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a dual-band material for absorbing microwaves†

Praveen Negi and Ashavani Kumar *

In the search for novel high-performance microwave (MW) absorbers, MoS2 has shown promise as a MW-

absorbing material, but its poor impedance matching limits its applications. Herein, a facile hydrothermal

method was used to produce a composite consisting of activated carbon (AC) derived from waste

biomass and in situ-grown MoS2 nanoparticles. Its microwave absorption properties were examined in

the 2–18 GHz frequency range, and FESEM and HRTEM images confirmed the formation of MoS2
nanoparticles on the AC. The maximum reflection loss (RLmax) for the MoS2/AC composite was �31.8 dB

(@16.72 GHz) at 20 wt% filler loading. At 50 wt% filler loading, the MoS2/AC (MAC50) composite

exhibited unique dual-band absorption characteristics in the C and Ku bands. An effective absorption

bandwidth (RL < �10 dB) of 10.4 GHz (3–5.2 GHz, 9.8–18 GHz) was achieved at various thicknesses that

covered the entire Ku band. Therefore, a sole dielectric absorber can easily be tuned to absorb MWs at

multiple frequency ranges. The large surface area and conduction losses of AC combined with the

superior dielectric loss properties of MoS2 resulted in improved impedance matching and attenuation

ability of the MoS2/AC composite. Thus, MoS2/AC is a promising low-cost dielectric absorber for MW

absorption applications.
1. Introduction

In the past decade, there has been a rapid surge in modern
technology, especially in the elds of electronics and wireless
communications. This has led to wide interest in developing
novel microwave (MW)-absorbing materials. A high-
performance MW absorber should strongly absorb with
a wide effective absorption bandwidth (EAB), i.e., the frequency
range where reection loss (RL) <�10 dB, and should also be
lightweight, with good thermal stability, and the ability to tune
MW absorption to desired frequency bands.1,2

A two-dimensional (2D) transition metal dichalcogenide,
molybdenum disulphide (MoS2), has shown promise as
a microwave-absorbing material in recent years due to its large
specic surface area and high dielectric properties.1–4 Ning
et al.5 prepared 2D MoS2 nanosheets using a top-down exfolia-
tion method and reported a maximum reection loss (RLmax) ¼
�38.42 dB. Liang et al.6 used a hydrothermal process to fabri-
cate MoS2 nanosheets and obtained an RLmax value of�47.8 dB.
To enhance the MW absorption properties of MoS2, there are
generally two approaches: rst, to combine a magnetic material
of Technology Kurukshetra, Haryana

; ashavani@nitkkr.ac.in

ESI) available: Particle size distribution
complex permittivity, Cole–Cole plot,
s, RL and thickness graph for MAC20,
matching, and thickness for MAC40.

–4206
with MoS2 such as MoS2/FeS2,7 MoS2–iron oxide,3 porous coin-
like Fe@MoS2,8 or BaFe12O19@MoS2,9 and second, to incorpo-
rate a nonmagnetic or pure dielectric material with MoS2.

A pure dielectric absorber faces the problem of poor
impedance matching,2 but in recently reported studies, it was
demonstrated that when various carbon-based materials were
combined with MoS2, the MW absorption by a dielectric
absorber was enhanced. An excellent EAB of 10.85 GHz was
measured for the MoS2-coated carbon ber fabricated by Zhang
et al.10 The MoS2/carbon nanotube (CNT) (2D/1D) composite
synthesized by Sun et al. gave a maximum EAB ¼ 5.60 GHz
(RLmax ¼ �47.9 dB).11 The MoS2 nanosheet/3D carbon foam
reported by Lyu et al.12 yielded a RLmax ¼ �45.88 dB and EAB ¼
5.68 GHz, and the MoS2/reduced graphene oxide (RGO) hybrid
prepared by Wang et al. achieved a RLmax ¼ �50.9 dB and EAB
of 5.72 GHz.13 The EAB values of 5.92 GHz,14 6.96 GHz,15 and 5.6
GHz (ref. 16) reported by other research groups conrm the
enhanced MW absorption performance for the MoS2/RGO
composite.

Another carbon-based MoS2 composite, i.e., carbon spheres,
has also been used to achieve superior MW-absorbing proper-
ties. The core–shell carbon-sphere CS/MoS2 composite fabri-
cated by Zhang et al.4 provided a RLmax ¼ �52.6 dB (EAB ¼ 6.29
GHz), whereas Ning et al.2 encapsulated MoS2 nanosheets in
hollow carbon spheres and obtained an excellent RLmax ¼ �65
dB. The morphologically based study performed by Zhang et al.17

also concluded that a MoS2/carbon composite with a micro-
sphere morphology provided a more optimal MW-absorbing
© 2021 The Author(s). Published by the Royal Society of Chemistry
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performance than pure MoS2. The incorporation of carbon-
based materials with MoS2 provides multiple interfaces that
increase interfacial polarization14,17 and facilitate the multiple
reections of incident MWs.3,4 It also improves impedance
matching of the composite and thus reduces surface reections.2

Recently, biomass-based activated carbon has emerged as
a potential dielectric loss material for MW-absorbing applica-
tions.18–23 The presence of natural and articial porosity in the
activated carbon facilitates multiple reections and scattering
of incident MWs.21,22 Our group has also reported that mango
leaf-based activated carbon is an excellent MW-absorbing
material.24 Therefore, due to its remarkable properties such as
large surface area, adequate porosity, light weight, sustainable
natural source, and low cost,21,23 an activated carbon-based
dielectric composite is a potential candidate for MW absorp-
tion applications.

In the present study, a MoS2/activated carbon composite was
synthesized, and its MW absorption properties were reported.
The composite at 20 wt% ller loading yielded an RLmax ¼
�31.8 dB at 16.72 GHz, whereas at 50 wt% ller loading, the
absorber gave a dual-band RL in the C and Ku bands. The dual-
band MW-absorption performances reported by Liu et al.25 and
Shu et al.26 used co-doped NiZn ferrite/graphene and RGO/
MWCNTs/ZnFe2O4 nanocomposites, respectively. These
composites were constructed from dielectric and magnetic
materials, whereas Zhang et al.1 reported a solely dielectric-
based VS2 nanosheet that exhibited dual-band MW absorption
in the C and Ku bands. Thus, the dual-band loss shown by the
MoS2/activated carbon (AC) composite is unique and, to the best
of our knowledge, has not been reported for any MoS2/carbon-
based composites.
2. Experimental
2.1. Materials

Sodium molybdate dihydrate (Na2MoO4$2H2O) ACS grade and
potassium hydroxide (KOH) AR grade were purchased from
Merck Life Science Pvt. Ltd. L-Cysteine, paraffin wax, and
hydrochloric acid (HCl) were purchased from Lobachemie Pvt.
Ltd. Ethanol was purchased from Changshu Pvt. Ltd., and
mango leaves were collected on the Institute premises.
2.2. Synthesis of the MoS2/AC composite

Waste mango leaf-based AC was synthesized by a facile method
of carbonization followed by its activation using KOH, as
previously reported by our group.24 The MoS2/AC composite was
prepared by a hydrothermal method. Sodium molybdate and L-
cysteine (1 : 5 molar ratio) were dissolved in 30 ml of deionized
(DI) water. Aer the AC in DI water was sonicated for 1 hour,
both solutions were mixed and then stirred for 2 hours to form
a uniform solution. The ratio of MoS2 to AC was maintained at
1 : 0.5. The pH was decreased to approximately 2 by adding HCl
to the solution. The 80 ml solution of sodium molybdate, L-
cysteine, and AC was then transferred to a Teon-lined
stainless-steel autoclave (100 ml) and heated at 180 �C for
24 h. The as-prepared precipitate was then washed with DI
© 2021 The Author(s). Published by the Royal Society of Chemistry
water and ethanol using a centrifuge until a neutral pH was
achieved. The washed sample was then dried in an oven at
100 �C overnight. The resulting MoS2/AC composite was named
MAC, and an illustration of the preparation of the MoS2/AC
composite is shown in Scheme 1.
2.3. Characterization

Powder X-ray diffraction (XRD) was performed using a Rigaku
Miniex II with Cu Ka radiation (l ¼ 1.54 Å). A confocal micro-
Raman spectrometer (AIRIX CORP) with laser excitation at
532 nm was used to obtain Raman spectra. The morphology was
studied by eld emission scanning electron microscopy
(FESEM, FEI Nova Nano) and high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai G2 20 S-TWIN). A
Thermo Fisher Scientic Nexsa base was used to record X-ray
photoelectron spectra (XPS). A Quantachrome Nova 2200e was
used to measure nitrogen adsorption–desorption isotherms at
77.3 K. A multiple points Brunauer–Emmett–Teller (BET)
method was used to calculate the specic surface area, and the
Barrett, Joyner, and Halenda (BJH) model was used to calculate
the pore size distribution.
2.4. Microwave absorption measurements

To study the microwave absorption properties, MAC powder
and paraffin wax were mixed and heated at 100 �C. The mixture
was then pressed into a toroidal shape (4out ¼ 7.0 mm, 4in¼ 3.0
mm) using a die. The wt% of MAC in wax was varied, and 10%,
20%, 30%, 40%, and 50% were tested. Therefore, the samples
were named MAC10, MAC20, MAC30, MAC40, and MAC50,
where the numbers represent the loading wt% of MAC in
paraffin wax.

An Agilent E8364B PNA series vector network analyzer (VNA)
was used to obtain the relative complex permittivity (3r) and
permeability (mr) in the frequency range of 2–18 GHz. The RL
values were calculated by the following eqn (1) and (2):2,14

RL (dB) ¼ 20 logj(Zin � Z0)/(Zin + Z0)j (1)

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tanh

�
j
2pfd

c

ffiffiffiffiffiffiffiffiffiffiffiffi
ðmr3rÞ

p �
(2)

where Zin denotes the input impedance of the absorber, Z0
denotes the impedance of free space, c denotes the velocity of
electromagnetic waves in free space, d denotes the thickness of
the absorber, and f denotes the frequency of the electromag-
netic waves.
3. Results and discussion
3.1. Morphological and structural analyses

Fig. 1a depicts the XRD pattern of AC where the broad peak at 2q
¼ 23.6� corresponds to the (002) plane and a weak peak at 2q ¼
43.2� corresponds to the (100) plane. These two planes conrm
the graphitic nature of AC.18,24,27 These broad and weak peaks of
AC indicate the low level of crystallinity and amorphous nature
of porous AC.18 The XRD pattern of the MoS2/AC composite as
shown in Fig. 1b contains characteristic diffraction peaks at 2q
Nanoscale Adv., 2021, 3, 4196–4206 | 4197
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Fig. 1 XRD pattern of (a) activated carbon (AC) and (b) MoS2/AC composite (MAC), and Raman spectrum of (c) MAC and (d) AC.

Scheme 1 Schematic illustration for the preparation of the MoS2/AC composite.
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¼ 14.3�, 32.6�, and 58.2� that correspond to the (002), (100), and
(110) planes of MoS2, respectively (JCPDS card no. 37-1492).2,4,15

The broadening of peaks implies the formation of nano-sized
MoS2 particles28 that were further conrmed by FESEM and
4198 | Nanoscale Adv., 2021, 3, 4196–4206
HRTEM images. The intensity of the (002) plane of AC in the
MoS2/AC composite was suppressed, and this can be attributed
to the formation of MoS2 nanoparticles on the surface of carbon
sheets as well as the low crystallinity of AC.13
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a–d) FESEM images, (e, f) TEM images, (g) HRTEM image, and
(h) SAED pattern of MAC.
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The nitrogen adsorption–desorption isotherm as depicted in
Fig. S1† was obtained to study the porosity of AC. The activation
process by KOH resulted in a large specic surface area (SBET ¼
995.129 m2 g�1). The BJH pore size distribution (Fig. S1† inset)
revealed that the total pore volume was 0.513 cm3 g�1, and the
majority of pore sizes were in the range of 2–26 nm, which
indicates the presence of mesopores in the AC.29 The presence
of AC in the MoS2/AC composite was further conrmed by
Raman analysis, as shown in Fig. 1c. The two strong peaks
present at 1350 cm�1 (D band) and 1592 cm�1 (G band) are
characteristic of graphitic carbon.3,24 The G band arose due to
the E2g vibrational mode present within the aromatic carbon
rings,30 and it also represents the degree of graphitization.31 The
D band is attributed to the defects and disorder introduced into
sp2 carbon.27,31,32

When compared with the Raman spectra of AC (Fig. 1d),
which exhibited a D band at 1353 cm�1 and G band at
© 2021 The Author(s). Published by the Royal Society of Chemistry
1602 cm�1, a blueshi was observed for the MAC Raman
spectra, which can be attributed to the stress induced in AC by
the formation of MoS2 nanoparticles.33 The two weak peaks at
377 cm�1 and 404 cm�1 shown in the Fig. 1c inset are the rst-
order Raman modes present in MoS2, and these modes are
associated with in-plane vibration (E12g) and out-of-plane vibra-
tion (A1g), respectively.2,13,34 The other minor peaks at approxi-
mately 820 cm�1 and 992 cm�1 are attributed to the partial
oxidation of MoS2 (ref. 34 and 35) by the laser power used in
Raman spectroscopy.36

The FESEM images shown in Fig. 2(a–d) depict the distri-
bution of MoS2 particles over the AC. The voids and pores
formed in the carbon structure due to the activation process
serve as a nucleation site for MoS2 nanoparticles, hence the
nanoparticles are also visible inside the pores (Fig. 2(c and d)).
The majority of nanoparticles are in the range of 60 to 80 nm, as
depicted in the particle size distribution graph of MoS2 nano-
particles (Fig. S2†). The TEM images clearly depict the AC sheets
(Fig. 2e), as well as the formation of the nano-sized MoS2
particles (Fig. 2f). The HRTEM image depicted in Fig. 2g shows
interlayer spacing of 0.27 nm that corresponds to the (100)
plane of MoS2,37,38 whereas the selected area electron diffraction
(SAED) pattern given in Fig. 2h resulted from the (100) and (110)
planes of MoS2.13,16

X-ray photoelectron spectroscopy (XPS) was performed to
analyze the chemical composition and oxidation states of the
elements present in the MoS2/AC composite. Fig. 3a shows the
full XPS spectrum of the composite, which conrms the pres-
ence of Mo, S, C, and O elements.14,39,40 The atomic percents of
Mo, S, and C were 12.64%, 26.73%, and 22.16%, respectively.
The atomic ratio of Mo and S is 1 : 2.1, which is very close to
the theoretical value of MoS2, whereas the atomic ratio of MoS2
and carbon is approximately 1 : 0.56, which is quite close to
the initial precursor values. Fig. 3b depicts the high-resolution
spectrum of Mo 3d, in which the Mo 3d5/2 andMo 3d3/2 orbitals
at approximately 229.5 eV and 232.7 eV, respectively, deter-
mine the existence of Mo4+.2,3,15 Fig. 3c shows the high-
resolution spectra of C 1s, which was de-convoluted into
three peaks. The most dominating peak at approximately
285 eV corresponds to the C–C/C]C group, while the minor
peaks at approximately 286.5 eV and 288.3 eV correspond to
the C–O and C]O groups, respectively.2,3,15 The S 2p high-
resolution spectrum depicted in Fig. 3d was de-convoluted
into three peaks. The peaks at approximately 162.5 eV and
163.7 eV correspond to the 2p3/2 and 2p1/2 orbitals40,41 respec-
tively, whereas the peak at approximately 164.9 eV corresponds
to the C–S–C group.39,42,43
3.2. Microwave absorption properties

To study the microwave absorption properties of an absorber,
the two important parameters, i.e., 3r and mr were obtained from
VNA. Because both MoS2 and AC are nonmagnetic materials,
hence the value of mr was taken to be 1. The 3r consists of two
parts: the real part of permittivity (30) represents the storage of
energy, whereas the imaginary part of permittivity (300) repre-
sents the energy dissipation.4
Nanoscale Adv., 2021, 3, 4196–4206 | 4199
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Fig. 3 (a) XPS survey spectra and high resolution spectra of (b) Mo 3d, (c) C 1s, and (d) S 2p for MAC.
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The value of 30 for all the samples shows a decreasing trend
with increase in frequency, with minor uctuations as shown in
Fig. 4a. The 30 value for MAC10, MAC20, MAC30, MAC40, and
MAC50 are in the range of 2.69–2.57, 3.95–3.49, 5.19–4.54, 7.58–
6.33, and 11.68–9.08, respectively. The value of 30 increases with
increasing concentration of MAC in paraffin wax, as per effective
Fig. 4 (a) The real part and (b) imaginary part of the relative complex perm
ranging from 10 wt% to 50 wt%.

4200 | Nanoscale Adv., 2021, 3, 4196–4206
medium theory,2,4,15 and the increase in MAC in paraffin wax
leads to an increase in interfacial polarization. Multiple inter-
faces within the paraffin matrix are created by the porous
structure of AC along with the MoS2 nanoparticles, which
amplies the interfacial polarization. Hence, there will be clear
increases in the values of 30 with increasing ller (MAC) loading.
ittivity of the MAC–paraffin wax composite with different filler loadings

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Dielectric loss tangent and (b) attenuation constant (a) of MAC–paraffin wax composites with different filler loadings ranging from
10 wt% to 50 wt%; Cole–Cole plot of (c) MAC40 and (d) MAC50.
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Similar to 30, the 300 values as depicted in Fig. 4b also show an
increasing trend with increasing ller (MAC) loading. This can
be attributed to the increase in the AC content, which increases
the electrical conductivity of sample. According to free electron
theory: 300 z 1/(2p30fr)

�1,3,44 where r denotes the resistivity of an
absorber, 30 denotes the permittivity of free space, and f denotes
the electromagnetic (EM) wave frequency. Therefore, increasing
the carbon content decreases the electrical resistivity of the
absorber, which increases the 300 value. As the MAC loading
increased above 10 wt%, several relaxation peaks were obtained
in the complex permittivity.5 Fig. S3(a–d)† shows two peaks for
MAC20 and MAC30, whereas there are 3 peaks for MAC40 and
MAC50. The peak in the frequency range of 10–12 GHz is
common in all the graphs, which suggests that the complex
permittivity of the MAC–wax composite has a resonant charac-
teristic,45,46 and this resonance peak can be attributed to relax-
ation from the MoS2–AC interfaces.47 Because the dipoles were
created by asymmetrical charge distribution in the AC due to
the presence of pores and defects, dipole orientation polariza-
tion results.46,48,49 When these dipoles cannot maintain the pace
of the changing EM eld, polarization relaxation occurs.50 These
polarization relaxations are responsible for the other relaxation
peaks shown at 17 GHz in Fig. S3a,† 14.8 GHz in Fig. S3b,† 4.8
and 8.4 GHz in Fig. S3c,† and 3.2 and 6.8 GHz in Fig. S3d.†
© 2021 The Author(s). Published by the Royal Society of Chemistry
To understand the mechanism of MW absorption inside the
absorber, the dielectric loss tangent17 (Fig. 5a) and the attenu-
ation constant (a)1,2 (Fig. 5b) were calculated using eqn (3) and
(4), respectively.

tan d3 ¼ 300/30 (3)

a ¼
ffiffiffi
2

p
pf

c
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00300 � m030Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00300 � m030Þ2 þ ðm0300 � m0030Þ2

qr

(4)

where c denotes the speed of light and f denotes the frequency.
The dielectric loss value as well as the attenuation constant of the
MAC composite increase with the increase in ller loading with
many relaxation peaks. It is clear from Fig. 5a that MAC50 has the
tan d3 maximum value, except in the frequency range of 9.7–12.4
GHz and 16.3–17.3 GHz, where MAC40 and MAC20 dominate,
respectively. This occurred because of the resonance peak of
relative permittivity forMAC20 andMAC40, which enhanced their
dielectric loss in these specic frequency range. A similar trend
was observed for a values, in which the highest value was ob-
tained for MAC50 except in the frequency range 9.8–11.6 GHz.

Dielectric relaxation plays an important role in the MW
absorption performance of an absorber. Based on the Debye
dipolar relaxation,14,51 the relationship between 30 and 300 can be
written as:
Nanoscale Adv., 2021, 3, 4196–4206 | 4201
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Fig. 6 Reflection loss curves of (a) MAC10, (b) MAC20, (c) MAC30 (d) MAC40, (e) MAC50, and (f) 3-D graph of MAC50 at thicknesses ranging from
2 mm to 7 mm.
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Fig. 7 (a) The RL-frequency curves of MAC50 with absorber thickness from 4.5 mm to 7 mm; (b) relationship between tfitm, t
exp
m , and the peak

frequency of MAC50 under the nl/4 model, and (c) the relationship between jZin/Z0j and frequency for MAC50.
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�
30 � 3s þ 3N

2

�2

þ ð300Þ2 ¼
�3s þ 3N

2

�2

(5)

where 3s and 3N represent the static dielectric constant and the
dielectric constant at innite frequency, respectively. Eqn (5)
can be used to explain the semicircle curve formed between 30

and 300 and these semicircles are denoted as Cole–Cole semi-
circles. Each semicircle corresponds to one Debye relaxation
process.3,51 Fig. 5(c, d) shows that MAC40 and MAC50 contain
two large semicircles. The semicircle present at approximately
10.3 GHz in both MAC40 and MAC50 can be attributed to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
dielectric relaxation process due to the MoS2–AC interfacial
polarization.47 The other semicircles at 4.8 GHz (Fig. 5c) and 3.2
GHz (Fig. 5d) suggest additional dielectric relaxation, which can
be due to pores and defects present in the MAC composite.48,49,52

At lower ller loadings (MAC10, MAC20, and MAC30), as
depicted in Fig. S4(a–c),† distorted curves instead of semicircles
appear, which suggest poor dielectric loss capabilities of these
samples.

Impedance matching is another important characteristic of
an absorber for enhanced MW-absorbing properties. It is
Nanoscale Adv., 2021, 3, 4196–4206 | 4203
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Scheme 2 Schematic illustration of the MW absorption mechanism in
the MAC–paraffin wax composite.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 1
1:

48
:2

6 
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
represented by the relation Z ¼ jZin/Z0j, where Z0 denotes the
impedance of air.2,23 The closer the value of Z to 1, the greater
the amount of microwaves that can enter the absorber and thus
reduce the direct reections of MWs from the surface of an
absorber. Fig. S5(a–e)† shows a curve of impedance matching
with frequency. The peak values of Z range between 11.43 to
34.63 for MAC10, 7.34 to 11.86 for MAC20, 5.1 to 7.7 for MAC30,
2.68 to 4.52 for MAC40, and 1.36 to 3 for MAC50. It is clear from
the Z values that as the ller loading of MAC increases, the
absorber exhibits more optimal impedance-matching
characteristics.

Fig. 6(a–e) depicts the RL curve for ve different loadings of
MAC at thicknesses ranging from 2 to 7 mm. At 10 wt% MAC
loading (Fig. 6a), the sample did not show any signicant RL
values, and the low amount of ller loading resulted in low
dielectric losses that led to poor MW absorption by MAC10. As
the ller loading increased to 20 wt% (MAC20, Fig. 6b), the
highest RL value of�31.8 dB at 16.72 GHz (7 mm) was obtained.
This enhanced MW-absorbing performance can be attributed to
the higher values of a and tan d3 along with more optimal
impedance matching (Fig. S6†) in the frequency range of 16–17
GHz. Fig. 6c shows the RL curve for MAC30, and due to low
attenuation constant values, RL values above �10 dB were only
achieved at thicknesses of 6.5 and 7 mm (RLmax ¼ �14.8 GHz,
EAB ¼ 1.47 GHz).

As the ller loading reached 40 wt% in sample MAC40
(Fig. 6d), the RLmax value of �22.47 dB at 7 mm thickness was
achieved, and the RL values below �10 dB for thicknesses of 5–
7 mm covered the frequency range from 12.2 to 18 GHz, which
included almost the entire Ku band. An EAB of 1.37 GHz at
a thickness of only 3 mm was also obtained for the sample. As
the ller loading increased from 10 to 40 wt%, one can clearly
see an improvement in the RL values in the lower frequency
range (4 to 6 GHz), as the RL value reached 5 dB for thicknesses
above 5 mm.

Fig. 6e and f show the 2D and 3D RL graph for MAC50,
respectively. It clearly depicts the further improvement in the
RL values in the frequency range of 3–5.2 GHz, reaching to
�15.86 dB for 6.5 mm thickness. Thus, the RL values above�10
dB were achieved in two different frequency bands, i.e., the C
and Ku bands, which resulted in dual-band MW absorption
characteristics. The RLmax ¼ �21.13 dB was obtained at 14.8
GHz for 5 mm thickness, whereas the maximum EAB of 2.45
GHz was obtained at 7 mm thickness. Therefore, MAC50
contributed the most optimal MW-absorbing performance out
of all the samples. The RL <�10 dB covered approximately 10.4
GHz (3–5.2 GHz, 9.8–18 GHz) for various thicknesses.

From Fig. 7a, it is clear that the maximum value of RL
gradually shis towards a lower frequency with the increasing
thickness of the absorber. The thickness of an absorber plays an
important role in the MW-absorbing performance. This
behavior can be explained by the quarter wavelength matching
model:26,53

tm ¼ nl

4

nc

4fm
ffiffiffiffiffiffiffiffiffiffiffiffiffij3rjjmrj

p ðn ¼ 1; 3; 5.Þ (6)
4204 | Nanoscale Adv., 2021, 3, 4196–4206
where fm, tm, and c denote the matching frequency, matching
thickness, and speed of light, respectively. The satisfaction of
eqn (6) at a particular thickness and frequency results in a phase
difference of p between the reected microwave of the air–
absorber and absorber–metal interfaces. This leads to the
cancellation of both the microwaves at the air–absorber inter-
face.54 Fig. 7b and S7b† depict the relationship between
ttm (thickness calculated by using eqn (6)) and texpm (experimental
thickness) for MAC50 and MAC40, respectively. The pink colour
stars lie on the l/4 curve, and the blue colour stars lie on the 3l/
4 curve. This agreement between ttm and texpm suggests that both
samples obey the nl/4 model. Therefore, the quarter wavelength
matching theory is a valuable tool for achieving the optimum
MW-absorbing performance for an absorber by tuning its
thickness according to the desired frequency.

Fig. 7a, c, S7(a, c), and S6† show the relationships between
reection loss and impedance matching for MAC50, MAC40,
and MAC20, respectively. It is evident from the graphs that the
closer the values of Z to 1, the more optimal the RL values. At
7 mm thickness for MAC20, the value of Z reaches approxi-
mately 1, hence, the RL reaches a maximum of �31.8 dB.

The mechanism for enhanced MW absorption performance
in MAC50 can be explained as depicted in Scheme 2. First, the
increase in conductivity due to the incorporation of AC resulted
in the migration of additional electrons, and those then convert
the EM energy by colliding with the lattice,55 leading to high
conduction losses.19,23,56 It also improved the impedance
matching and reduced the surface reection of MWs, allowing
more MWs to enter the absorber. Second, the combination of
AC and MoS2 in the paraffin wax resulted in multiple interfaces,
thus increasing the interfacial polarization. Third, the asym-
metrical charge distribution due to the pores and defects
present in the AC resulted in the formation of dipoles.46 These
dipoles under an alternating EM eld rotate to align themselves
with the EM eld and thus convert the EM energy into heat.55

Therefore, it is concluded that MoS2/AC has the potential for
MW absorption applications.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

A MoS2/AC composite was successfully synthesized by a hydro-
thermal method. The incorporation of biomass (mango leaves)-
based AC played a key role in improving the MW absorption
performance of the MAC composite. The maximum RL value of
�31.8 dB was achieved with a ller loading of only 20 wt%. It
was also found that a ller loading of 50 wt% MAC in paraffin
wax resulted in a unique dual-band absorption property in C
and Ku bands. Impressively, an EAB of 10.4 GHz (3–5.2 GHz,
9.8–18 GHz) was achieved at thicknesses ranging from 4.5 mm
to 7 mm. The synergistic effects between the MoS2 nano-
particles and AC resulted in high impedance matching,
multiple reections, and improved attenuation constant values,
which contributed to the enhancement of the MW absorption
properties of MoS2/AC. These results suggest that MoS2/AC is
a promising dielectric dual-band MW absorber for practical
applications. This study can also be extended to other combi-
nations of biomass-based carbon with MoS2 for designing novel
MW absorbers.
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