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Abstract

The development of lightweight materials with high microwave absorption efficiency is critical 

for advanced stealth and electromagnetic interference applications. Hybrid composites that 

integrate dielectric and magnetic components offer enhanced attenuation by leveraging 

multiple loss mechanisms. To explore this potential, we decorated MoS2 particles with 

magnetic Co nanoparticles (Co content ranging from 5–20 wt.%) and systematically 

investigated their microwave absorption properties over the 2–18 GHz frequency range. The 

individual materials and hybrid structures were synthesized using a multi-step strategy 

involving solution-based methods such as hydrothermal synthesis, chemical reduction of 

reactants, and sonication. Structural, morphological, compositional, and magnetic analyses 

collectively confirmed the successful incorporation and uniform dispersion of Co within the 

nanosheets of MoS2 host. Meanwhile, the microwave absorption properties revealed a strong 

dependence on Co content. Notably, the nanocomposite containing 15 wt.% Co exhibited 

superior performance, achieving a minimum reflection loss of −17.17 dB at 13.84 GHz and an 

ultra-broad effective absorption bandwidth of 7.51 GHz. This performance is attributed to 

synergy between the dielectric, magnetic, and morphologically derived mechanisms. Further, 

the hybrid design enables tunable interactions with incident waves, facilitating broad frequency 

coverage and enhanced attenuation. Overall, this work demonstrates the effectiveness of 
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MoS2–Co nanocomposites and their compatibility with advanced stealth and microwave 

absorption applications in this frequency range.

Keywords: Cobalt nanoparticles, Flower-like MoS2, Microwave absorber, Radar, Stealth, 

Synergetic loss

Corresponding author: hakyildiz@ktun.edu.tr

1. Introduction

As the demand for advanced stealth technology and concerns over electromagnetic radiation 

pollution increase, the need for high-performance and lightweight microwave absorber 

materials (MAMs) becomes critical. Electronic devices, such as cell phones and wireless 

routers, continuously emit electromagnetic radiation across a wide range of frequencies. 

Although invisible to the human eye, this radiation permeates daily life, potentially affecting 

human health and the performance of electronic devices 1-2. In contrast, military applications 

highlight another dimension of radiation challenges. For example, radar systems rely on 

microwave frequencies to detect objects, while stealth technologies aim to minimize the 

reflection of these signals from certain vehicles to evade detection. In modern warfare, 

electromagnetic stealth has become a key element of defense strategies. Advanced military 

platforms such as fighter jets, drones, and armored vehicles are specifically engineered to 

reduce their radar cross-section (RCS), thereby enhancing survivability and mission 

effectiveness. To achieve this, two primary approaches are employed to reduce RCS: one 

focuses on structural design modifications, such as angled surfaces and radar-deflecting 

geometries, while the other involves the use of MAMs 3. Although structural design strategies 

provide effectiveness to some extent, they are limited and often insufficient on their own. 

Consequently, the integration of MAMs is essential to achieve comprehensive stealth 

capabilities. Specifically, these materials are designed to absorb incident electromagnetic 

waves (EMWs), converting their energy into thermal or other dissipative forms through various 
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mechanisms. Their effectiveness depends on the presence of efficient dielectric and magnetic 

components and achieving optimal impedance matching conditions, making material design a 

fundamental aspect of next-generation stealth technologies.

Among dielectric materials, molybdenum disulfide (MoS2), a member of the transition metal 

dichalcogenide family, has attracted considerable attention due to its layered structure, tunable 

specific surface area, and favorable electrical properties 4-5. These features make MoS2 highly 

suitable for microwave absorption applications. For example, Ning et al., synthesized 

MoS2 nanosheets using the top-down exfoliation method and demonstrated its potential as a 

microwave absorber, achieving a minimum reflection loss (RLmin) of −38.42 dB and an effective 

absorption bandwidth (EAB) of 4.1 GHz at a thickness of 2.4 mm 6. Similarly, Liang et al., 

employed a hydrothermal method to synthesize two-dimensional (2D) MoS2 nanosheets, 

achieving an RLmin of −47.8 dB at 12.8 GHz with a thickness of 2.2 mm 7.

Despite the promising potential revealed by single-component systems, the current research 

field still requires further improvement in microwave absorption performance. To address this, 

researchers have developed composite structures by integrating dielectric matrices with 

magnetic nanoparticles (NPs) to enhance microwave absorption efficiency 8. Specifically, 

magnetic materials including Fe, Ni, Co, and their oxides (e.g. Fe3O4, CoFe2O4, NiFe2O4, 

NiCo2O4, and Co3O4) have been extensively employed in microwave absorption applications 

9-15. These materials contribute to microwave attenuation through various magnetic loss 

mechanisms, including natural and exchange resonances, as well as eddy current losses in 

the GHz frequency range. Nevertheless, when magnetic materials are used individually, they 

also often suffer from poor impedance matching, which significantly limits their overall 

absorption efficiency 16. Therefore, a composite approach that harness both dielectric and 

magnetic loss mechanisms to improve the performance of MAMs is widely adopted. 

In this context, the present study reports a facile sonication-assisted fabrication of MoS2–Co 

nanocomposites designed to achieve enhanced microwave absorption through dielectric-

magnetic synergy. Unlike many previously reported systems requiring complex synthesis 
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routes, the proposed approach enables a simple and controllable integration of Co 

nanoparticles into the MoS2 matrix. Furthermore, the effect of Co loading (5-20 wt.%) on the 

microwave absorption performance was systematically investigated. The microwave 

absorption properties of the resulting nanocomposites were evaluated in the 2-18 GHz 

frequency range using the coaxial waveguide method. Among the samples, the one containing 

15 wt.% Co exhibited the best performance, achieving an RLmin of -17.17 dB at 13.84 GHz and 

an EAB of 7.51 GHz. These results demonstrate the potential of the optimized MoS2–Co 

nanocomposite as a lightweight and broadband microwave absorbing material.

2. Experimental Process

2.1.Materials

To synthesize MoS2, Co and MoS2–Co samples, sodium molybdate dihydrate 

(Na2MoO4·2H2O, Sigma-Aldrich, 99.0%), thiourea (CH4N2S, Alfa Aesar, 99.0%), oxalic acid 

(C2H2O4·2H2O, 99.0%), cobalt (II) chloride hexahydrate (CoCl2.6H2O, Sigma-Aldrich, 

99.0%), and sodium borohydride (NaBH4, Sigma-Aldrich) were utilized as primary reagents. 

Deionized (DI) water and ethyl alcohol (EA, Tekkim, 96.0%) served as solvents and cleaning 

agents throughout the synthesis and purification processes. 

2.2.Synthesis of flower-like MoS2

Flower-like MoS2 particles were achieved through a one-step hydrothermal method, based on 

our previous work 17. The synthesis procedure is illustrated in Fig. 1a. Initially, 0.1 M 

Na2MoO4·2H2O was dissolved in 110 mL water and stirred for 10 min, followed by the addition 

of 41.25 mmol of CH4N2S and stirring for an additional 10 min. Subsequently, 8.25 mmol of 

C2H2O4·2H2O was added and the mixture was stirred for 60 min. The resulting solution was 

subjected to hydrothermal treatment at 200 °C for 12 h. The precipitated particles were 

separated by centrifugation, washed with DI water and EA to ensure purity, and dried at 80 °C 

for 8 h in an oven.
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2.3.Synthesis of Co nanoparticles

The synthesis of Co NPs was conducted through a two-stage process including chemical 

reduction of reactants (CRRs) followed by an additional crystallization heat treatment, as 

illustrated in Fig.1b. Initially, 1.0 g of CoCl2·6H2O was dissolved in 25 mL of DI water and stirred 

at 1200 rpm for 15 min at room temperature (RT) using a magnetic stirrer (Solution A). 

Separately, 0.5 g of NaBH4 was dissolved in 25 mL of DI water for 10 min at RT (Solution B). 

After complete dissolution of both solutions, Solution B was transferred to a dropping funnel 

and added dropwise (1 drop/sec) into Solution A under continuous stirring at 1200 rpm at RT. 

Upon reaching a critical NaBH4 concentration, gas bubbles appeared, indicating the formation 

of hydrogen (H2) gas as a byproduct alongside the reduction of Co ions and the nucleation of 

nanoparticles. The formation of Co NPs via the CRRs method is described by Reaction 1, 

which outlines the reduction of CoCl2·6H2O  by NaBH4 and the accompanying H2 gas formation 

18. This H2 gas creates a protective layer at the solution-atmosphere interface, preventing 

oxidation of Co NPs 19.

2𝐶𝑜2+
2 + 𝐵𝐻―

4 +2𝐻2O  2Co + 2𝐻2 +4𝐻+ +B𝑂―
2 (1)

As the reaction progressed, black precipitates formed at the beaker’s base, with gas evolution 

gradually decreasing and ceasing after 4 min, indicating reaction completion. The resulting 

precipitates (black in color) were centrifuged at 6000 rpm for 10 min, washed sequentially with 

DI water and EA to remove residual chemicals. Subsequently, the washed products were dried 

at 60 °C for 6 h under a reduced pressure of 1×10-3 mbar. 

The crystallization heat treatment was conducted in a tube furnace at 400 °C for 1 h under an 

Ar/H2 atmosphere (4 vol% H2) at 1.1 bar to ensure a reducing environment to prevent the 

oxidation of Co NPs. Once the furnace reached the designated annealing temperature, the Co 

NPs were transferred to the hot zone for 1 h of annealing. After this period, the samples were 

retracted to the cold zone of the furnace while maintaining the same atmosphere and allowed 

to cool to RT.
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2.4.Combination of Flower-like MoS2 and Co nanoparticles

To achieve the final composite structure, Co NPs were combined with MoS2 particles using a 

facile sonication method 17. The procedure is illustrated in Fig. 1c. The nanocomposites were 

prepared in four distinct weight ratios, ranging from 5 wt.% to 20 wt.% Co in 5% increments  

and were labelled as MC1, MC2, MC3 and MC4, respectively, as shown in Table 1.

Figure 1. Schematic illustration of the synthesis procedures of a) Flower-like MoS2 particles, 

b) Co NPs, c) MoS2–Co nanocomposites

For instance, the preparation of the MC1 composite, with a total mass of 5 g, began by 

dispersing 0.25 g of Co NPs in 20 mL of ethanol (Suspension C). This suspension was placed 

in an ice bath, as illustrated in Fig.1c, and subjected to sonication for 20 min to ensure a uniform 

particle distribution. Meanwhile, 4.75 g of MoS2 was precisely weighed, transferred into a 

beaker, and dispersed in 20 mL of ethanol using an ultrasonic bath (Suspension D). To 

enhance particle dispersion throughout the process, both the sonicator and ultrasonic bath 

were operated simultaneously, as indicated by the dual circular arrows in Fig.1c. After 20 min 

of sonication, the Co and MoS2 suspensions were interchanged between the sonicator and 

ultrasonic bath and processed for an additional 20 min. Subsequently, Suspension C (Co NPs) 
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was poured into Suspension D (MoS2) under continuous sonication and mixed for an additional 

20 min. Following this step, the resulting composite suspension was centrifuged at 6000 rpm 

for 10 min, and the obtained precipitate was dried under vacuum (1×10-3 mbar) at 60 °C for 6 

h. 

Table 1. The content and compositional distribution of the manufactured samples.

Sample Code MoS2 (wt.%) Co (wt.%)
MoS2 100 -
Co - 100
MC1 95 5
MC2 90 10
MC3 85 15
MC4 80 20

2.5.Characterization techniques                 

The structural characteristics of the samples were investigated through X–ray diffraction (XRD) 

with Cu-Kα radiation provided by Rigaku-MiniFlex600 (Cu-Kα= 0.154 nm, 2=10-80, scan rate 

of 2° min−1) and Fourier-transform infrared spectroscopy (FT-IR, Jasco FT/IR-6700, 380-4000 

cm-1). The morphological features of the samples were examined by scanning electron 

microscopy (SEM, FEI-Quanta 650D FEG, 5-400 kX magnification). The chemical states of 

elements in the samples were specified using X–ray Photoelectron Spectroscopy (XPS, 

Specs-Flex-Mod System). Photoelectrons were excited with an Al anode (Kα=1468.6 eV) in 

pass energy (PE) mode, with PE = 50 eV. The position of the XPS peaks of the corresponding 

element is referred to the C 1s peak of carbon, whose energy is taken equal to 286.83 eV. 

Magnetic properties were determined with a vibrating sample magnetometer (VSM, Quantum 

Design DynaCool). The microwave characteristics, spanning the S-, C-, X-, and Ku-bands (2–

18 GHz), were measured using a vector network analyzer (VNA, Agilent E8363B PNA). 

Measurement specimens were prepared by dispersing 30 wt.% of pristine MoS2 particles, pure 

Co NPs, or MoS2–Co nanocomposites into an epoxy resin matrix, using a mechanical stirrer 

at 600 rpm for 30 min to achieve uniform dispersion of the fillers. The resulting homogeneous 

mixture was poured into a toroidal mold (outer diameter: 7 mm, inner diameter: 3 mm) and 
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cured at RT for 24 h. Key parameters, including permittivity and permeability, were measured 

directly, enabling the calculation of performance metrics such as input impedance (Zin), 

reflection loss (RL), impedance matching, eddy current loss, and attenuation constant. These 

metrics were derived using Equations (1)-(5) 17.

𝑍𝑖𝑛 = 𝑍0 𝜇𝑟 𝜀𝑟  𝑡𝑎𝑛ℎ 𝑗 2𝜋𝑓𝑑
𝑐

( 𝜇𝑟𝜀𝑟) (1)

𝑅𝐿 = 20 lg 𝑍𝑖𝑛―𝑍𝑜

𝑍𝑖𝑛+𝑍0
(2)

𝑍 = |𝑍𝑖𝑛
𝑍0| (3)

𝐶0 = µ′′(µ′)―2𝑓―1 (4)

𝛼 = 2𝜋𝑓
𝑐

× (𝜇′′𝜀′′ ― 𝜇′𝜀′) + (𝜇′′𝜀′′ ― 𝜇′𝜀′)2 + (𝜇′𝜀′′ + 𝜇′′𝜀′)2 (5) 

In the above equations, 𝜀𝑟 and 𝜇𝑟 represent the complex permittivity (𝜀𝑟 = 𝜀′ ― 𝑗𝜀′′)  and 

permeability (𝜇𝑟 = 𝜇′ ― 𝑗𝜇′′) values, respectively, which define the electromagnetic 

characteristics of the composite. Here, ε' and μ' denote the real components of permittivity and 

permeability, while 𝜀′′ and 𝜇′′ correspond to their imaginary components. Moreover, Zin is the 

input impedance of the absorber, Z0 is the impedance of the free space, c is the speed of 

EMWs in free space, f is the frequency, and d is the layer thickness changing from 1 to 5 

mm.  Furthermore, Eq. (4) quantifies the eddy current loss (𝐶0), while Eq. (5) defines the 

attenuation constant (𝛼), both of which contribute to the overall absorption performance. 

3. Results and Discussion

3.1.Structural characteristics

Figs. 2a and 2b display the XRD patterns of the individual components and the nanocomposite 

samples, respectively. The vertical purple, turquoise, green, and pink lines appearing at the 

bottom of these graphs correspond to the theoretical diffraction positions of MoS2, face-

centered cubic Co (fcc-Co), hexagonal closed-packed Co (hcp-Co) and B2O3, respectively. 

Analysis of the diffraction pattern of the Co sample, in comparison with the reference data, 
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reveals that the Co NPs crystallized in both fcc and hcp structures, with the most intense peaks 

observed at 2=44.4° and 48.8°, respectively. According to the literature, hcp-Co is the stable 

phase at RT, whereas fcc-Co usually forms during heat treatment under an H2 atmosphere 20-

23. In addition, some studies have reported that fcc-Co can also form in the presence of polar 

molecules, such as water, during synthesis 24-26. In this study, the Co NPs were synthesized in 

an aqueous medium and heat-treated under an Ar/H2 atmosphere: therefore, the coexistence 

of both fcc and hcp phases can reasonably be attributed to these experimental conditions. 

Additionally, a very weak peak at approximately 2θ=27.86° corresponds to B2O3, likely arising 

from incomplete removal of the 𝐵𝑂―
2  byproduct (as indicated in Reaction 1), which could have 

partially transformed into B2O3, leaving trace amounts of boron in the final product. On the 

other hand, the diffraction pattern of MoS2 shows no impurity peaks or secondary phases (see 

Fig. 2a).  A slight shift of the (002) peak from its standard position suggests a structural 

modification in MoS2, possibly due to increased interlayer spacing. These findings are 

consistent with our previous study on MoS₂ synthesis, where defect formation and related 

structural effects were discussed in detail 17. The diffraction patterns of the MoS2–Co 

nanocomposites are shown in Fig. 2b. No significant increase in the intensity of the primary 

Co peaks was observed as the Co content increased, which can be attributed to the relatively 

low diffraction intensity of Co compared to MoS2 and the small weight fraction of Co NPs in the 

composites. Nevertheless, the (111) peak of Co became slightly more distinct in the patterns 

of MC3 (15 wt.%) and MC4 (20 wt.%) with increasing Co loading.
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Figure 2. Structural characteristics of the synthesized samples, XRD patterns of a) MoS2 and 

Co NPs,  b) MoS2–Co nanocomposites, and FT-IR spectra of c) Co NPs, and d) MoS2–Co 

nanocomposites (The vertical lines given at the bottom of (a) and (b) show the theoretical 

diffraction positions of MoS2, Co (fcc), Co (hcp) and B2O3 according to JCPDS card numbers 

of 00-037-1492, 00-015-0806, 00-005-0727, and 00-013-0570, respectively. The characteristic 

bands in (c) and (d) are highlighted with different colors as a guide to the eye.) 

The FT-IR spectra of the Co NPs and MoS2–Co nanocomposites are presented in Figs. 2c and 

2d, respectively. In each spectrum, the peaks at 3208, 1639, 1400, and 901 cm-1 correspond 

to the symmetric stretching of -OH groups, H-O-H bending, and out-of-plane O-H bending 

vibrations originating from adsorbed water molecules 27-28. In the FT-IR spectrum of Co, bands 

at 553 and 671 cm-1 are attributed to the metal–oxygen (M-O) and oxygen–metal–oxygen (O-

M-O) stretching vibrations, respectively. Additionally, in the FT-IR spectrum of MoS2–Co 

nanocomposites, the peak at 915 cm-1 corresponds to S-S vibrations and peak at 475 cm-1 
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corresponds to the Mo-S vibrational modes 29. These results demonstrate that the 

characteristic peaks of both MoS2 and Co are present in the FT-IR spectra of the MoS2–Co 

nanocomposites, confirming the successful integration of these two components. 

3.2.Morphological characteristics

The morphological features of MoS2 particles and Co NPs are illustrated in Fig. 3. As shown 

in Fig. 3a, MoS2 reveals a characteristic three-dimensional (3D) flower-like particle 

morphology. The average dimension of the spaces between the nanosheets was calculated 

as 129.3 nm based on the SEM data and 100 measurements using ImageJ software (Fig. 3b). 

On the other hand, the as-synthesized Co NPs exhibited a wide size distribution ranging from 

15 to 60 nm, with an average particle size (A.P.S.) of 34.11 nm (Figs. 3c–d). These findings 

indicate that the morphology of MoS2 and the size of Co NPs are suitable for the allocation of 

Co NPs within the spaces of the MoS2 nanosheets. Further, the Co NPs display a distorted 

spherical shape which is likely due to agglomeration, Fig. 3c. After crystallization heat 

treatment, the particle morphology remains almost unchanged (Fig. 3e), with only a slight 

increase in A.P.S. to 39.87 nm (Fig. 3f), which indicates modest grain growth during the heat 

treatment. 
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Figure 3. Morphological characteristics of a–b) MoS2, c–d) as-synthesized Co and e–f) heat-

treated Co NPs (The A.S.B.N. and A.P.S abbreviations refer to ‘Average Space Between 

Nanosheets’ and ‘Average Particle Size”, respectively.)

Fig. 4 illustrates the SEM images of MoS2–Co nanocomposites with Co NPs integrated into 

the MoS₂ host at different loading ratios (5 wt.% Co for MC1, 10 wt.% Co for MC2, 15 wt.% Co 

for MC3, and 20 wt.% Co for MC4). As observed in the low-magnification images (Figs. 4a, d, 

g, and j), the MoS2 particles retain the spherical-like morphology even after the combination 

process, indicating that the structural integrity is well preserved. Moreover, the higher-

magnification images (Figs. 4b, e, h, and k) reveal relatively smooth surfaces, which are likely 
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attributed to the combination process and the stacking of Co NPs between the MoS2 

nanosheets during the synthesis. In addition, the high-magnification SEM images of MC1, 

MC2, MC3, and MC4 composites (Figs. 4c, f, i, and l) further demonstrate that the Co NPs are 

randomly distributed both on the surfaces and within the interlayer spaces of the nanosheets. 

The regions marked by yellow circles highlight certain agglomerated areas, where Co NPs 

appear to have coalesced due to magnetic interactions. Overall, these morphological 

observations confirm the successful integration of both components, resulting in a well-defined 

composite architecture. The intercalation of Co NPs within the MoS2 nanosheet gaps is 

expected to enhance interfacial polarization and multiple scattering of electromagnetic waves, 

which may contribute positively to microwave attenuation.

Page 13 of 45 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT00271D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00271d


Figure 4. Morphological characteristics of MoS2–Co nanocomposites, a–c) MC1 (5 wt.% Co), 

d–f) MC2 (10 wt.% Co), g–i) MC3 (15 wt.% Co), and j–l) MC4 (20 wt.% Co) 

3.3.Composition and chemical state characteristics

The XPS analysis was conducted on the sample with a Co content of 10 wt.% (MC2), which 

served as a reference for the other samples. The corresponding spectra are presented in Fig.5. 

As shown in Fig. 5a, the survey spectrum of MC2 confirms the coexistence of Co, Mo, S, C, 

and O elements, thereby demonstrating the multicomponent nature of the material. The 

deconvoluted Co 2p spectrum (Fig. 5b) exhibits spin-orbit split peaks at approximately 796 eV 

(Co 2p1/2) and 780 eV (Co 2p3/2), accompanied by two satellite peaks at 801.8 and 785.8 eV. 

These features indicate partial oxidation of Co, which may result from surface oxidation or 

Page 14 of 45Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT00271D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00271d


exposure to the synthesis environment 30. Similarly, deconvolution of the Mo 3d spectrum (Fig. 

5c) reveals four distinct peaks, two of which are assigned to the Mo4+ 3d3/2  and 3d1/2 levels of 

the 1T phase, along with a minor S 2s contribution at ~225 eV 31. In addition, a small shoulder 

near 233.0 and 235 eV, attributed to Mo6+, suggests the presence of oxidized molybdenum 

species such as MoO3 or MoOx on the surface 32. The S 2p spectrum (Fig.5d) displays the 

characteristic S2- peaks at ~161 eV (S 2p3/2) and ~163 eV (S 2p1/2), typical of MoS2. However, 

a noticeable S6+ peak at ~168 eV indicates the existence of sulfate-like species (SOx) on the 

surface, likely arising from oxidation processes 33. Due to the pronounced intensity of this 

sulfate peak, deconvolution of the S2- doublet could not be performed accurately. Meanwhile, 

the O 1s spectrum (Fig. 5e) shows a broad feature centered around 531 eV, which can be 

deconvoluted into contributions from lattice oxygen (e.g., MoOₓ), adsorbed oxygen, and 

hydroxyl groups. Overall, the presence of satellite peaks, Mo6+ species, and sulfate groups in 

the XPS spectra indicate partial surface oxidation of the composite. This phenomenon is likely 

related to sonication-assisted synthesis or subsequent exposure to air during storage. 

Considering the susceptibility of metal particles to atmospheric oxidation, the sonication 

process may have exposed sulfur edge sites that facilitate oxygen bonding, rendering Mo 

atoms more susceptible to oxidation and leading to the observed surface characteristics.
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Figure 5. XPS result of MoS2–Co (10 wt.% Co), a) Survey, b) Co 2p, c) Mo 3d, d) S 2p, and 

e) O 1s spectrum. 

3.4.Magnetic characteristics

The room-temperature magnetization (M-H) curves of the Co NPs and MoS2–Co 

nanocomposites are shown in Fig. 6, which compares the hysteresis loops of Co NPs before 

and after the crystallization heat treatment process. As evident from the figure, both samples 

exhibit clear ferromagnetic behavior at RT, with distinct saturation magnetization (Ms) values 

of 13.1 emu/g for the as-synthesized and 90.4 emu/g for the heat-treated Co NPs. This 

pronounced enhancement in magnetization after thermal treatment suggests that the process 

improves the magnetic ordering of Co NPs, likely due to enhanced crystallinity and/or the 

reduced structural defects. Fig. 6b displays the hysteresis loops of MoS2–Co nanocomposites. 

As expected, the overall magnetization values of the composites are lower than those of pure 

Co NPs, which can be attributed to the intrinsically weak magnetic nature of the MoS2 host. 

Moreover, the figure clearly indicates that increasing the Co content leads to a gradual rise in 

the magnetization of the composites. The Ms values for MC1, MC2, MC3, and MC4 samples 

were determined as 7.6, 10.1, 13.2, and 18.0 emu/g, respectively. Another notable difference 
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between pure Co NPs and MoS2–Co nanocomposites lies in their coercive field (Hc) values. 

While the Hc value of pure Co NPs is 0.0630 T, MoS2–Co nanocomposites exhibit lower 

coercivity values of 0.0237, 0.0220, 0.0216, 0.0228 T for MC1, MC2, MC3 and MC4, 

respectively. Since the Hc parameter reflects the ease of magnetic domain reorientation, the 

reduced Hc values of the composites indicate that their magnetic moments can be more easily 

manipulated under a low external magnetic field. Thus, these results confirm the successful 

integration of Co and MoS2 components, yielding tunable magnetic properties that increase 

proportionally with the Co content.

Figure 6. Room temperature magnetic hysteresis curves of a) Co NPs before and after 

crystallization heat treatment, b) MoS2–Co nanocomposites

3.5.Electromagnetic characteristics

3.5.1. The dielectric behavior

To achieve high absorption performance, two main factors must be considered: optimal 

impedance matching between air and the absorber, and the material's ability to effectively 

attenuate the penetrated wave energy throughout its relative thickness. These factors are 

directly related to the electromagnetic parameters of the absorber, as discussed earlier (see 

Section 2.5). The key electromagnetic parameters, complex permittivity and complex 

permeability, provide critical insights into the specific absorption behavior of the material. 

Specifically, the real parts of permittivity (𝜀′) and permeability (𝜇′) represent the material’s 
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capacity to store electric and magnetic energy, while the imaginary parts (𝜀′′ and 𝜇′′) reflect 

the material’s ability to dissipate energy through various loss mechanisms. Fig. 7 presents the 

real and imaginary components of permittivity and permeability as a function of frequency for 

MoS2–Co nanocomposites, with the values for pure Co NPs also included for comparison. The 

dielectric and magnetic behavior of pure MoS2 is not presented here, as it has already been 

comprehensively analyzed in our previous study 17. As illustrated in Fig.7a, 𝜀′ values decrease 

with increasing frequency, indicating a strong dielectric dispersion effect 34. This frequency-

dependent behavior can be attributed to dipolar polarization at the material surfaces, which 

plays a significant role in microwave absorption 35-37. Moreover, the bare Co sample displays 

the lowest 𝜀′  value (4.12, the highest value over 2–18 GHz) among all measured samples, 

reflecting its limited electric energy storage capability. For the MoS2–Co composites, the 𝜀′ 

values do not show a clear monotonic dependence on Co content. Specifically, the MC1 

sample exhibits the highest 𝜀′ value (6.16) at around 2 GHz, indicating superior electric 

energy storage capacity, while MC2 shows a slightly lower but comparable 𝜀′ value (5.94 at 

2 GHz) throughout the 2-18 GHz range. The MC4 sample follows these two with moderate 𝜀′ 

value (4.81, the highest value over 2–18 GHz), whereas MC3 exhibits a value (4.40) close 

to that of bare Co, suggesting that the dielectric storage ability of the composite does not 

increase proportionally with Co addition. 

Figure 7. a) Real part and b) imaginary part of permittivity values of Co NPs, MC1, MC2, MC3, 

and MC4 samples with respect to the frequency 
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Fig. 7b shows the variation of the imaginary part of permittivity (𝜀′′) as a function of frequency 

for Co NPs and MoS2–Co nanocomposites. As can be seen from the figure, no distinct trend 

is observed among the samples, and all 𝜀′′ values appear relatively close, accompanied by 

several resonance peaks. Specifically, the MC3 sample exhibits the highest 𝜀′′  value of 1.97 

at around 17 GHz, demonstrating superior dielectric loss capability. This sharp increase occurs 

after approximately 15 GHz, whereas at lower frequencies the MC3 plot remains the lowest 

among all samples. Following MC3, the MC1 sample shows an 𝜀′′ value of 1.65, while bare Co 

NPs, MC4, and MC2 display their highest values of 1.57, 1.16, and 1.09, respectively. 

Additionally, the resonance peaks observed in the 𝜀′′ plots at specific frequencies suggest the 

coexistence of multiple polarization mechanisms within the absorbers. Similar resonance 

behavior reported in the literature supports that these peaks are associated with dipolar 

orientation and interfacial polarization mechanisms 38-40. According to Maxwell-Wagner theory, 

under an alternating electromagnetic field, charge carriers accumulate at heterogeneous 

interfaces due to restricted charge mobility across boundaries, leading to interfacial 

polarization 40. Thus, the observed resonances and elevated dielectric parameters provide 

evidence of both dipolar and interfacial polarization mechanisms. It is noteworthy that while 

higher real and imaginary dielectric values indicate greater energy storage and dissipation 

capabilities, they may also cause impedance mismatch, potentially reducing overall absorption 

performance (see Eqs. 1–3). Additionally, based on free electron theory (𝜀′′ = 𝜎/2𝜋𝑓𝜀0), the 

conductive contribution to 𝜀′′ is related to the material’s electrical conductivity. Thus, an 

increase in 𝜀′′ typically reflects enhanced electrical conductivity within the absorber 41. 
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Figure 8. Cole–Cole plots of a) Co NPs, b) MC1, c) MC2, d) MC3, and e) MC4 samples.

The real (𝜀′) and imaginary (𝜀′′) components of permittivity, along with the associated dielectric 

loss mechanisms, can be further analyzed using Cole–Cole plots derived from the following 

Equations. 

𝜀′ =  + 𝑠―
1+(𝑗2𝜋𝑓𝜏)2 (6)
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𝜀′′ = 2𝜋𝑓𝜏 𝑠―

1+(2𝜋𝑓𝜏)2 = 𝜀𝑠―
1+𝜔2𝜏2𝜔𝜏 + 𝜎

2𝜋𝑓𝜀0
= 𝜀′′

𝑝 + 𝜀′′
𝑐 (7)

𝜀′ ― 𝑠+
2

2
+ (𝜀′′)2 = 𝑠―

2

2
(8)

In the above equations, 𝜏 represents the relaxation time, 𝜀𝑠 denotes the static dielectric 

constant, and  signifies the dielectric constant at infinite frequency. As indicated, the 

imaginary component 𝜀′′ consists of two contributions: polarization relaxation loss (𝜀′′
𝑝 ) and 

conductive loss (𝜀′′
𝑐 )  42-43. Polarization loss (𝜀′′

𝑝 ) dominates in the medium- and high-frequency 

regions, arising from charge accumulation at heterointerfaces and interfacial polarization 

processes. This mechanism is reflected by the multiple semicircular arcs in the Cole–Cole 

plots. Conduction loss (𝜀′′
𝑐 ) originates from the directional migration and collision of charge 

carriers within the conductive network, which converts electromagnetic energy into thermal 

energy. In Cole–Cole plots, this behavior is often manifested as a linear tail in the low-

frequency region 44-45. Cole–Cole plots typically yield semicircular arcs, each representing a 

distinct dielectric relaxation process. Furthermore, the presence of multiple semicircles 

indicates the coexistence of several relaxation mechanisms 46-47. Fig. 8 presents the Cole–

Cole plots of the MoS2–Co nanocomposites together with that of Co NPs. The green numbers 

in the plots denote the number of relaxation events and the specific frequencies at which they 

occur. As seen in Fig. 8a, the Co NPs exhibit multiple distorted semicircles, implying the 

coexistence of several dielectric relaxation processes, most likely originating from both dipolar 

and interfacial polarization processes 48. These effects are attributed to the nanoscale 

dimensions of the magnetic particles and the enhanced interfacial interactions between them  

49. Such interfacial effects promote uneven charge distribution, which strengthens interfacial 

polarization and contributes positively to microwave absorption performance. Similarly, the 

Cole–Cole plots of MoS2–Co nanocomposites (Figs. 8b–e) exhibit multiple semicircles, 

confirming the presence of multiple loss mechanisms, including defect-induced polarization, 

dipolar polarization, and interfacial polarization. In addition, the appearance of elongated tails 

in these plots is indicative of conductive losses within the absorbers, suggesting that 
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conductivity loss plays a significant role in the absorption process 50. Overall, these Cole–Cole 

features can be ascribed to structural defects (as confirmed by the XRD and XPS analyses) 

within MoS2 that act as charge-trapping centers, inducing local dipolar polarization, as well as 

to the unique morphological configuration that promotes the formation of heterogeneous 

interfaces. These heterogeneous interfaces lead to uneven spatial charge accumulation, 

thereby enhancing interfacial polarization effects 51. Thus, together with the observed tail-like 

features associated with conductivity losses, it can be concluded that interfacial, defect-

induced, and conductive loss mechanisms collectively contribute to the overall dielectric loss 

and microwave absorption performance of the MoS2–Co nanocomposites.

3.5.2. The magnetic behavior

Fig. 9 illustrates the real (𝜇′) and imaginary (𝜇′′) components of complex permeability as a 

function of frequency for Co NPs, MC1, MC2, MC3, and MC4 samples. Generally, higher 𝜇′ 

values indicate an enhanced ability of the absorber to store magnetic energy, whereas higher 

𝜇′′ values represent its capacity to dissipate magnetic energy. The variation of 𝜇′ values with 

frequency is shown in Fig. 9a. As illustrated, MC2 and MC4 maintain relatively stable 𝜇′ values 

across the entire frequency range, while the other samples exhibit noticeable fluctuations. The 

highest 𝜇′ value is observed for the MC1 sample (1.30), followed by the Co sample (1.26) over 

the 2–18 GHz range. Although no clear trend is observed with increasing Co content, the MC3 

sample maintains relatively stable and moderately high 𝜇′ values in the 5–12 GHz range, 

implying an enhanced magnetic energy storage capability within this frequency window. Fig. 

9b illustrates the behavior of the imaginary component as a function of frequency.  Among all 

samples, MC1 exhibits the highest 𝜇′′ value (0.49) and a strong resonance behavior (steeper  

slope of the peaks) at lower frequencies indicating the presence of strong natural resonance 

loss, particularly around 4–5 GHz 52. Co NPs follow with the second highest 𝜇′′ value (0.27). 

Meanwhile, MC3 exhibits stable and moderately high 𝜇′′ values in the 6-14 GHz range. 

Consistent with its behavior for the real component, it does not reach the peak values of MC1 

or Co samples.  Additionally, around 13 GHz, the 𝜇′′ value of Co NPs decreases to negative 
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values, indicating the presence of the eddy currents and radiation of energy from the absorber 

35, 46, 53. It is well known that the presence of magnetic resonances is typically identified by the 

appearance of resonance peaks in the 𝜇′′–f plot 54-57. Thus, the observation of multiple 

resonance peaks in this graph indicates the coexistence of both exchange and natural 

resonance mechanisms, where exchange resonance generally appears at higher frequencies, 

and natural resonance occurs at lower frequencies  42, 54. Furthermore, natural resonance can 

be expressed by the ferromagnetic resonance theory 52:

2𝜋𝑓𝑟 = 𝑟𝐻𝑎 (9)

𝐻𝑎 = 4|𝐾1| 3𝜇0𝑀𝑠 (10)

|𝐾1| = µ0𝑀𝑠𝐻𝑐 2 (11)

where 𝑓𝑟 is the natural resonance frequency, 𝑟 is the gyromagnetic ratio, 𝐻𝑎 is the magnetic 

anisotropy energy, and |𝐾1| is the anisotropic coefficient. The relationship between 𝐻𝑐 and 𝐻𝑎 

indicates that higher coercivity corresponds to stronger magnetic anisotropy 52. As shown in 

Fig. 6, the Co nanoparticles exhibit the highest coercivity value of 0.0630 T, indicating stronger 

internal magnetic anisotropy, followed by the MC1 sample with 0.0237 T. The enhanced 

anisotropy can promote magnetic resonance behavior in the GHz region, contributing to 

magnetic loss mechanisms, which is consistent with the permeability spectra shown in Fig. 9.

Figure 9. a) Real part and b) imaginary part of permeability values of Co NPs, MC1, MC2, 

MC3, and MC4 samples with respect to the frequency
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Magnetic losses within the GHz range primarily originate from natural resonance, exchange 

resonance, and eddy current losses 58. Among these mechanisms, eddy current losses emerge 

in conductive regions of the material as the magnetic field oscillates. The calculation of eddy 

current loss is provided by Eq. (4) and Fig. 10 illustrates the eddy current loss graphs of the 

synthesized samples as a function of frequency 59. When eddy current loss dominates the 

absorption mechanism, the frequency-dependent C0 plot typically exhibits a linear trend. 

Conversely, any fluctuations in the plot indicate contributions from natural and exchange 

resonance losses 60. In the case of Co NPs, the C0 plot exhibits a wavy pattern, confirming the 

dominance of natural and exchange resonance losses (black plot in Fig. 10). This aligns with 

the magnetic properties of Co, where these resonance mechanisms are more pronounced 

than the eddy current effects. Conversely, the MC4 sample shows almost a linear C0 plot 

across 8–18 GHz, suggesting that eddy current loss is the primary contributor in this frequency 

range. Furthermore, the MC1, MC2 and MC3 samples display distinct resonance peaks, 

particularly beyond 12 GHz, revealing a combination of eddy current and resonance-driven 

losses. Overall, the magnetic losses in the composites arise from a delicate balance between 

eddy currents and magnetic resonances, with the dominant mechanism varying depending on 

the composition and frequency range. Therefore, the coexistence of these multiple magnetic 

loss mechanisms, including natural resonance, exchange resonance, and eddy current loss, 

is expected to synergistically enhance the microwave attenuation capability of the MoS₂–Co 

nanocomposites.
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Figure 10. The variation of eddy current loss of Co NPs, MC1, MC2, MC3, and MC4 samples 

with respect to the frequency. 

3.5.3. The microwave absorption behaviour

As mentioned in Section 2.5, the microwave absorption properties of the fabricated samples 

were evaluated using a VNA across the frequency range of 2–18 GHz.  Fig.11 presents the 

3D mapping, 2D contour and 1D RL graphs of the fabricated samples. The black dashed lines 

in these graphs represent the –10 dB threshold, which corresponds to 90% absorption of the 

incident EMW. The microwave absorption properties of pure MoS2 particles were previously 

reported in our earlier study 17. The bare MoS2 displayed promising results, and the best 

sample exhibited an RLmin of –12.96 dB and an EAB of 2.18 GHz at a thickness of 5 mm. For 

the current study, the RL behavior of Co NPs was initially evaluated. Figs. 11a–c illustrate the 

RL graphs of pure Co NPs, revealing that the sample with a thickness of 4 mm (pink plot in 

Fig. 11c) exhibits a RLmin of –14.60 dB and a notably wide EAB of 5.36 GHz (Fig. 11b). 

Moreover, the 5 mm thick sample (Fig. 11a) demonstrates an exceptionally high RLmin of –

33.39 dB at 17.91 GHz, corresponding to 99.95% absorption, along with an EAB of 1.89 GHz. 

These results clearly indicate that Co NPs are more efficient in attenuating EMWs compared 

to pure MoS2 particles. 

Page 25 of 45 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT00271D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00271d


Figure 11. 3D mapping, 2D contour and 1D RL graphs of a–c) Co NPs, d–f) MC1, g–i) MC2, 

j–l) MC3, and m–o) MC4 samples.

In addition, the impedance matching characteristics, illustrated in Figs. 12a–c, provide 

complementary evidence for this enhanced performance. As evident from these figures, the 

|𝑍𝑖𝑛
𝑍0| values for Co NPs approach the optimal value of 1, indicating enhanced penetration 
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of the EMWs into the material. Consequently, this favorable impedance matching correlates 

with the observed RL data, confirming that the superior wave attenuation of bare Co NPs arises 

from both effective wave entry and energy dissipation within the absorber, compared to bare 

MoS2 particles. 

Table 2. Microwave absorption performances of manufactured samples.

Sample Code Thickness 
(mm)

RLmin 
(dB)

Frequency 
(GHz)

EAB
(@–10 dB)

Co
3
4
5

–12.27
–14.60
–33.39

15.51
10.31
17.91

1.19
5.36
1.89 

MC1
2
3
5

–15.19
–16.57
–17.06

16.51
11.16
6.73

4.15
3.65
1.99

MC2
3
4
5

–11.06
–10.59
–11.57

10.87
8.20
6.50

2.12
0.97
1.14

MC3
3
4
5

–17.17
–11.85
–11.65

13.84
9.41
7.43

7.51
3.17
1.71

MC4
3
4
5

–15.84
–14.32
–14.46

12.25
9.37
7.42

3.54
2.86
2.33

Figs. 11d–o present the RL graphs for MoS2–Co nanocomposites. The corresponding 

absorption values are summarized in Table 2.  As shown in Figs. 11d–f, the introduction of 5 

wt.% Co into MoS2 results in only minimal changes in the EAB, although a slight increase in 

RLmin value is observed. For instance, the MC1 sample, at 2 mm thickness, exhibited an RLmin 

of –15.19 dB at 16.51 GHz with an EAB of 4.15 GHz. However, increasing the Co content to 

10 wt.% led to a decline in absorption performance. Figs. 11g–i show that the MC2 sample  at 

3 mm thickness, achieved an RLmin of –11.06 dB at 10.87 GHz with a reduced EAB of 2.12 

GHz. The corresponding impedance matching plots (Figs. 12g–i) reveal |𝑍𝑖𝑛
𝑍0| values 

significantly above the optimal threshold of 1, indicating poor EMW penetration and explaining 

the diminished microwave absorption performance of MC2. In contrast, further increasing the 

Co content to 15 wt.% resulted in a marked improvement in absorption efficiency. The MC3 

sample at 3 mm thickness, displayed an RLmin of –17.17 dB at 13.84 GHz and an exceptional 
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EAB of 7.51 GHz (Figs. 11j–l). The enhanced microwave absorption performance of MC3 is 

further supported by its impedance matching characteristics (Figs. 12j–l). The impedance 

matching variation with Co content could be attributed to both particle agglomeration and 

percolation effects. At 10 wt.% Co, the magnetic filler might be insufficient to form a continuous 

conductive network, and agglomeration may lead to localized clusters, causing impedance 

mismatch and higher reflection. When the Co content increases to 15 wt.%, the particle volume 

is likely to exceed the percolation threshold, possibly forming a more continuous network. This 

improved connectivity may enhance interfacial polarization and help balance permittivity and 

permeability, resulting in better impedance matching and stronger microwave absorption. 

Finally, the MC4 sample, containing 20 wt.% Co, exhibited an RLmin of –15.84 dB at 12.25 GHz 

and an EAB of 3.54 GHz at 3 mm thickness (Figs. 11m–o). As shown in the impedance 

matching plots (Figs. 12m–o), the |𝑍𝑖𝑛
𝑍0| values are comparable to that of MC3, indicating 

favorable impedance matching that supports efficient wave penetration. Overall, these results 

demonstrate that combining MoS2 with Co significantly enhances the microwave absorption 

properties, particularly by broadening the EAB. This improvement is critical for the 

development of advanced MAMs, as it enables efficient EMW absorption over a wider 

frequency range, which is essential for stealth and other high-performance EMW attenuation 

applications.  
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Figure 12. 3D mapping, 2D contour and 1D impedance matching graphs of a–c) Co, d–f) MC1, 

g–i) MC2, j–l) MC3, and m–o) MC4 samples.

Absorption performance of the samples is further evaluated through the calculation of the 

attenuation constant () using Eq. (5), with the results presented in Fig. 13. As indicated by 

Eq. (5),  reflects the combined influence of dielectric permittivity and magnetic permeability 
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on EMW attenuation. As seen in the figure, Co NPs (black plot) maintain a high attenuation 

constant between 8 and 14 GHz, followed by a gradual decline at higher frequencies. Among 

the MoS2–Co nanocomposites, the MC3 sample exhibits a notable increase in attenuation 

constant beyond 12 GHz, surpassing all other samples in this frequency range. However, as 

mentioned earlier, an excessively high attenuation constant does not necessarily guarantee 

optimal performance, since it may lead to impedance mismatch 16. Therefore, the overall 

effectiveness of MC3 depends on achieving proper impedance matching in addition to 

maintaining high  values.

Figure 13. The variation of attenuation constant of Co NPs, MC1, MC2, MC3, and MC4 

samples with respect to the frequency

To quantitatively evaluate the impedance matching performance of the samples, the area 

fraction where |𝑍𝑖𝑛
𝑍0|  falls within the optimal range of 0.8–1.2 was calculated from the 

impedance maps, and the results are displayed in Fig. 14. Among all samples, the Co sample 

exhibits the highest area fraction of 22.53%, indicating superior impedance matching 

compared to other samples (MC1: 15.04%, MC2: 12.58%, MC3: 21.10%, MC4: 15.04%). This 

trend highlights that controlled Co incorporation can substantially enhance the effective 

matching area relative to the base material. Focusing on the Co-incorporated composites, MC3 

achieves the highest matching performance with an area fraction of 21.09%, demonstrating 
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that an optimal level of Co incorporation maximizes broadband impedance matching. MC1 and 

MC4 show intermediate values of 15.04%, while MC2 exhibits the narrowest matching region 

at 12.58%. This concentration-dependent trend emphasizes that excessive or insufficient Co 

content can reduce the effective matching region, particularly at the band edges. However, it 

is important to note that optimal microwave absorption requires not only favorable impedance 

matching but also sufficient electromagnetic energy dissipation governed by the attenuation 

constant () 61. Therefore, impedance matching determines the ability of incident 

electromagnetic waves to enter the absorber, whereas the  reflects the material’s capability 

to dissipate the absorbed energy. In this context, MC3 presents a well-balanced performance, 

combining a high matching area fraction (21.10%) with an elevated attenuation constant, as 

shown in Figs. 13 and 14. This synergistic balance between impedance matching and 

attenuation capability enables MC3 to effectively convert incident EMWs into thermal energy, 

highlighting its superiority as an absorber. Therefore, although the Co sample alone achieves 

the highest impedance match, MC3 emerges as the most efficient overall absorber due to its 

optimal combination of impedance matching and attenuation capability. These findings 

demonstrate that the optimized dielectric-magnetic synergy and balanced impedance 

matching enable the MC3 nanocomposite to achieve superior broadband microwave 

absorption performance.
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Figure 14. 2D illustration and area fraction of |𝑍𝑖𝑛
𝑍0|  within the optimal range of 0.8–1.2

3.5.4. Possible loss mechanisms

The tangent loss plots are valuable for identifying the dominant mechanisms in microwave 

absorbers. In general, the mechanism corresponding to the higher tangent loss value 

contributes more significantly to the overall absorption behavior. Fig. 15 illustrates the variation 

of dielectric () and magnetic () loss tangents with frequency. As seen in these figures, for 

Co, MC3 and MC4 samples, the dielectric and magnetic loss tangent values are relatively 

close. However, the dielectric loss tangent remains slightly higher throughout the frequency 

range. This indicates that while both dielectric and magnetic losses contribute to the 

attenuation of EMWs, dielectric losses play a slightly more dominant role. On the other hand, 

for the MC1 and MC2 samples, the magnetic loss tangent exhibits comparatively higher values, 

indicating that magnetic losses contribute more significantly to their absorption behavior. The 

enhanced and balanced dielectric and magnetic loss tangents in MC3 correlate strongly with 

its higher  and broader bandwidth, suggesting that the synergy between these loss processes 

is key to its superior performance. Therefore, these observations demonstrate that achieving 

a balanced contribution from both dielectric and magnetic losses is crucial for optimizing 

microwave absorption performance. 
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Figure 15. Tangent loss graphs of Co NPs, MC1, MC2, MC3, and MC4 samples a) Dielectric 

tangent loss and b) magnetic tangent loss 

Among all samples, MC3 exhibits the most favorable balance, resulting in enhanced 

attenuation and a broader EAB. Moreover, for the Co sample, the  exhibits negative values 

in the 12.5–14 GHz frequency range. These negative values originate from the imaginary part 

of permeability (𝜇′′) becoming negative while 𝜇′ remains positive (see Fig.9), a behavior 

associated with the post-resonance region of the ferromagnetic response 62. In this regime, the 

phase lag between the magnetization and the applied electromagnetic field causes 𝜇′′ to cross 

below zero, indicating that the material partially re-radiates the stored magnetic energy rather 

than dissipating it as heat 63.

To gain deeper insight into the origins of the excellent microwave absorption performance of 

MoS2–Co nanocomposite, the possible loss mechanisms depicted in Fig. 16 are discussed by 

correlating structural features with electromagnetic parameters. Firstly, the flower-like 

morphology of MoS2, decorated with Co nanoparticles, promotes multiple reflections and 

scattering of incident EMWs, effectively extending the propagation path and enhancing energy 

dissipation. This morphological advantage is further supported by the presence of lattice 

defects in MoS2, as confirmed by XRD and XPS analyses. These defects induce localized 

polarization centers, which significantly contribute to dielectric losses. Furthermore, SEM 

observations reveal that Co nanoparticles are distributed within the interlayer spaces of the 

MoS2 nanosheets, creating abundant heterogeneous interfaces. These interfaces act as 
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polarization centers that facilitate charge accumulation and relaxation under alternating EM 

fields, thereby enhancing interfacial polarization losses. In parallel, the Cole–Cole analyses 

provide complementary evidence for these dielectric processes. The multiple semicircular arcs 

in the Cole–Cole plots indicate the coexistence of several relaxation processes, while the tail-

like extensions suggest the presence of conductive losses, which may originate from the 

improved electrical conductivity induced by Co incorporation. 

Figure 16. Possible loss mechanisms contributing the enhanced microwave absorption 

performance of the synthesized absorbers 

From the magnetic perspective, Co nanoparticles contribute to the absorption through natural 

and exchange resonances, and eddy current losses, as supported by the permeability and 

eddy current loss plots. Another key factor influencing absorption efficiency is impedance 

matching. The synergistic combination of dielectric MoS2 and magnetic Co nanoparticles 

provides a magneto–dielectric coupling effect that is beneficial for microwave absorption. The 

dielectric component contributes mainly through dipolar polarization, defect-induced 

polarization, interfacial polarization, and conductive loss, while the magnetic Co nanoparticles 

introduce magnetic loss mechanisms such as natural resonance and exchange resonance. 

The coexistence of these dielectric and magnetic loss processes enables a better balance 
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between impedance matching and attenuation capability. As a result, the impedance mismatch 

between free space and the absorber is reduced, allowing incident EMWs to effectively enter 

the material rather than being reflected at the surface, thereby promoting internal energy 

dissipation. In addition, the hierarchical composite structure promotes multiple internal 

reflections and scattering of EMWs, which further increases the effective propagation path and 

enhances energy attenuation. Therefore, the overall microwave absorption performance 

originates from the cooperative interplay of multiple mechanisms, including defect-induced and 

interfacial polarization, conductive loss, magnetic resonance processes, optimized impedance 

matching, and multiple scattering effects, as illustrated in Fig. 16. Such magneto–dielectric 

synergistic effects ultimately lead to broadband and efficient EMW attenuation in the GHz 

frequency range.

Table 3. Microwave absorption characteristics of synthesized samples along with the literature 
data.

Materials Thickness 
(mm)

RLmin 
(dB)

Frequency 
(GHz) EBA (@–10 dB) Reference

MoS2 nanosheets 2.20 –47.80 12.8 4.50 [7]
Hydrangea-like 
MoS2

1.40 –44.67 13.0 3.32 [5]

Dendritic Co 1.30 - - 6.00 [64]
Flower-like Co 2.50 –40.25 6.0 - [65]
Co particles 5.00 –19.06 17.4 1.85 [66]
Fe–MoS2 2.00 –37.02 - 4.73 [9]
MoS2/Ni 2.20 –44.70 9.4 2.40 [67]
MoS2/Ni 1.50 - - 4.00 [68]
Ti3C2Tx/Polyimide 
Aerogel 3.00 –35.07 - 9.41 [69]

Sn@C whiskers 2.2 - - 7.40 [70]
FeCoNi/bamboo 
like carbon fibers 1.80 - - 5.40 [71]

Co NPs 4.00 –14.60 10.31 5.36

MoS2–Co (MC1) 2.00 –15.19 16.51 4.15

MoS2–Co (MC3) 3.00 –17.17 13.84 7.51

This work

To reveal the potential of the samples synthesized in this work, the obtained results are 

compared with those reported in literature and summarized in Table 3. In addition to MoS2 and 

Page 35 of 45 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT00271D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00271d


Co-based systems, several recently reported advanced microwave absorber materials, 

including MXene-based absorbers, carbon-based composites, and magnetic alloy systems 

were also incorporated into the comparison table to provide a broader perspective. As shown 

in the table, the synthesized Co NPs exhibit notably higher or comparable EAB values relative 

to previously reported Co particles and dendritic Co structures. More importantly, the 

synthesized MoS2–Co nanocomposites demonstrate competitive microwave absorption 

performance compared with many reported Fe- and Ni-based systems as well as several 

advanced absorber platforms. Considering the simplicity of the synthesis procedure, the 

absence of complex post-treatments, the short preparation time, and the strong absorption 

performance achieved, the MoS2–Co system presents a promising alternative among 2D 

material–magnetic hybrid absorbers. Notably, even at a relatively low filler loading of 30 wt.% 

in the epoxy matrix, two of the composites exhibited remarkable RL and EAB values, 

highlighting the high efficiency of the MoS2–Co combination. These results suggest that the 

developed composites hold considerable potential for practical applications in microwave 

absorption, stealth coatings, and electromagnetic interference shielding.

4. Conclusions

In this study, a series of MoS2–Co nanocomposites with varying Co contents (5–20 wt.%) were 

successfully synthesized, and their microwave absorption performances were systematically 

evaluated over the 2–18 GHz frequency range. The integration of magnetic Co NPs into the 

MoS2 host led to a remarkable enhancement in microwave attenuation performance, primarily 

due to the synergistic interplay between dielectric and magnetic loss mechanisms. Structural, 

morphological, compositional, and magnetic characterizations collectively confirmed the 

successful incorporation and uniform dispersion of Co within the MoS2 framework. Among all 

samples, the MC3 composite (15 wt.% Co) exhibited the most superior performance, achieving 

a RLmin of –17.17 dB at 13.84 GHz and an EAB of 7.51 GHz at a thickness of only 3 mm. This 

outstanding performance is primarily attributed to the optimized balance among dielectric, 
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magnetic, and structural contributions, including defect-induced and interfacial polarization, 

conductive loss, magnetic resonance processes, optimized impedance matching, and multiple 

scattering effects, all of which are enhanced by the tailored microstructure and composition. 

Furthermore, the synergistic magneto–dielectric coupling between MoS2 and Co nanoparticles 

contributes to improved impedance matching and enhanced attenuation capability, which 

together promote efficient microwave absorption. Overall, the MoS2–Co system, particularly in 

its MC3 configuration, offers strong potential for advanced stealth applications and other 

technologies requiring lightweight and high-efficiency microwave absorber materials.
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