
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Figure 4: The complex permeability of MoS2, Mn-Zn 

ferrite and MoS2/Mn-Zn ferrite composties. 

Generally, the magnetic loss is originated from 

hysteresis loss, domain-well resonance, eddy current 

effect and natural resonance. The hysteresis loss 

originating from the irreversible magnetization is 

negligible in a weak field (Wu et al., 2002), and the 

domain-well resonance usually appears in 1-100 

MHz (Lu et al., 2008), so these two mechanisms can 

be excluded. Therefore, eddy current effect and 

natural resonance may be the main causes of 

magnetic loss. 

The eddy current effect can be calculated from the 

skin-effect criterion. If C0=μ"(μ')-2ƒ-1 does not change 

with frequency, it means that the magnetic loss in this 

frequency range is originated from the eddy current 

effect (Liu et al., 2015). As shown in Figure 5, the C0 

values of the composites are almost a constant. 

Therefore, the magnetic loss of Mn-Zn ferrite is 

mainly caused by natural resonance, while the 

magnetic loss of the composites is mainly caused by 

natural resonance and eddy current effect. 

 

Figure 5: The C0 values of Mn-Zn ferrite and MoS2/Mn-Zn 

ferrite composties. 

The dielectric tangent loss (tanδε), magnetic loss 

tangent (tanδμ) and dissipation factor (tanδ=tanδε + 

tanδμ) are shown in Figure 6. It is proved that MoS2 is 

mainly dielectric loss material due to the fact that its 

tanδε is much larger than its tanδμ. Although many 

researches categorize ferrite as dielectric and 

magnetic loss material, our results show that Mn-Zn 

ferrite is mainly magnetic loss material due to the fact 

that its tanδμ is much larger than its tanδε. Figure 6 

shows considerably large tanδε and tanδμ of the 

composites, indicating a dual-loss mechanism. The 

composites not only improve the microwave 

absorption capability of the MoS2 at low frequency, 

but also improve the microwave absorption capability 

of Mn-Zn ferrite at high frequency. 

 

 

Figure 6: The (a) dielectric loss tangent, (b) magnetic loss 

tangent and (c) dissipation factor of MoS2, Mn-Zn ferrite 

and MoS2/Mn-Zn ferrite composties. 

3.3 Microwave Absorption 
Performance 

According to the transmission line theory, for 

single-layer microwave absorbents coated with metal 

backing, the RL values can be calculated from the 

measured electromagnetic parameters of coaxial ring 

samples at a given thickness and frequency:  

 

RL(dB)=20lg |
Zin-Z0

Zin+Z0
|                     (4) 

where Z0 is the impedance of air, Zin is the input 

impedance, which can be expressed as 

 

  Zin=Z0√
μr

εr
tanh [j

2πfd

c √μ
r
ε

r
]            (5) 

 

where 𝜀r and 𝜇r are the complex permittivity and 

permeability of the absorbent, respectively, f is the 

frequency of incident electromagnetic wave, d is the 

thickness of the absorber and c is the velocity of light 

in free space. 

We compare microwave absorption performance 

of MoS2, Mn-Zn ferrite and MoS2/Mn-Zn ferrite 

composites. As shown in Table 1 and Figure 7, the 
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minimum RL of MoS2 is −62.5 dB at 7.12 GHz with 

the matching thickness of 3.90 mm, and the effective 

bandwidth is 2.72 GHz (<−10 dB). The minimum RL 

of Mn-Zn ferrite is −42.7 dB at 13.48 GHz with the 

matching thickness of 1.91 mm, and the effective 

bandwidth is 2.35 GHz (<−10 dB). We can find that 

MoS2 is dominant in getting higher RL, while Mn-Zn 

ferrite is dominant in getting thinner matching 

thickness. So, we propose that combining these two 

materials will result in a more optimized absorber. 

The effective bandwidths of the composites increase 

significantly, which are wider than those of their 

parents. The effective bandwidth of MS-DMR40-2-1 

is up to 3.43 GHz. The matching thicknesses of the 

composites are thinner or at least equal than those of 

their parents. The matching thickness of 

MS-DMR40-1-2 is decreased to 1.59 mm, indicating 

that the impedance matching is improved. However, 

in order to achieve the effect of impedance matching, 

we scarify the microwave absorption capability. That 

is to say, although the magnetic permeability of the 

composites increases, the dielectric permittivity 

decreases. The increase in magnetic loss can not 

compensate for the decrease in dielectric loss. 

Meanwhile, it should be recognized that when the RL 

is below −10 dB, 90% of the microwave has been 

attenuated, and the improvement in effective 

bandwidth and matching thickness is more 

meaningful than increasing the minmum RL value. 

So, we think that the composites perform better than 

MoS2 and Mn-Zn ferrite, and the development of the 

composites is very meaningful for practical 

applications. 

Table 1: Microwave absorption performance of MoS2, 

Mn-Zn ferrite and MoS2/Mn-Zn ferrite composites. 

Sample 

Effective 

bandwidth 

/GHz 

RL 

/dB 

Matching 

thickness 

/mm 

MoS2 2.72 −62.50 3.90 

MS-DMR40-2-1 3.43 −51.12 1.91 

MS-DMR40-1-1 3.22 −50.75 1.80 

MS-DMR40-1-2 3.15 −59.03 1.59 

Mn-Zn ferrite 

(DMR40) 
2.35 −42.76 1.91 

 

Figure 7: The theoretical RL curves of MoS2, Mn-Zn ferrite 

and MoS2/Mn-Zn ferrite. 

4 CONCLUSIONS 

In summary, we designed MoS2/Mn-Zn ferrite 

composites by high-speed vibrating ball milling, and 

studied their electromagnetic performance. MoS2 had 

the largest ε'' value and smallest μ'' value, while 

Mn-Zn ferrite was the opposite. The ε'' and μ'' of the 

composites were between those of MoS2 and Mn-Zn 

ferrite, which meant a dual-loss mechanism in these 

absorbers. According to Debye theory, MoS2 had a 

dual-dielectric relaxation process, while composites 

had a multi-dielectric relaxation process. According 

to the analysis of magnetic loss mechanism, the 

magnetic loss of Mn-Zn ferrite was mainly caused by 

natural resonance, while the magnetic loss of the 

composites was mainly caused by natural resonance 

and eddy current effect. We conclued that the 

improved performance of composites were mainly 

attibuted to the following three points: (1) the 

composites have both dielectric and magnetic loss; 

(2)the better impedance matching characteristics; (3) 

synergistic effect of MoS2 and Mn-Zn ferrite. 

This paper not only obtains microwave absorption 

materials with excellent performance, but also 

explores electromagnetic loss mechanism. We 

anticipate that our study could provide reference for 

the design and theoretical analysis of absorbing 

materials. 
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