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delion-like CoS2 hollow
microspheres: self-assembly and controllable
microwave absorption performance†

Dongwei Xu, *a Feifan Zhang,a Huanhuan Guo,a Sitong Liu,a Shuaijiang Ma,b

Xiaoqin Guo*a and Ping Chen *c

The emerging electromagnetic radiation and interference problems have promoted the rapid development

of microwave absorption materials (MAMs). However, it remains a severe challenge to construct high-

performance microwave absorption materials with broadband, lightweight and corrosion resistance

within low filling contents. Herein, hierarchical dandelion-like CoS2 hollow microspheres were

reasonably constructed via a solvothermal-hydrothermal etching-in situ vulcanization process. The

structure morphology, composition and electromagnetic performance of all samples have been

thoroughly tested. The research results demonstrated that the structure morphology of the prepared

samples with a volume ratio of 1 : 1 between ethanol and H2O remained intact without serious damage.

Notably, the as-obtained hierarchical dandelion-like CoS2 hollow microspheres (25 wt%) exhibited

excellent microwave absorption capacity with a minimum reflection loss (RLmin) of −47.3 dB and the

corresponding effective absorption bandwidth (EAB) of 8.4 GHz at 3.3 mm. Moreover, the broadest

effective absorption bandwidth (EAB, RL < −10 dB) reached 9.0 GHz (9.0–18.0 GHz) at the matching

thickness of 3.2 mm. The unparalleled multiple features including hierarchical hollow structure, tunable

complex permittivity as well as the enhanced impedance matching endowed CoS2 great promise as

high-performance microwave absorbers for solving the problem of electromagnetic pollution.
Introduction

With the rapid upgrading of electronic instruments, electro-
magnetic radiation and interference have undoubtedly become
prominent, which seriously affect the normal operation of
electronic equipment and the information safety as well as
human health.1–3 Electromagnetic absorbing materials (EAMs),
which can convert electromagnetic energy to thermal energy,
are essential to effectively prevent the leakage of electromag-
netic information and suppress the radiation and interference
of electromagnetic waves.4–6

In order to obtain excellent electromagnetic wave absorption
properties, the microstructure design and composition modi-
cation of composite materials are very important. Many
studies have conrmed that the microwave absorption perfor-
mance (MAP) depends mainly on the electromagnetic
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parameters (including complex permittivity and complex
permeability) and impedance-matching properties, which are
closely related to the microstructures, components, and geom-
etry of the absorbing materials.7,8 Compared to conventional
absorbents, various nanomaterials with diverse morphologies
and structures such as nanowires,9 nanoakes,10 and nano-
spheres11 always exhibit moderate microwave absorption
performance. Therefore, tremendous research efforts have been
devoted to designing and developing advanced and efficient
absorbing materials. Moreover, texture regulation shed new
lights on the design, synthesis, and performance regulation of
absorbents. As expected, porous micro/nanostructures with
hollow congurations in view of their unique structural features
including well-dened interior voids, low density as well as
large surface area can expose more active surfaces and enhance
charge transfer efficiency, resulting in improved electromag-
netic performance.12,13 Wu et al. adopted the co-modication
strategies of poly-dopamine coating and wet impregnation to
construct CoS2 magnetic double-shell microspheres for
achieving the optimized microwave absorption performance.14

Chen et al. successfully prepared the nitrogen-doped porous
carbon decorated with core–shell Ni3Sn2@carbon particles
through a simple salt-template pyrolysis approach. Due to the
intriguing 3D porous and core–shell structure, rich heteroge-
neous interface as well as perfect conductive network, the
RSC Adv., 2023, 13, 27147–27157 | 27147

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra04890j&domain=pdf&date_stamp=2023-09-09
http://orcid.org/0000-0003-1633-936X
http://orcid.org/0000-0002-1380-8186
https://doi.org/10.1039/d3ra04890j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04890j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013039


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 7
:0

3:
51

 P
M

. 
 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
obtained composites possessed the RLmin of −54.01 dB and
wide EAB of 7.36 GHz under a low lling contents.15

Recently, transition metal suldes (TMSs) because of their
remarkable advantages such as outstanding electronic proper-
ties, thermal stability and high resistance to oxidation and
corrosion have been extensive investigated and been widely
used in the eld of energy storage devices,16 electrochemical
hydrogen evolution,17 photocatalysis18 and so on. As a kind of
complicated transition metal dichalcogenide, cobalt disulphide
(CoS2) with inherent chemical and structural stability as well as
the unique magnetic-electrical properties have been used in
supercapacitors, lithium-ion batteries, and spintronic devices,
which in turn conrmed CoS2 can be a candidate for microwave
absorption due to its dielectric loss capability and part of the
magnetic loss. Inspired by the structural point of view, CoS2
with different morphologies showed various structural advan-
tages and performance characteristics in the eld of microwave
absorption. In particular, CoS2 with hierarchical and hollow
structure possess lightweight feature. Furthermore, the hollow
structure is conducive to the enhanced impedance matching
characteristics and providing large hollow interfaces as well as
generating multiple reections as much as possible to extend
the transmission path, all of them are favorable for microwave
absorption enhancement.

In this work, hierarchical dandelion-like CoS2 hollow
microspheres were synthesized using cobalt glycerate (CoG)
solid microspheres as precursors followed by solvothermal-
hydrothermal etching and in situ vulcanization process. When
the volume ratio of ethanol to water was set as 1 : 1, the hier-
archical dandelion-like morphology of Co-based carbonate
hydroxide microspheres could be obtained, and the hollow
structure has almost no change aer in situ vulcanization. The
effect of structural on the absorption properties of CoS2 hollow
microspheres was investigated in depth. Due to the unique
hierarchical hollow structure and the optimized impedance
matching, when the lling is 25 wt%, the RLmin of CoS2
samples at 3.3 mm is −47.3 dB and the maximum EAB at
3.2 mm is 9.0 GHz, which made the composites a promising
class of microwave absorption materials for a lightweight and
wide range of applications.
Materials

All chemicals were at analytic reagent grade and used as
received. Cobalt nitrate (Co(NO3)2$6H2O) and thioacetamide
(TAA) were purchased from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Anhydrous ethanol, glycerol and iso-
propanol were purchased from Aladdin Corporation.
Synthesis of Co-glycerate precursor solid microspheres

In the typical synthesis process, Co(NO3)2$6H2O (3.0 mmol) was
dissolved into 70 mL glycerol-isopropanol mixed solvent (Vg : Vi
= 1 : 6) under ultrasonic stirring to obtain clear solution. Aer
that, the clear solution was sealed into 100 mL stainless steel
autoclave and maintained at 200 °C for 12 h. Then, the auto-
clave was cooled down to room temperature naturally, the
27148 | RSC Adv., 2023, 13, 27147–27157
products were washed with ethanol several times. Finally, the
Co-glycerate precursor solid microspheres were separated and
puried by centrifugation and drying.
Synthesis of hierarchical Co3O4 hollow microspheres

The Co-glycerate precursor solid microspheres (0.1 g) were
dispersed in 60 mL ethanol/H2O mixed solvent (The volume
ratio is set to 2 : 1, 1 : 1, 1 : 2) by ultrasonic treatment for 30 min,
subsequently the mixed suspension was sealed into 100 mL
stainless steel autoclave and kept at 160 °C for 8 h. The as-
obtained products were collected and washed with deionized
water and ethanol successively.
Synthesis of dandelion-like CoS2 hollow microspheres

Firstly, 0.1 g hierarchical Co3O4 hollow microspheres were
dispersed into ethanol solvent containing TAA with ultrasonic
treatment for 15 min to form homogeneous suspension. Then,
the suspension was poured into the 100 mL teon lined auto-
clave and reacted at 140 °C for 6 h for in situ vulcanization
reaction. Finally, the resulting products were collected and
washed with deionized water and ethanol successively to obtain
dandelion-like CoS2 hollow microspheres.
Characterization

The crystal structures and phase compositions were investi-
gated by X-ray powder diffractometer using Cu Ka radiation
(XRD, SmartLabX, l = 0.15418 nm). The morphology and
microstructure of samples were characterized on eld-emission
scanning electron microscope (FESEM, Germany) and trans-
mission electron microscope (TEM, Tecnai F30, USA). Surface
elemental analysis were characterized by X-ray photoelectron
spectra (XPS) using ultrahigh vacuum apparatus built by
ESCALAB 250 (USA). Nitrogen adsorption isotherm measure-
ments were performed with a Quanta 4200e surface area
analyzer.

To investigate the electromagnetic wave absorption proper-
ties, different proportions coaxial ring test samples of obtained
dandelion-like CoS2 hollow microspheres with paraffin matrix
(Fouter = 7 mm and Finner = 3 mm, where the symbol F

represents the diameter) were measured for electromagnetic
parameters over the 1–18 GHz range. Different samples named
as CS15, CS25 and CS35 were prepared by mixing powders
(15 wt%, 25 wt%, 35 wt%) with paraffin followed by compress-
ing into coaxial rings, respectively.
Results and discussion

The 3D hierarchical dandelion-like CoS2 hollow microspheres
was prepared by a combination of solvothermal-hydrothermal
etching-in situ vulcanization, as schematically illustrated in
Fig. 1. In the initial step, Co2+ reacted with glycerol at 200 °C for
12 h to get Co-glycerate solid microspheres (Co-GSMs). Subse-
quently, the hierarchical Co3O4 hollow microspheres were ob-
tained through hydrothermal etching process in ethanol/H2O
mixed solvent. Finally, the hierarchical CoS2 hollow
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the formation process for hierarchical dandelion-like CoS2 hollow microspheres.
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microspheres were obtained by in situ vulcanization under
hydrothermal conditions.

The representative morphology andmicrostructures detail of
Co-GSMs, Co3O4 and hierarchical CoS2 hollow microspheres
were elucidated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As depicted in Fig. 2a
and d, it can be clearly observed that the Co-GSMs synthesized
by solvothermal reaction show rather uniform and solid nano-
sphere morphology with smooth surface and the average
particle size is approximately 1 mm. Subsequently, in the
hydrothermal process, the glycerate alkoxides hydrolyzed and
the morphology transformed from initial solid nature to hier-
archical hollow structure. As time went by, the uniform and
hierarchical hollow microspheres was eventually constructed by
self-assembly of Co3O4 nanosheets, which can be explained by
the Kirkendal effect. The thickness of Co3O4 nanosheets is
about 25 nm, shown in Fig. 2b. To display the regulation
process, the SEM images under different volume ratio of water/
ethanol are shown in Fig. S1 (ESI, Fig. S1†). It is found that the
volume ratio of water/ethanol has an important effect on the
morphology of the product. When the volume ratios are set as
2 : 1 and 1 : 1 in the hydrothermal etching reaction system, the
as-synthesized hollow microspheres are assembled by nano-
sheets with internal void space. Nevertheless, when the volume
ratio of water/ethanol increased, a mass of broken hollow
microspheres are generated, which indicated the excessive
Fig. 2 SEM and TEM images of Co-GSMs (a and d), Co3O4 (b and e), hie

© 2023 The Author(s). Published by the Royal Society of Chemistry
amount of water is not conducive to maintaining morphology
and structure. Note that, aer in situ vulcanization, surprisingly,
the hollow morphology maintained without serious damage
(Fig. 2). The detailed hollow structure and element distribution
of hierarchical CoS2 hollow microspheres were corroborated by
further observation with TEM and HRTEM images. As observed
in Fig. 2f, the CoS2 microspheres composed of the wrinkled
nanosheets displayed obvious hollow structure and distinct
interior cavity, which could tremendously enhance the specic
surface area, restricting the occurrence of agglomeration.

Further crystalline structural insights and purity of as-
obtained products were examined by powder X-ray diffraction
(XRD) measurements (Fig. 3). The characteristic broad diffrac-
tion peak located at 10.5° did not appear, indicating the
amorphous nature of the as-prepared Co-glycerate complex
precursor.19 Aer hydrothermal etching, there are several
diffraction peaks appearing at 19.0°, 31.3°, 36.8°, 44.8°, 59.4°,
65.2° corresponding to the (111), (220), (311), (400), (511) and
(440) crystal planes of Co3O4 (PDF#43-1003), respectively.20–22

Moreover, the results conrmed that Co2+ coming out of the
dissolution of Co-glycerate complex precursor reacted with
CO3

2− groups stepped from the decomposition of organic
components of glycerinum and OH− to form the special hier-
archical Co-based carbonate hydroxide hollow microspheres.
Aer drying, hierarchical Co-based carbonate hydroxide hollow
microspheres turn into Co3O4 hollow microspheres. Aer in situ
rarchical CoS2 hollow microspheres (c and f).

RSC Adv., 2023, 13, 27147–27157 | 27149
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Fig. 3 XRD patterns of the samples Co-GSMs (blue line), Co3O4 (red
line), CoS2 (black line).

Fig. 5 The N2 adsorption–desorption isotherm curve and pore
diameter distribution of the as-prepared sample.
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vulcanization process, XRD curve exhibited certain major
diffraction peaks at 27.5°, 32.0°, 36.2°, 39.5°, 46.0°, 54.5°, 57.6°,
60.1° and 62.5°, which could be indexed to the (111), (200),
(210), (211), (220), (311), (222), (230) and (321) planes of hier-
archical CoS2 hollow microspheres (PDF#41-1471).23,24

The chemical elemental composition and the electronic
interaction of the samples were further identied by X-ray
photoelectron spectroscopy (XPS). The survey spectrum of Co-
glycerate precursor solid microspheres and demonstrated the
existence of C, O, and Co elements (Fig. S2†). Compared to Co-
GSMs, Co3O4 contain the same elemental composition with the
slightly different peak intensity. The atomic ratio of C/O/Co
obtained from the XPS survey spectra of Co-GSMs and Co-
GHMs (ethanol/H2O = 1 : 1) were calculated to be 11.7 : 4:1
and 4.3 : 3:1, respectively. Moreover, the survey scan spectrum
in Fig. S2† veried the successful introduction of S element
through the in situ vulcanization process, which was consistent
with the previous XRD measurements. And the atomic ratio of
Co to S is calculated to be 1 : 2.13, similar to the designed ratio.
For the high-resolution Co 2p spectrum in Fig. 4a, the prom-
inent characteristic peaks centered at 781.5 eV and 797.7 eV
corresponded to the Co 2p3/2 and Co 2p1/2, and the peaks at
785.1 eV and 802.7 eV are two shakeup satellites,
respectively.25–27 The corresponding S 2p spectrum (Fig. 4b)
Fig. 4 The high-resolution Co 2p (a) and S 2p (b) spectrum.

27150 | RSC Adv., 2023, 13, 27147–27157
displays the deconvoluted peaks at 169.5 eV assigned to S–O
bond, and 162.4 eV as well as 163.7 eV, which were ascribed to
the S 2p3/2 and S 2p1/2 orbitals, respectively.28–30 Simultaneously,
N2 adsorption–desorption isotherms were performed to further
reveal the specic surface area and porous structure. As shown
in Fig. 5, the composites showed typical IV-type isothermal
curve with a distinct and narrow hysteresis loop. The specic
surface area of hierarchical CoS2 hollow microspheres reached
up to 118 m2 g−1 and the pore size was about 3.54 nm,
respectively. Generally speaking, the hierarchical porous struc-
ture is not only benecial to optimize impedance matching, but
also to enhance interface polarization and multiple
scatterings.31

To explore the microwave absorption performance of the as-
obtained products, the electromagnetic parameters of various
contents samples mixed with paraffin by a simple blending
method were measured. The theoretical reection loss (RL)
values of CoS2/wax composites with different CoS2 proportions
at various thicknesses were estimated by the following eqn (1)
and (2) according to the transmission line theory.32–34

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tan h

�
j
2pfd

c

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p �
(1)

RLðdBÞ ¼ 20 log

����Zin � Z0

Zin þ Z0

���� (2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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where Zin, Z0, 3r, mr, f, d and c represent the input characteristic
impedance, the impedance of the free space, the complex
permittivity, the complex permeability, the frequency, the
thickness of the absorber and the speed of light, respectively.
Fig. 6 show the contours of reection loss values and 2D curves
of the different composites. From RL curves, the microwave
absorption performance of all samples show great differences.
CS15 samples present terrible microwave absorption perfor-
mance with the minimum RL value of −11.0 dB and the
maximum effective absorption bandwidth (RL < −10 dB) is only
1.1 GHz with the thickness of 4.7 mm. It is worthy noting that
when the lling content reached to 25% (CS25), the reection
loss values and the effective absorption bandwidth have become
signicantly larger and wider than that of CS15 samples (Fig. 6b
Fig. 6 The contours of reflection loss values and 2D curves of CS15 (a an
GHz with increased thickness from 1.0 to 5.0 mm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and e). The effective absorption band (EAB) can be achieved in
the frequency range of 5.6–18.0 GHz with the thickness of 1.0–
5.0 mm. The minimum RL value of −47.3 dB and the corre-
sponding effective absorption band 8.4 GHz could be obtained
as well as the widest 9.0 GHz EAB at a single thickness of only
3.3 mm and 3.2 mm, respectively. For CS35, the EAB can be
obtained from 11.5–18.0 GHz with the minimum RL value of
−34.2 dB at 14.2 GHz at the thickness of 2.5 mm, which
manifest theminimumRL value and the EAB decreased to some
extent. The optimal values with different ller loadings are
shown in Fig. 6, it can be seen that the maximum EAB of CS25
samples covered 50% of the measured frequency range and
covered the whole Ku band and most of the X band. Impres-
sively, the minimum reection loss values of the hierarchical
d d), CS25 (b and e), CS35 (c and f) in the frequency range of 1.0–18.0

RSC Adv., 2023, 13, 27147–27157 | 27151
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Fig. 7 The 3D RCS values of CS15 (a), CS25 (b), and CS35 (c). (d) The 2D RCS values of CS15, CS25 and CS35 composites in vertical polarization.
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CoS2 hollow microspheres with different lling loadings shi to
lower frequency as the thicknesses elevate in the frequency
range of 1–18 GHz, which can be explained by the quarter-
wavelength matching model (Fig. 6 and Fig. S3†).35 By
Table 1 Microwave Absorption Properties of CoS2-Based Composites

Material Matrix Ratio (wt%)
Thic
(mm

CoS hollow spheres (CHSs) Wax 20% 2.0
Co1−xS hollow spheres PVDF 3% 2.5
CuS@CoS2 nanoboxes Wax 30% 2.2
Hollow CuS@CoS2 nanoboxes Wax 25% —
Porous Co9S8 nanotubes Wax 30% 1.5
Porous Co9S8 nanotubes Wax 20% 2.8
CoS2 hollow nanoboxes Wax 20% 2.3
CoS2–MoS2 composites Wax — 3.62
CC@NPC/CoS2 composites Wax 30% 2.8
CoS2/rGO Wax 50% 2.2
CoS2 hollow microsphere Wax 25% 3.2
CoS2 hollow microsphere Wax 25% 3.3

27152 | RSC Adv., 2023, 13, 27147–27157
comparison, whether peak intensity of the RL values or width of
EAB, CS25 samples have advantages over CS15 and CS35
(Fig. 8). To convince the practical stealth performance param-
eters, the radar cross section (RCS) of different samples were
kness
) Frequency range (GHz) RLmin (dB) Ref.

13.2–17.8 −43.6 36
11.04–16.64 −46.1 37
9.8–18 −50.1 38
— −54.9 39
12.64–17.68 −16.93 40
8.08–12.08 −46.73 40
12–18 −38.09 41
2.56 −71.56 42
10.8–18 −59.6 43
9.1–13.2 −56.9 44
9–18 −30.5 This work
9–17.4 −47.3 This work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Various Radar graphs of (a) d-EAB, (b) d-RL and (c) d-RL-EAB at different filling contents.
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simulated by the CST microwave studio. The simulation results
are shown in the Fig. 7a–d, compared with CS15 sample, the
RCS values for CS25 and CS35 could maintain values below −20
dBm2 atmost incident angles (−60°# 4# 60°, 4 represents the
angle of incidence in the simulation model), demonstrating
that the CS25 and CS35 show better microwave absorption
performance than that of CS15, which is consistent with the
previous discussion. A comparison of the microwave absorption
performance between the hierarchical CoS2 hollow micro-
spheres and other reported literature is listed in Table 1. As
shown, the hierarchical CoS2 hollow microspheres display
impressive performance compared with other absorbers, in
view of splendid absorption intensity and wide bandwidth
Fig. 8.

To embody the mechanism of the dielectric loss of CoS2 in
detail, the real and imaginary parts (3′ and 3′′) of complex
permittivity of different samples are shown in Fig. 9. The real
part of permittivity represent the energy storage ability, whereas
the imaginary part of permittivity reveal the energy dissipation,
respectively.45–47 Evidently, the 3′ and 3′′ of complex permittivity
show an increase trend with increasing lling contents of CoS2,
indicating the enhanced dielectric loss, which could be
explained by the effective medium theory.48 Synchronously, the
3′ and 3′′ show a downward trend through vigorous uctuation
occurred at high frequency with the increasing of frequency,
which demonstrated the existence of the frequency dispersion
effect.49 For CS25 and CS35, they possess higher 3′ and 3′′ values
than those of CS15, indicating a greater capacity to store elec-
trical energy and a more outstanding dielectric loss (Fig. 9a and
b). Remarkably, steady 3′ values are benecial to suitable
Fig. 9 Frequency dependence of the real and imaginary parts of compl
CS35.

© 2023 The Author(s). Published by the Royal Society of Chemistry
impedance matching, so the several obvious plateaus at 15 GHz
and 17 GHz of 3′ curve of all samples will do harm to impedance
matching properties.

According to the Debye theory and free electron theory, it is
deduced that dipolar polarization triggered by the defects in
materials, interfacial polarization originating by various inter-
faces and transition metal suldes materials inherent conduc-
tivity loss together give rise to dielectric loss. Based on the above
points, CS25 and CS35 samples deliver the stronger dielectric
loss as shown in Fig. 9c, and the dielectric loss values maintain
a general upward trend. By virtue of the local symmetry
breaking of the hierarchical CoS2 hollow microspheres surface
atoms, the enhanced dipole polarization is introduced and the
corresponding relaxation process is of pivotal importance to
augment the microwave absorption performance, which can be
veried by the Cole–Cole semicircle. According to the Debye
dipolar relaxation, the relative complex permittivity (3r) can be
estimated by the following equation:50

3r ¼ 3
0 � j3

00 ¼ 3N þ 3s � 3N

1þ j2pf s
(3)

in which 3s, s and 3N represent the static permittivity, the
polarization relaxation time, and relative dielectric permittivity
at the high-frequency limit, respectively. From eqn (3), it can be
deduced as shown below

3
0 ¼ 3N þ 3s � 3N

1þ ð2pf Þ2s2 (4)

3
00 ¼ 2pf sð3s � 3NÞ

1þ ð2pf Þ2s2 (5)
ex permittivity (a) and (b), dielectric loss tangent (c) of CS15, CS25 and
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Fig. 10 The Cole–Cole plots of (a) CS15, (b) CS25 and (c) CS35 samples.

Fig. 12 Characteristic attenuation coefficient a of samples.
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According to eqn (4) and (5), the nal relationship between 3′

and 3′′ can be deduced as:31,51

�
3
0 � 3s þ 3N

2

�
2þ �

3
00	
2 ¼

�3s � 3N

2

�
2 (6)

Apparently, the 3′ versus 3′′ curve would perform a single
semicircle, which commonly was referred to Cole–Cole semi-
circle, and one relaxation process usually corresponds to one
semicircle. As shown in Fig. 10, there is more than one semi-
circle suggesting the multiple Debye relaxation process in all
samples. Besides, the Cole–Cole semicircles of CS25 and CS35
samples show similar changes. But without ignorance, the
Cole–Cole semicircles are distorted, indicating there are might
some other mechanisms, such as the Maxwell–Wagner relaxa-
tion.52 Additionally, as depicted in Fig. 10, there is a long and
straight line in the Cole–Cole curve of all samples at low
frequency, which indicated that the conduction loss has certain
contributions to the enhanced microwave absorption
performance.

The impedance matching (Z) is an important parameter to
be considered in achieving superior absorption performance,
which can be derived from the following formula:47

Z ¼ Zin=Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tan h

�
j
2pfd

c

ffiffiffiffiffiffiffiffi
mr3r

p �
(7)

As we all know, when the impedance matching Z value is
close to 1, the electromagnetic wave tends to go into the mate-
rial rather than being reected at the interface.53 As shown in
Fig. 11, the light green area between Z = 0.75 and Z = 1.5 is
enclosed in blue. Admittedly, the bigger the enclosed area is,
the better the impedance matching Z value is. Obviously, it can
Fig. 11 Characteristic impedance matching Z of samples (a) CS15, (b) C

27154 | RSC Adv., 2023, 13, 27147–27157
be seen that the CS15 and CS25 have better impedance
matching, and the impedance matching Z values of CS35 are
still far from satisfactory due to the high lling contents
(Fig. 11).

The attenuation coefficient (a) of the microwave absorbers
represents the dissipation characteristics and capacity of the
absorbing materials, which is mainly dominantly by the relative
complex permittivity and the relative complex permeability. The
attenuation coefficient a could be expressed by the following
equation:54,55

a ¼
ffiffiffi
2

p
pf

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
m

00
3
00 � m

0
3
0	þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00

3
00 � m

0
3
0 Þ2 þ ðm0

3
00 þ m

00
3
0 Þ2

qr

(8)

Apparently, as shown in Fig. 12, the attenuation coefficient
a maintained a continuous upward trend with the increase of
S25 and (c) CS35.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the frequency. The attenuation coefficient (a) values of CS15 is
much lower than that of CS25 and CS35, leading to the weak EW
attenuation ability. Impressively, CS25 samples possess
multiple advantages in terms of the impedance matching (Z)
values and attenuation coefficient (a). According to the above
results, CS25 have better impedance matching and higher
attenuation coefficient a, which resulted in the enhanced
microwave absorption performance.

Based on the above considerations, the associated micro-
wave absorption mechanism of the hierarchical CoS2 hollow
microspheres mainly come from the following aspects. Initially,
the dipoles polarization and defect polarization because of the
existing defects in hollow structure as well as the multiple
interfacial polarizations originated from the abundant inter-
faces and multiple cores which can act as polarized centers and
induce the associated resonance relaxation processes further
enhance the dielectric loss. Aerward, multiple scattering and
reection stemming from the hierarchical hollow structure
increase the propagation path of the incident electromagnetic
wave, thus contributing to enhancing microwave absorption.
Finally, the optimal balance between impedance matching and
attenuation ability make microwave entry into the absorbents
and favor the microwave attenuate.

Conclusion

In summary, the hierarchical dandelion-like CoS2 hollow
microspheres have been rationally designed and successfully
prepared by multiple steps including solvothermal reaction and
hydrothermal etching as well as subsequent in situ vulcaniza-
tion process. Notably, the morphology and structure of the
products can be easily adjusted by controlling the volume ratio
of ethanol/H2O, which dominated the electromagnetic wave
absorption properties. More specically, beneting from the
outstanding structural advantages and the coexistence of
dielectric loss and magnetic loss as well as the synergetic effect
for CoS2 hollow microspheres, it is found that the optimized
CoS2/paraffin composites exhibit the signicantly enhanced
electromagnetic wave absorption properties with the qualied
frequency bandwidth of up to 9.0 GHz (namely broad effective
absorption bandwidth 9.0–18.0 GHz; RL # −10 dB) and the
minimum reection loss value (−47.3 dB) at a thin thickness of
only 3.3 mm. These results demonstrate that the hierarchical
CoS2 hollow microspheres could be attractive candidate mate-
rials for MAMs with wider absorption frequency bandwidth and
smaller ller loading.
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