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ABSTRACT

Promising microwave absorbers possessing thin, light, wide, strong and high

stability characteristics can be achieved by designing its microstructure and

manipulating reasonable components. In this work, 3D flower-like MoS2 deco-

rated by hollow CoFe2O4 (CFO) nanospheres was synthesized through a two-

step hydrothermal method. Reflection loss values of the synthesized 1 T/2H

MoS2@CFO composites were calculated by transmission line theory and the

minimum reflection loss value was - 64.66 dB with 50 wt% filler loading at

2.28 mm with corresponding effective absorption bandwidth of 3.59 GHz

(9.60–13.19 GHz). Meanwhile, under the same filling ratio, the maximum

effective absorption bandwidth of 4.46 GHz ranging from 11.53 to 15.99 GHz

was achieved at a thinner matching thickness of 1.94 mm with corresponding

reflection loss value of - 46.85 dB. The results showed 1 T/2H MoS2@CFO

composites displayed excellent microwave absorption performances which

were mainly attributed to the synergistic effect of magnetic loss, dielectric loss,

reasonable impedance matching, polarization relaxation and multi-scattering/

reflection.

Introduction

Rapid development of communication technology in

Gigahertz Bands and popularization of electronic

products have brought great convenience to human

life. But it also brought increasingly serious

electromagnetic (EM) pollution problems which not

only affect normal operation of sophisticated equip-

ment, but also harmful to human health when

exposure to strong EM environment for long-term

[1, 2]. Microwave absorbing materials (MAMs) can

effectively convert EM energy to thermal energy or
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mechanical energy through multiple attenuation

mechanisms which is beneficial for solving EM pol-

lution. With the development of MAMs, efficient

microwave absorbers should simultaneously meet

higher requirements of thin matching thickness,

Light weight, wide absorption bandwidth, strong

absorption capability, high thermal and chemical

stability [3–6]. Up to date, ferrites [7, 8], carbon

materials [9–11], MXene [12, 13], conductive poly-

mers [14, 15], metal compounds [16–18] and their

composites have been widely researched for micro-

wave absorbers. CoFe2O4 is a typical ferrite material

with high saturation magnetization and high coer-

civity. However, its practical application is limited by

its high snoek’s limit, high density and narrow

effective absorption bandwidth. To solve this prob-

lem, it is an effective strategy to combine ferrite

materials with dielectric materials [19, 20].

Among many dielectric materials, transition metal

dichalcogenides (TMDs) have attracted the attention

of researchers due to their large specific surface area,

abundant functional groups, unique structures and

excellent optical, electrical, chemical and physical

properties [21–24]. As one of representative dielectric

materials, layered MoS2 which is composed of S-Mo-

S possesses many types of phases, such as semicon-

ductor type 2H phase (hexagonal structure), metal

type 1 T phase (square structure) and insulator type

3R (rhombic structure). 2H phase possessing semi-

conductor properties is stable with direct band gap of

1.3–1.9 eV. 1 T phase is metastable with more abun-

dant active sites at the edge and excellent conduc-

tivity. 1 T/2HMoS2 combining advantages of 2H and

1 T phases has both semiconductor and metal prop-

erties. Therefore, it can better adjust the dielectric

properties of MoS2 which is beneficial for electro-

magnetic waves (EMW) attenuation and impedance

matching optimization [25].

Up to now, design of novel microstructure com-

bined ferrites with MoS2 is research hotspots in the

field of microwave absorption. Wang et al. [26] syn-

thesized flower-like ZnFe2O4@MoS2 composites by

hydrothermal method which possess the minimum

reflection loss (RLmin) value of - 61.8 dB with

3.0 mm thickness at 9.5 GHz, corresponding to

effective absorption bandwidth of 5.8 GHz which

covers the entire X-band. Zhu et al. [27] designed a

3D nested structure CoFe2O4@1 T/2H MoS2 and

CoFe2O4 nanospheres completely wrapped in nested

hollow 1 T/2H MoS2 by a two-step hydrothermal

method, with its RLmin value of - 68.5 dB when the

thickness was 1.81 mm and maximum effective

absorption bandwidth (EABmax) of 4.56 GHz when

the thickness was 1.6 mm. Wang et al. [28] reported a

3D hierarchical MoS2/Fe3O4/graphene composite

material by a two-step hydrothermal method, with its

EABmax of as high as 7.40 GHz and corresponding

reflection loss value of - 45.8 dB when the thickness

was 2.5 mm. Chen et al. [29] synthesized ultrafine

cobalt ferrite-supported MoS2@n–C@CoFe2O4 ternary

composites by a one-pot method which exhibits

excellent EMW absorption performances with RLmin

value of - 46.7 dB, corresponding to effective

absorption bandwidth (EAB) of 3.5 GHz at 2.4 mm.

As described above, these composites all exhibited

excellent microwave absorption capability, indicating

the synergistic effect of dielectric and magnetic loss is

significant for microwave absorbers. However, there

are still some problems to be solved, including com-

paratively heavy mass of solid ferrites and untunable

dielectric properties of MoS2, both of which are

unfavorable circumstance for practical applications of

microwave absorbers. Design of hollow structure and

regulate content of 1 T phase in MoS2 are effective

strategies.

In this work, taking into account of light weight

and flexible dielectric properties, flower-like 1 T/2H

MoS2 decorated with hollow CFO microspheres was

synthesized by a mild two-step hydrothermal

method. A series of 1 T/2H MoS2@CFO composites

were obtained by adjusting the initial reaction con-

centration of MoS2 and EM parameters were also

regulated. Benefiting from good impedance matching

and enhanced microwave attenuation capability, the

as-synthesized 1 T/2H MoS2@CFO composites

exhibited thin matching thickness, Light weight,

wide absorption bandwidth and strong absorption

capability [30]. In addition, absorption mechanisms

of as-synthesized composites were also analyzed in

detail.

Experimental procedures

Materials

Ferric chloride hexahydrate (FeCl3�6H2O), cobalt

chloride hexahydrate (CoCl2�6H2O), ethylene glycol

(EG) and ammonium acetate (NH4Ac), ammonium

molybdate tetrahydrate ((NH4)6Mo7O24�4H2O),
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thiourea (CH4N2S), sodium lauryl sulfonate (C12H25-

NaO3S), anhydrous ethanol (CH3CH2OH) were pur-

chased from Chemart Chemical Technology Co., Ltd.

(Tianjin, China). Polyvinylpyrrolidone (PVP) was

purchased from Mreda Technology Co., Ltd. (Beijing,

China). All reagents were analytical grade and used

directly without further purification. Deionized water

(DI) was used for all experiments.

Synthesis of hollow CFO microspheres

CFO hollow spheres were prepared by solvothermal

method. First, 5.68 g FeCl3�6H2O (0.02 mol) and

2.50 g CoCl2�6H2O (0.01 mol) were poured into a

solution of EG (175 ml) fully dissolved with 0.24 g

C12H25NaO3S. The solution was stirred by magnetic

stirrer 1 h at room temperature. Then, 40.47 NH4Ac

was added into the above solution and ultrasonic

treatment for 30 min. Finally, the homogeneous

mixture was transferred into a Teflon-lined stainless

steel autoclave (250 ml) and held at 180 �C for 24 h.

After that, it was naturally cooled to room tempera-

ture and the black sediments were collected and

separated magnetically. Finally, the separated sam-

ples were vacuum dried at 60 �C for 12 h, then the

obtained CFO powders were ground for the next

step.

Synthesis of 1T/2H MoS2@CFO composites

1 T/2H MoS2@CFO composites were also prepared

by hydrothermal method. First, 0.79 g ((NH4)6-
Mo7O24�4H2O), 1.37 g CH4N2S (molar ratio 1:4) and

5.00 g PVP were dispersed in 175 mL DI, then the

above mixture dissolved by magnetic stirring for 1 h.

After that, 0.16 g CFO powder was added into the

solution by ultrasonic treatment for 15 min. Then the

mixed solution was transferred to a Teflon-lined

stainless steel autoclave (250 ml) and held at 180 �C
for 16 h. Thereafter, it was naturally cooled to room

temperature and the final product was separated by

centrifugation (8000 r�min-1), then washed with DI

and anhydrous ethanol alternately for three times.

Later, the separated sample was vacuum dried at

60 �C for 12 h and the obtained sample was named

S1. In order to investigate the effect of concentration

on the morphology and microwave absorption per-

formances of 1 T/2H MoS2@CFO, different initial

reaction concentrations of 0.025 mol/L, 0.05 mol/L

and 0.10 mol/L were used while keep the molar ratio

of molybdenum to sulfur at 1:4 in each solution,

samples finally obtained were named as S1, S2 and

S3, respectively. As a comparison, pure MoS2 was

synthesized without CFO added which was named

as MoS2. 1 T/2H MoS2@CFO composites with dif-

ferent mass ratios of CoFe2O4 to MoS2 are shown in

Table 1. Figure 1 shows the procedures of synthe-

sizing 1 T/2H MoS2@CFO composites.

Characterization and measurement

Crystalline structures of samples were characterized

by X-ray diffractometer (XRD, Bruker, D8-Discover)

equipped with Cu/Ka radiation (k = 0.15418 nm).

FEI scanning electron microscope (FE-SEM, JEOL,

JSM-7610F) as well as transmission electron micro-

scope (TEM, JEOL, JEM-2100F) were used to analyze

morphologies and structures of samples. Raman

spectra were recorded by Raman spectroscopy

(Raman, HORIBA, LabRAM HR Evolution) with

532 nm Ar? laser excitation. Physical Property Mea-

surement System (PPMS, Quantum Design Inc,

Dynacool-9 T) and X-ray photoelectron spectroscopy

(XPS, Thermo Fisher Scientific, Escalab-250Xi) were

applied to investigate the static magnetic properties

and chemical states of samples, respectively. EM

parameters of samples were carried out on a vector

network analyzer (VAN, CETC, AV3672C) from 2 to

18 GHz based on coaxial-line approach and the

samples were prepared by homogeneously blending

products (50 wt.%) with paraffin wax (50 wt.%), then

they were pressed into toroidal-shaped samples

(Uout = 7.00 mm, Uin = 3.04 mm,) with a tunable

thickness (d = 2–3 mm). Reflection loss values were

simulated according to transmit line theory [31].

Results and discussion

Phase and composition

As shown in Fig. 2a, characteristic peaks appear at

18.3�, 30.1�, 35.4�, 37.1�, 43.1�, 53.5�, 57.0�, 62.6�, 65.8�,
71.0�, 74.0� corresponding to (111), (220), (311), (222),

(400), (422), (511), (440), (531), (620), (533) crystal

planes of CFO (Spinel structure, JCPDS card No.:

22–1086) respectively and no other impurity peaks

were found, indicating that high purity of the syn-

thesized samples [32]. It should be noted that the

grain size of (311) crystal plane is 42.5 nm (calculated
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by Debye Scherrer formula, larger than the critical

size of 25 nm) which will show a certain ferromag-

netism [33]. Characteristic diffraction peaks located at

32.7�, 35.9�, 39.5�, 44.2�, 49.8�, 58.3� are indexed to be

(100), (102), (103), (006), (105), (110) crystal planes of

hexagonal 2H MoS2 (JCPDS card No.: 37–1492),

respectively [34, 35]. Compared with the peak of

pristine (002) plane at 14.4� of 2H MoS2, a new peak

of (002) plane appears at a lower angle of 9.4� and a

new second-order diffraction peak of (004) appears at

17.4� which are corresponding to the characteristic

peaks of 1 T MoS2. In addition, corresponding d

spacing difference between pristine (002) peak and

the new (002) peak is about 3.1 Å which is consistent

with hydrogen-bonding diameter (&3.5 Å) of

ammonium ions in metal disulfides [36, 37]. It could

be further speculated that expansion of layer spacing

is mainly caused by a large amount of NH4? pro-

vided by the decomposition of sufficient ammonium

molybdate and thiourea during hydrothermal reac-

tion which is consistent with previous research

results [21, 38]. Diffraction peaks present two kinds of

crystal structures, indicating the existence of CFO

and MoS2 phases and successful synthesis of the

composites.

To further demonstrate the presence of 1 T MoS2 in

the composites, Fig. 2b shows Raman spectroscopy

test results of CFO, MoS2, S1, S2 and S3. The CFO, S1,

S2 and S3 all show Raman features at 214 and

267 cm-1 corresponding to O-site mode which

reflects local lattice effect in octahedral sub lattice,

confirming that all the as-synthesized samples are of

cubic mixed (or inverse) CFO spinel with space Fd3m

group [39]. The characteristic peaks appearing at 282,

376 and 404 cm-1 corresponding to E1g, E2g
1 and A1g

Raman vibrational modes of 2H MoS2, respectively.

While the peaks located at 146, 234 and 334 cm-1

corresponding to J1, J2 and J3 Raman modes of 1 T

MoS2, respectively. The results above show that the

composite is composed of 1 T/2H MoS2. In addition,

the spacing between A1g and E2g
1 is 28 cm-1, mean-

ing the layer thickness of few-layer structure is about

4–5 layers [40, 41]. With the increase of layer num-

bers, A1g will offset right and E2g
1 will offset left.

Moreover, intensity of J1, J2 and J3 peaks will grad-

ually increase, indicating higher initial reaction con-

centration of MoS2 will lead to more favorable

Table 1 Samples with

different initial reaction

concentrations

Samples CFO (g) CMoS2 (mol/L) MoS2 (g) m(CFO):m(MoS2)

S1 0.16 0.025 0.72 22.22

S2 0.16 0.05 1.44 11.11

S3 0.16 0.10 2.88 5.56

MoS2 0 0.10 2.88 0.00

Figure 1 Schematic

illustration of synthetic 1 T/2H

MoS2@CFO composite.
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transformation of 1 T phases which is beneficial to

conduction loss. Additionally, it is clear that intensity

of E2g
1 and A1g peaks of S3 decreases compared with

that of MoS2, proving that addition of CFO is bene-

ficial to the transformation of 2H phase into 1 T phase

[27].

To clearly show chemical valence state and element

content of the sample surface, XPS spectra test results

are shown in Fig. 3a. The obvious Co 2p, Fe 2p, O 1 s,

Mo 3d and S 2p peaks confirm the presence of Co, Fe,

O, Mo and S elements. As described above, S3 pos-

sesses the highest relative content of 1 T phase

(Fig. 2b) and high-resolution spectrum of S3 is shown

in Fig. 3b–f. In Fig. 3b, peaks at 796.9 eV and 781.4 eV

can be assigned to Co 2p1/2 and Co 2p3/2 of Co2?

respectively. Satellite peaks of 805.1 eV and 787.5 eV

are attributed to the presence of Co?2 under oxida-

tion state [42]. In Fig. 3c, peaks at 725.5 eV and

710.8 eV can be assigned to Fe 2p1/2 and Fe 2p3/2 of

Fe3? respectively [43]. Characteristic peaks of

532.8 eV, 531.7 eV, 530.5 eV in Fig. 3d are lattice

oxygen in MoO3, H2O and CFO, respectively [44]. In

Fig. 3e, peaks of 232.0 eV and 228.7 eV can be

assigned to Mo 3d3/2 and Mo 3d3/2 of Mo4? in MoS2
which is consist with the peaks of 2H MoS2 (232.5 eV

and 229.5 eV) and 1 T MoS2 (231.6 eV and 228.5 eV),

respectively. It is known that 1 T phase is

metastable and its overall binding energy is about

1.0 eV which is lower than that of 2H phase [1, 45].

Peak of 235.5 eV corresponds to Mo6? of highly val-

ued oxidation state of MoO3, peak of 225.6 eV cor-

responds to S2-. As shown in Fig. 3f, there are three

distinctive characteristic peaks in high-resolution XPS

spectra of S 2 s, 168.9 eV, 162.9 eV and 161.7 eV

correspond to sulfur oxides, S 2p1/2 and S 2p3/2 of

S2- respectively. All of these show the presence of

Figure 2 a XRD patterns of CFO, MoS2, S1, S2 and S3. b Raman spectra of CFO, MoS2, S1, S2 and S3.
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Co2?, Fe3?, O2-, Mo4? and S2- which is consistent

with the XRD results [25, 46]. Moreover, relative

contents of 1 T phase of S1, S2 and S3 are 58.05%,

61.28% and 63.42%, respectively (detailed calculation

processes of 1 T contents in S1-S3 refers to Fig. S1 in

the supporting information document). Meaning the

content of 1 T phase increases with the increase of

initial reaction concentration of MoS2. It has been

proved that 1 T phase has higher conductivity com-

pared with 2H phase and as its proportion increases,

1 T/2H MoS2 composites will show better conduc-

tion loss performances [15].

Morphology and structure

Figure 4 shows morphologies of the samples. As

shown in Fig. 4a and b, hollow spherical CFO with

average diameter of 260 nm. Figure 4c shows the

structure of MoS2 with nanoflower morphology

which is self-assembled from curled MoS2 nanosh-

eets, and its average diameter is about 1.8 um. Fig-

ure 4d, e, f shows the morphologies of S1, S2 and S3,

it is clear that the CFO nanospheres are well dis-

persed on the surface of MoS2 matrix, while the

morphology and size of CFO nanospheres change

little. Overall morphologies of S1-S3 evolve from

amorphous shape to flower-like with the increase of

initial reaction concentration of MoS2 and the size of

MoS2 nanosheets also obviously increases. Mean-

while, more interfaces are formed which are benefi-

cial to improve interface polarization [19, 47].

Figure 5 shows the structure and morphology of

1 T/2H MoS2@CFO composites. Figure 5 and a1

shows the microstructure of CFO, darker center and

brighter surroundings prove the hollow structures of

CFO nanospheres, hollow CFO microspheres could

reduce its structural density to a certain extent com-

pared to the solid structures [6, 26, 48]. In Fig. 5b and

c, lattice stripes are clear and the interplanar spacing

is 0.254 nm which corresponds to d(311) of CFO. Fig-

ure 5b1 shows the bright diffraction rings of CFO,

indicating CFO belongs to polycrystalline with high

crystallinity. Meanwhile, all planes can be well

indexed as spinel structure which is consistent with

XRD test results (Fig. 2a). Figure 5d shows the mor-

phology of MoS2, it could be clearly observed that the

stacking of lamellar structures. Figure 5e shows the

selected area electron diffraction (SAED) result of S3

Figure 3 XPS spectra of 1 T/2H MoS2@CFO a survey scan of S1, S2 and S3. b Co 2p, c Fe 2p, d O 1 s, e Mo 3d and f S 2p of sample

S3.
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and the diffraction rings corresponding to (004)

crystal plane of MoS2 and (311), (511) crystal planes

of CFO. Figure 5f shows the element distribution of

Co, Fe, O, Mo and S element in S3 which further

confirm the uniform distribution of MoS2 and CFO

[27, 35].

Microwave absorption performance

Generally, microwave absorption performances

mainly depend on attenuation ability of absorber and

impedance matching conditions. To investigate the

microwave absorption performances of 1 T/2H

MoS2@CFO, relative complex permittivity

(er ¼ e0 � je00) and relative complex permeability

(lr ¼ l0 � jl00) were measured in the range of 2–

18 GHz by coaxial method, both of which were fre-

quency correlation. The real parts of e
0
and l0 repre-

sent the ability to store EMW energy, imaginary parts

of e00 and l00 represent to the ability to dissipate EMW

energy. Based on the transmission line theory,

reflection loss (RL) can be calculated by Eq. (1–3)

[29, 49]:

Zin ¼ Z0ðlr=erÞ
1
2 tanh j

2pfd
c

� �
ðlrerÞ

1
2

� �
ð1Þ

RL dBð Þ ¼ 20log
Zin � Z0

Zin þ Z0

����
���� ð2Þ

Z ¼ Zin

Z0

����
���� ¼ ðlrerÞ

1
2 tanh j

2pfd
c

� �
ðlrerÞ

1
2

� �
ð3Þ

where Z0 is free space impedance value (377 X), Zin is

input characteristic impedance, c is velocity of EMW

in free space, f is EMW frequency, d is thickness of

absorber layer, er and lr are relative complex per-

mittivity and relative complex permeability, respec-

tively. Z is normalized characteristic impedance of

the material. When the input impedance Zin is equal

to the free space impedance Z0, EMW can completely

enter the inside of absorber without any reflection, so

ideal normalized characteristic impedance Z should

be as close as possible to 1 [50].

Figure 6 shows the frequency-dependent RL value

within the frequency of 2–18 GHz and thickness of

2.00–5.50 mm with a filler loading of 50 wt.%. RL

value bellows - 10 dB represents 90% of electro-

magnetic energy will be effectively attenuated,

meaning corresponding frequency range is the

effective absorption bandwidth (EAB). RL and EAB

are two main indicators to evaluate microwave

absorption capacity of materials. It can be seen from

Fig. 6a and d, S1 shows RLmin of - 16.68 dB at

15.73 GHz with a matched thickness of 5.50 mm and

the effective absorption bandwidth is 2.45 GHz (from

Figure 4 FE-SEM images a, b CFO, c MoS2, d S1, e S2, f S3.
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14.76 to 17.20 GHz). As shown in Fig. 6b and e, S2

has RLmin value of - 14.84 dB at 16.16 GHz with a

thickness of 5.50 mm, corresponding to effective

absorption bandwidth of 2.54 GHz (from 14.94 to

17.48 GHz). Overall microwave attenuation capabil-

ity of S2 is stronger than that of S1. As shown in

Fig. 6c and f, S3 shows RLmin value of - 64.66 dB at

11.09 GHz with a thinner matched thickness of

2.28 mm and EABmax extends up to 4.46 GHz from

11.53 to 15.99 GHz with thinner thickness of

1.94 mm. All of these means that S3 displays the

optimal microwave absorption capability and widest

effective absorption bandwidth, demonstrating

excellent microwave absorption performances [27]. It

should be noted that the overall RL value decreases

from S1 to S3, meaning their microwave absorption

capacity is gradually enhanced. Z value correspond-

ing to each reflection loss peak also matches the ideal

normalized characteristic impedance Z value (Z = 1)

gradually, indicating the adjust of MoS2 initial reac-

tion concentration can regulate the EM parameters

and optimize the impedance matching in turn.

Suitable impedance matching can promote EMW to

enter the absorbers fully and reduce EMW reflection

at the interface between the absorbing material and

Figure 5 a, a1 TEM images of CFO, b, b1 HRTEM and SEAD of CFO, c layered structure of CFO, d TEM image of MoS2, e SEAD of

S3, f EDX mapping of Fe, Co, O, Mo and S element in S3.
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air, which is a prerequisite for effective attenuation of

EMW [8, 12].

According to the quarter wavelength matching

model (k=4), the relationship between matching

thickness (dm) and absorption peak frequency (fm) can

be calculated by Eq. (4) [51].

dm ¼ nk
4

¼ nc

4fm
ffiffiffiffiffiffiffiffiffiffiffiffiffi
lrj j erj j

p n ¼ 1; 3; 5 � � �ð Þ ð4Þ

where c is velocity of EMW in free space, k is

wavelength of EMW, er and lr represent relative

complex permittivity and relative complex perme-

ability, respectively. Figure 7 shows the correlation

between reflection loss and k=4 theoretical model, it

can be found that the experimental value dexp fits well

with dfit, indicating the actual match thickness satis-

fies the theoretical model. In addition, phase differ-

ence between the reflected wave at the interface of

wave absorbing material close to the air side and the

reflected wave from the metal back bottom is just

180�, thereby two reflected waves interfere. In addi-

tion, as the matching thickness increasing, the fre-

quency corresponding to reflection loss peak shift to a

lower frequency, meaning tailorable absorbing per-

formance in the target frequency range could be

achieved by changing the matching thickness [52, 53].

Static magnetic property

Figure 8a shows static magnetic properties of the

samples under external magnetic field (± 20,000 Oe)

at 300 K. It is clear that all samples show ferromag-

netic behavior, indicating the samples have magnetic

loss capability which is necessary for microwave

absorption [35]. CFO has the highest saturation

magnetization strength (Ms, 81.78 emu/g) and low-

est coercivity (Hc, 735.23 Oe). In addition, Ms and Mr

decrease gradually from S1 to S3, whereas the coer-

civity shows an increasing trend due to the increase

of non-magnetic component of MoS2 (Table 2) [54].

Figure 6 a–c RL-f curves and modulus of normalized input impedance, d–f 3D RL plots of S1, S2 and S3.
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High Ms and low Hc increase the initial permeability

of 1 T/2H MoS2@CFO composites. High initial per-

meability is beneficial to enhance magnetic loss

capability and initial permeability can be expressed

by Eq. (5) [55, 56].

li ¼
M2

s

aKHcMs þ bkn
ð5Þ

where a and b represent constants, k and n represent

elasticity and magnetostriction, respectively. Initial

permeability of the samples can be inferred from

Eq. (1) as follows: CFO[ S1[ S2[ S3. In Fig. 8b,

MoS2 exhibits some anti-magnetism which is attrib-

uted to the sawtooth edge in ferromagnetic ground

state and the coupling effect of sawtooth edge and

interlayer [57, 58].

Electromagnetic parameters

To further reveal the microwave absorption mecha-

nism of the composites, EM parameters were tested

and shown in Fig. 9. The real and imaginary parts of

dielectric constant, dielectric loss tangent

ðtane ¼ e
00
=e

0 Þ, the real and imaginary parts magnetic

permeability and magnetic loss tangent

ðtanl ¼ l00=l0) were considered. As showed in Fig. 9a,

e
0
values decreased with the increasing of frequency

which is attributed to the orientation polarization of

electric dipoles in the change of electric field [1]. In

Fig. 9b, e
00

values show a growing trend with

Figure 7 a–c 2D RL plots and simulation values of thickness (dm) versus frequency (fm) under k=4 conditions.

Figure 8 Hysteresis of samples at 300 K a CFO, S1, S2, S3. b MoS2.

Table 2 Detailed saturation magnetization (Ms), residual

magnetization (Mr) and coercivity (Hc) of samples

Sample Ms Mr Hc

CFO 81.78 28.91 735.23

S1 26.24 12.36 1200.15

S2 12.64 5.87 1227.34

S3 6.11 2.93 1140.34
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increasing MoS2 content from S1 to S3. According to

the free electron theory [15], e
00 ¼ r=2e0pQf , e0 and r

represent the dielectric constant and conductivity in

vacuum, respectively. High conductivity corresponds

to a high e
00
. It is known that 2H MoS2 is a semicon-

ductor material possessing general conductivity, with

the introduction of 1 T phase (high conductivity), its

e
00

gradually increases. Higher e
00

means higher

dielectric loss capability which is beneficial to

microwave absorption. Tane (Fig. 9c) also shows

similar tendency to that of e
00
and the overall dielectric

loss capability can be ranked as S3[ S2[ S1. As

shown in Fig. 9d, l0 decreases gradually with fre-

quency increasing from 2 to 14 GHz and fluctuates

continuously within the frequency of 14–18 GHz.

While, for l00, all samples show obvious vibration

peaks and the peaks gradually shift to lower fre-

quencies (Fig. 9e). Considering that magnetic loss is

mainly attributed to CFO (Fig. 9f), it may be caused

by natural resonance and exchange resonance of

magnetic CFO. Similarly, tanl shows similar trend as

l00 and overall magnetic loss capability is ranked as

S1[ S2[ S3, which is consistent with the results of

initial permeability (Fig. 8a). It is obvious that tane

([ 0.1) of 1 T/2H MoS2@CFO composite is much

larger than tanl (\ 0.025), indicating attenuation

ability of EMW is dominated by dielectric loss and

supplemented by magnetic loss [59].

In order to comprehensively evaluate the EMW

attenuation ability of 1 T/2H MoS2@CFO composite,

total loss (Eq. (6)) and internal attenuation constant

að Þ(Eq. (7)) were used in this work [60]:

Total loss ¼ tande þ tandl ð6Þ

a ¼
ffiffiffi
2

p
pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ2þ l0e00 þ l00e0ð Þ2

qr

ð7Þ

Figure 10a shows total loss of the samples, it could

be found that the total loss capability of sample S3 is

much larger than S1 and S2 which is consistent with

the overall trend of attenuation constant in Fig. 10b.

Compared with S1 and S2, a of S3 shows obvious

advantage in the whole frequency range of 2–

18 GHz, meaning S3 will exhibit the optimal micro-

wave absorption capability. Magnetic loss is mainly

attributed to hysteresis loss, domain wall resonance,

exchange resonance, natural resonance and eddy

current loss, where hysteresis loss and domain wall

Figure 9 a, b Complex permittivity, c dielectric loss tangent, d, e complex permeability and f magnetic loss tangent for sample S1, S2

and S3.
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resonance mainly occur in MHz frequency range.

Natural resonance occurs in low frequency range (2–

10 GHz) while exchange resonance mainly occurs in

high frequency range (10–18 GHz) [15]. Eddy current

loss can be expressed as Eqs. (8) and (9) [19, 61].

l00 � 2pl0 l0ð Þ2rd2
3

ð8Þ

C0 ¼ l00 l0ð Þ�2
f�1 ¼ 2pl0rd

2

3
ð9Þ

where l0 is magnetic permeability of the material in

vacuum, r is electrical conductivity. When C0 is not

vary with frequency, magnetic loss will mainly cause

by eddy current loss. As displayed in Fig. 10c, C0 is

almost constant marked by red box, whereas the

other regions are obvious fluctuant, indicating that

the magnetic loss mainly caused by both natural

resonance and eddy current loss. In addition, the

vibration of S1 at high frequencies (12–18 GHz) is

attributed to ferromagnetic resonance of CFO [26].

Generally, dielectric polarization mainly arises

from electron polarization, ion polarization, dipole

polarization, defect polarization and interface polar-

ization, where electron and ion polarization mainly

occur in UHF ranges which could be ignored [62].

While, in the range of 2–18 GHz, dipole polarization,

defect polarization and interfacial polarization are the

main polarization mechanisms which will lead to

dielectric loss according to Debye theory. Figure 10d–

f illustrates the polarization mechanism of 1 T/2H

MoS2@CFO composites in detail, and the expressions

of the relationship between e
0
and e

00
can be expressed

by Eqs. (10–12) [16, 63].

e
0 ¼ e1 þ es � e1

1þ 2pfð Þ2s2

 !
ð10Þ

e
00 ¼ 2pfs es � e1ð Þ

1þ 2pfð Þ2s2
ð11Þ

ðe0 � es þ e1
2

Þ þ e
00

� 	2
¼ es � e1

2

� 	2
ð12Þ

where s, es and e1 represent polarization delay time,

static permittivity and relative permittivity in high-

frequency limit, respectively. These semicircles

formed in e
0 � e

00
diagrams named as Cole–Cole, each

semicircle represents a Debye dipole delay process.

When there are several Cole–Cole semicircles in a

plot, it represents the presence of multiple relaxation

processes [64]. Oblique lines in the three diagrams

represent the conductive loss. In other words,

migration and jumping of electrons inside the mate-

rials will form microcurrent which converts EMW

Figure 10 a Total loss (total loss ¼ tande þ tandl), b attenuation constant, c C0 values of S1, S2 and S3, d–f Cole–Cole semicircles.
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energy into heat [65, 66]. It is obvious that S2 has the

maximum number of Cole–Cole semicircles, while S3

has only a few and inconspicuous semicircles. How-

ever, it does not affect the microwave absorption

capacity of S3, indicating conduction loss also plays

an important role. All of these show that dielectric

loss of 1 T/2H MoS2@CFO composites derive from

polarization relaxation and conductive loss [6].

Microwave absorption mechanism

To clearly show the microwave absorption mecha-

nism of 1 T/2H MoS2@CFO composites, a schematic

diagram was built (Fig. 11). It is shown that when

incident EMWs enter into the microwave absorber,

hollow CFO nanospheres and staggered MoS2
nanosheets will reflect and scatter EMW several times

which will prolong its transmission paths, thus

improving the attenuation efficiency. Meanwhile,

MoS2 also facilitates electron migration and electron

hopping which are beneficial to conduction loss [54].

In addition, flower-like 1 T/2H MoS2 and larger

specific surface of hollow CFO can form numerous

interfaces, including CFO and CFO, CFO and MoS2,

MoS2 and MoS2 which are conducive to multiple

reflection and interface polarization. Moreover, the

presence of magnetic component in 1 T/2H MoS2@-

CFO composites will optimize the impedance

matching conditions and also introduce magnetic loss

such as eddy current loss and ferromagnetic natural

resonance. Under the synergistic effect of dielectric

loss and magnetic loss, 1 T/2H MoS2@CFO com-

posites obtain excellent microwave absorption

performances.

Table 3 shows the microwave absorption perfor-

mances of MoS2-based MAMs. After comprehensive

comparison of matrix, filler loading, RLmin, EABmax

and matched thickness (dm), S3 exhibits enhanced

microwave absorption performances. RLmin value

is - 64.66 dB at 11.09 GHz with a thickness of

2.28 mm, and EABmax extends up to 4.46 GHz (from

11.53 to 15.99 GHz) at a thinner thickness of only

1.94 mm, corresponding to reflection loss

of - 46.95 dB.

Conclusions

In this work, 3D flower-like 1 T/2H MoS2@CFO

composites were successfully synthesized by a two-

step hydrothermal method. Microwave absorption

performances of 1 T/2H MoS2@CFO were investi-

gated according to transmit line theory and the

microwave absorption mechanism was analyzed,

following conclusions were obtained.

(1) Initial reaction concentration of MoS2 is impor-

tant, dispersion of CFO microspheres loaded on

MoS2 surface was improved with the increase

of initial reaction concentration which

Figure 11 Schematic of

absorption mechanism of 1 T/

2H MoS2@CFO composite.
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enhanced the attenuation capacity of the

materials.

(2) 1 T/2H MoS2@CFO with CMoS2 = 0.10 mol/L

(S3) exhibited excellent microwave absorption

performances of RLmin =- 64.66 dB where

EAB = 3.59 GHz at the thickness of 2.28 mm.

When EABmax was 4.46 GHz at thinner

matched thickness of 1.94 mm (11.53–15.99)

the value of RL was - 46.85 dB.

(3) All 1 T/2H MoS2@CFO composites (S1, S2 and

S3) all showed ferromagnetic behavior due to

the addition of magnetic CFO, synergistic effect

of dielectric loss and magnetic loss enriches its

attenuation mechanism which was beneficial to

its impedance matching. Meanwhile, dielectric

loss was much larger than magnetic loss owing

to its low content of magnetic components,

indicating dielectric loss dominated the atten-

uation mechanism under the present

conditions.
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