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Graphene-oxide (GO) is one of the most commonly used carbon nanomaterials in advanced applications such as microwave
absorption and EMI shielding, due to various advantages such as ease of synthesis and exfoliation, effective doping capability, and
superior composite compatibility. In this study, we used the modified Hummer’s method to synthesize GO by exfoliating graphite
powder, and a simple hydrothermal approach was employed for elemental doping and GO reduction. As nitrogen–sulfur (N, S)
dual-doping precursors, thiourea and l-cysteine amino acids were utilized. The structural features and microporous network
structure of GO aerogel foams were investigated. The microwave absorption capabilities of polyethersulfone-based nanocomposite
films incorporating the as-produced nitrogen–sulfur enrich reduced GO (NS-rGO) are also explored. According to the physico-
chemical characterization, the existence of remarkable structural defects with a porous three-dimensional (3D) network was
discovered due to heteroatom insertion and hydrothermal doping. Additionally, the dual-doped sample exhibited high Nitrogen and
sulfur content of 8.93% and 13.19%, respectively. While NS-rGO possesses a higher conductivity of 174.7�S compared to
12.65�S for GO. The nanocomposites filled with NS-rGO foams demonstrated a high shielding efficiency (SE) of 45 dB in the
X-band with a filler loading of 0.5wt.%. This high SE arises from dopant heteroatoms and the heterogeneous interface, which
induce interface polarization, thereby increasing microwave absorption and dielectric constant. It also results from multi-level
reflections caused by the 3D porous structures. These findings offer valuable insights into the functionalization of carbon nanos-
tructures and the development of 3D networks in GO-based functional materials, providing further guidance for engineering high-
performance electromagnetic interference shielding materials.

Keywords: Shielding performance; multi-level reflection; hydrothermal synthesis; porous structure.

1. Introduction

In response to the escalating problem of electromagnetic
(EM) pollution, a considerable amount of attention has been
directed toward the field of advanced functional materials1

for the design and development of microwave absorption
materials.2,3 Among these materials, polymer composites
could be considered a promising choice for addressing the
electromagnetic interference (EMI) problem.4,5 Their anti-
corrosion properties, light weight, flexibility, and ease of
processing make them beneficial for this purpose.6

In EMI shielding applications, nanocomposites based
on generic polymers filled with carbonaceous materials such
as carbon nanotubes (CNTs),7 carbon black,8 carbon fiber,9

and two-dimensional (2D) transition metal nitride/ carbide
/carbonitrides (MXene),10 graphene,11 and graphene oxide
(GO)12 have an advantage over rigid, metal-based shielding
materials.

These conductive/carbonaceous fillers mitigate EMI by
reflecting and absorbing EM waves through dielectric
relaxation and conduction losses.13 Carbonaceous nano-
structured materials, in general, are used as fillers in poly-
meric matrices due to their low density, high conductivity,
thermal stability, high permittivity, and controllable aspect
ratio.14 The polymer matrix plays two key roles in EMI
shielding; it provides flexibility and mechanical strength to
the EMI shielding layer and allows incoming EM waves to
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pass through the shielding layer because polymers often ex-
hibit transparency toward high-frequency EM waves.15

According to Sushmita and co-workers, the introduction
of structural defects in CNTs and the utilization of suitable
functional groups that can enhance interactions with the host
polymer play significant roles in improving shielding perfor-
mance.16 CNTs are preferred because of their low cost, small
diameter, ease of percolation, excellent electrical conductivity,
and high mechanical strength.17 Another study found that
covalent bonding between a polyaniline matrix and graphene
aerogel fillers enhances electron transfer, effectively converting
EM energy into heat energy, thereby improving microwave
absorption capacity.18 Due to their exceptional electron mo-
bility (15,000 cm2V�1s�1), large aspect ratios, high thermal
conductivity (5000Wm�1 K�1), tunable electrical properties,
abundance of functional groups, and excellent mechanical
characteristics, 2D graphene materials have emerged as pop-
ular alternatives for EMI shielding.19 However, the irreversible
aggregation of graphene can significantly diminish its intrin-
sically high electrical conductivity. Fortunately, the problem of
graphene agglomeration can be successfully addressed by
using three-dimensional (3D) networks.20

Recently, a variety of micro-structural designs of filler in-
cluding segregate structures,21,22 porous structures,23,24 and
multi-layer structures25,26 have been reported in the literature
achieving valuable EMI shielding performance with low filler
loading. Researchers have increasingly focused on fabricating
porous structures of carbonaceous materials, such as foams27

or aerogel,18 due to their lightweight, high specific surface
area, and high dielectric loss.28,29 Generally speaking, various
methods have been proposed to introduce porous structures,
including chemical foaming,30 freeze-drying,18 and super-
critical carbon dioxide (scCO2) foaming31 among others. For
instance, Thomassin et al. used scCO2 to foam poly-
caprolactone (PCL)/MWNTs composites, resulting in a
shielding efficiency of (60–80) dB with low reflectivity at low
MWNTs loading of 0.25 vol.%.32 In a different technique,
Wang et al.33 employed a new type of carbon tube with a
whisker structure and excellent electrical conductivity. They
used GO as a bridging and foaming agent to achieve a porous
film via a vacuum-assisted filtration and annealing process.
This yielded a remarkable near-field shielding performance of
25–50 dB in the frequency range of 1–9GH. This confirmed
that the porous structures induced by GO during the thermal
reduction process changed the polarization direction and dis-
tribution of the electric field of attenuated EM waves. How-
ever, graphene’s excess dielectric constants limit its ability to
achieve appropriate impedance matching. One approach to
overcome this issue is to dope heteroatoms into graphene
materials, thereby introducing significant structural defects
and inducing extra polarization relaxation.34 Dopant atoms, in
fact, introduce charge into the electron system of sp2-bonded
carbon materials.35 Because of the presence of these dopant
atoms, free charges become trapped by defects caused by
doping under EM fields, leading to an asymmetric distribution

of charges around these defects. When exposed to an alter-
nating EM field, these defects frequently act as polarization
centers, resulting in polarization relaxation. Notably, the de-
fective sites serve as permanent dipolar polarization centers,
resulting in additional dielectric polarization.36

It can be argued that heteroatom doping is a commonly
used method to adjust electronic structure and other material
characteristics. It serves three main functions: (1) it increases
the number of polarizing centers, (2) it tunes the bandgap,
and (3) it enhances dielectric properties.37 Therefore, may
assist in improving the performance of graphene for partic-
ular applications. Nitrogen (N) is often used as a doping
element because it can strengthen EM attenuation capacity
due to dielectric loss, lower electrical conductivity, enhance
the magnetization performance,38 and enhance the multiple
scatterings as well as the balanced impedance match.39 In
fact, the size of the N atom is very similar to that of a carbon
(C) atom, and it has five valence electrons, which can easily
bond with C atoms.37 Furthermore, the difference in elec-
tronegativity between the C atom (2.55) and the N atom
(3.04) disrupts the electro-neutrality of graphene material and
causes the change in atomic charge distribution and spin
density. These changes may serve as the source of the mag-
netic property of graphene.40 On the other hand, introducing
sulfur (S) into a graphene sheet can improve its magnetic
characteristics. As S has two additional electrons, incorpo-
rating these two unpaired electrons by each S atom into the
conducting band — where they become delocalized among
the S and C atoms,— can enhance the magnetic properties.41

As reported in the literature, the development of nitrogen-
doped graphene composites for the purpose of microwave
absorption enhancement was achieved very successfully.42,43

Besides, there are numerous studies related to the dual doping
of graphitic materials with the S and the N which potentially
possess promising properties for various applications.44–47

However, there remains a dearth of research on the effect of
the N and the S dual-doping of graphene or GO and their
composites on EMI shielding performance. Therefore, this
work focuses on studying how heteroatom doping affects
dielectric properties and EMI shielding effectiveness (SE) of
N-co-S enrich reduced graphene oxide (rGO) filled polymer
nanocomposites. Herein, we employed a simple functionali-
zation technique for inserting heteroatoms into the surface
of GO followed by a hot-pressing method to fabricate the
shielding nanocomposite film. These techniques were chosen
in an attempt to overcome challenges in manufacturing
shielding materials, such as complicated preparation pro-
cesses, high costs, and environmental harm.

2. Experimental Results

2.1. Materials

The graphite powder used in this study was supplied by Zen
Chemicals, while the polyethersulfone (PES) was purchased
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from BASF, Ludwigshafen, Germany. Multiwall carbon
nanotubes (MWCNTs) were provided by Sigma Aldrich.
The l-cysteine (L-Cys) was purchased from Beijing Solarbio
Science & Technology. Thiourea (with a purity greater than
98%), N, N-Dimethyleformamide (DMF), and sulfuric acid
(H2SO4) with a purity of about 98% were supplied by R&M
Chemicals. Sodium nitrate (NaNO3) with a purity greater
than 98%, was also obtained from the same supplier.
Hydrogen peroxide (H2O2) was provided by Bendosen
Laboratory Chemicals, while potassium permanganate
(KMNO4) with a purity greater than 99% was supplied by
Chemiz (M) Sdn. Bhd.

2.2. Preparation of graphene oxide

GO was prepared by chemical exfoliation of graphite powder
according to a modified Hummer‘s method. In a typical
process, 2 g graphite power was dispersed in 46ml H2SO4

and 1 g NaNO3. The mixture was then placed into an ice bath
(0–5○C) under continuous stirring. 6 g KMNO4 was added
into the mixture portion-wise, and the reaction was kept for at
least 2 h and then maintained below 15○C, (the color became
green). The ice bath was removed, and the reaction was kept
under stirring for 2–3 h at 35○C (the color altered to dark
green). After that, 100ml deionized (di)-water was added and
the reaction was maintained at 90–98○C (the color changed
to yellowish brown), and the reaction was kept under this
temperature for 30min, then another 200ml di-water was
added portion wise under stirring. The temperature was de-
creased to 70○C and then 20ml H2O2 (30wt.%) was added
into the solution. GO was obtained after centrifugation at
7000 rpm.

2.3. Synthesis of N, S dual-doped rGO foams

In a typical process as described in Fig. 1(a), 0.2 g GO was
dispersed by ultra-sonication in 100ml of deionized water for
2 h. In contrast, 0.30 g of a 1:1 mixture of L-Cys and thiourea
was dispersed by ultra-sonication in 30ml of the GO dis-
persion. The mixture was then transferred into an autoclave
with a Teflon liner for hydrothermal treatment lasting 16 h at
170○C. The temperature was maintained at approximately
170○C for the duration of the treatment. Following this, the
resulting product was thoroughly rinsed with di-water and
then freeze-dried. The resulting nitrogen and sulfur-enriched
rGO foam was denoted as NS-rGO. Oxidized CNT was
prepared from neat CNTs in our lab as mentioned in our
previous work.46 Nitrogen and sulfur dual-doped oxidized
CNT (NS-OCNT) was prepared under the same hydrothermal
conditions.

2.4. Nanocomposite fabrication

Figure 1(b) illustrates the preparation procedure of the nano-
composite samples. Typically, PES and NS-rGO foams were
dissolved separately in DMF by ultra-sonication before being
mixed together to form the composite mixture. Then, the
mixture was degassed for 30min and slowly poured into
di-water under mild stirring. It was then dried at 80○C for
48 h. The dried NS-rGO/PES nanocomposite was crushed
into small pieces using a crushing machine. The fabrication
of nanocomposite film was performed by a tablet pressing
machine (XH-406B) under a pressure of 15MPa for 10min
at 180○C. The resulting nanocomposite films, which had a
thickness of 3mm, were denoted as follows: GO@PES1
(Control sample, with 0.2wt.% GO loading), NS-rGO@PES2

(a)

(b)

Fig. 1. Schematic illustration of (a) the synthesis procedure of the dual doping of rGO foams and (b) the fabrication of nanocomposite film.
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(with 0.2wt.% NS-rGO loading), NS-rGO@PES3 (with
0.5wt.% NS-rGO loading). For comparison, a nanocomposite
with 0.5wt.% NS-OCNT loading was also prepared and
named NS-OCNT@PES4.

2.5. Measurements

The phase patterns of the doped samples were examined
using an X-ray diffractometer (XRD) (D2 PHASER – Bruker,
Germany) with Cu Kα radiation, Cu anode, and a scanning
rate of 10○/min. To ascertain the final chemical structure of
the doped samples, Fourier-transform infrared spectroscopy
(FT-IR, Nicolet iS50, USA) and Raman spectroscopy
(Renishaw inVia, Germany) were utilized. The morphology
and elemental analysis of the doped samples were studied
using a scanning electron microscope (SEM, JSM-5600LV,
Japan) coupled with an energy-dispersive X-ray spectroscopy
(EDS). For quantitative elemental analysis, approximately
3mg of the dried samples were subjected to a Thermo Sci-
entific elemental analyzer (Flash smart CHNS, Italy), and the
atomic percentages of nitrogen, carbon, hydrogen, and sulfur
were determined. The microwave absorption measurements
were performed using a vector network analyzer (VNA)
(Agilent-N5227A, USA).

3. Results and Discussions

3.1. Physicochemical characterization of doped samples

The XRD Phase patterns for NS-rGO are depicted in Fig. 2.
The patterns display a broad and wide peak, centered at
24.4○, spanning from 20○ to 33○. This can be attributed to
the slightly larger interlayer spacing of the (002) diffraction
planes of amorphous carbons, which is likely the result of the
nitrogen and sulfur doping. Moreover, a clear peak can be
observed at 2θ ¼� 25:3○ in the XRD pattern of neat CNTs

(refer to Fig. S1). However, the pattern of NS-OCNT shows
a diminished intensity of the (002) peak compared to the
neat CNTs. This could be attributed to the disruption of
the graphite structure caused by the insertion of the doping
elements, N, and S.49

FT-IR spectra of the graphene oxide in Fig. 3(a), GO
sample shows wide and strong peaks at about 3314 cm�1

corresponding to the stretching vibration of the O�H bond,
due to the adsorbed H2O molecules on GO.50 Other ab-
sorption bands are noted between 2800 cm�1 and 3200 cm�1

representing the hydroxyl group in GO network.51 Another
strong peak at around 1021 cm�1 is also observed corre-
sponding to C–O–C (epoxy) groups.51 The intensities of
these peaks reduced after the hydrothermal treatment dem-
onstrated the doing of heteroatoms. Besides, a characteristic
peak at 1448 cm�1 corresponding to the carboxyl group is

10 20 30 40 50 60 70
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Fig. 2. XRD pattern for the sample of as-prepared GO and dual-
doped rGO.
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Fig. 3. (a) FTIR spectra for the sample of as-prepared GO and dual-
doped rGO (b) Raman spectra for the sample of GO and dual-doped
rGO.
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also observed. After reacting with l-cysteine and thiourea
for 16 h, this peak disappeared or shifted to a lower wave-
number (�1394), indicating the insertion of N element.52

Two absorption peaks at 1576 cm�1 and 1720 cm�1 were
noted on the NS-rGO sample representing the vibrations of
C ¼ C, C ¼ N, and C ¼ O.53 More importantly, the insertion
of the S element is confirmed based on the feature of an
absorption peak around 1200 cm�1 which is ascribed to the
stretching vibration of a C�S,53 and peak at 1075 cm�1 that
corresponded to stretching vibrations of S ¼ O bond in gra-
phene sheet.52

Raman spectroscopy provides additional insights into the
sulfur-co-nitrogen functionalization of rGO. As shown in
Fig. 3(b), the Raman spectra of both GO and NS-rGO exhibit
two prominent peaks near 1340 cm�1 and 1580 cm�1. These
peaks correspond to the corresponding to the D band, which
arises from structural defects, and the G band, originating
from the sp2-bonded graphitic carbon atoms, respectively.
Generally, a higher intensity of the D band compared to the G
band signifies a higher degree of disorder within the carbon
material. The sample GO shows a peak at approximately
2640 cm�1 that is related to the second-order two-phonon
mode 2D-band and is caused by the disordered property of
carbon material.54 The NS-rGO sample eliminated this peak.
The G band of NS-rGO is slightly displaced to higher
wavenumbers (approximately 10 cm�1) than that of GO,
which can be attributed to the development of p-type doped
graphene. This phenomenon has also been observed in the
literature and may be caused by the displacement of dopants
in graphene sheets.55

Moreover, the ratios of the D to G peak intensities (ID/IG)
are often used to estimate the level of defects in synthetic
materials. For GO and NS-rGO, these ratios are observed to
be 1.52 and 1.01, respectively, while the NS-OCNT exhibits
an (ID/IG) ratio of 1.23 (refer to Fig. S2).

These findings suggest a higher number of structural
defects in NS-rGO compared to both GO and NS-OCNT,
which can be attributed to a high level of heteroatom dop-
ing.56,57 Overall, the results from both XRD and Raman
spectroscopy collectively indicate that the proposed material

has been successfully doped with nitrogen and sulfur through
a one-step hydrothermal process.

Figure 4 displays the morphological observation of GO
samples before and after hydrothermal treatment. Figure 4(a)
presents the morphology of pure GO, which is characteristi-
cally composed of stacked and interlaced ultrathin nano-
sheets.58 In contrast, Fig. 4(b) depicts that NS-rGO foams
composed of closely cross-linked graphene sheets that form a
looser, porous 3D network.54 This network is characterized
by spherical holes, remnants of air bubbles, which pile on top
of each other and are evenly distributed throughout the foam
framework. It is suggested that this 3D porous network
structure could enhance microwave absorption. The micro-
porous framework inside the material can cause electromag-
netic waves to repeatedly reflect off the walls in each
individual closed void. Concurrently, the conductive network
greatly enables the movement of electrons, leading to energy
loss of the electromagnetic waves.27 Actually, the conduc-
tivity of rGO increases from 12.65�S to 174.70�S in
methanol medium and 25.40�S to 72.35�S in Distilled
Water (DI) in our case (measured by standard conductivity
meter probe) by incorporating dopant elements (see Table 1).

EDS mapping images, as displayed in Fig. S3, unambig-
uously demonstrate the presence of C, oxygen (O), and S
elements. These elements are uniformly distributed across the
field of view, which confirms the structural integrity of the 3D
graphene network after treatment. These observations suggest
successful sulfur functionalization of rGO.

Nitrogen, on the other hand, is not detected by SEM-EDX.
This is likely due to the fact that nitrogen tends to have a very

(a) (b)

Fig. 4. SEM images of as-prepared (a) GO and (b) NS-rGO.

Table 1. Electrical conductivity for the dual-doped
sample.

Samples Solvent Conductivity (�S)

rGO Methanol 12.65
DI 25.40

NS-rGO Methanol 174.70
DI 72.35

T. H. H. Elagib et al. J. Adv. Dielect. 2350029 (2023)
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faint response, making its detection unreliable in most
materials.59 The results from CHNS analysis confirm the dual
incorporation of S and N elements in rGO foams. As seen in
Table 2, the NS-rGO sample exhibits a lower C content than
the untreated GO sample, but it has higher N and S contents,
which are 8.93% and 13.19%, respectively. This verifies
successful heteroatom doping.

3.2. Electromagnetic characterization of polymer-based
nanocomposites filled with NS-rGO foams

To study the effects of heteroatom doping, variations in the
amount of the modified fillers, and the influence of pore
structure on the microwave absorption properties and EMI
shielding performance of the synthesized nanocomposites,
two different loading amounts of NS-rGO in the PES matrix
were used, namely, 0.2 wt.% and 0.5wt.%.

The scattering parameters, S11 (reflection) and S21
(transmission) were measured across a frequency range of 8
to 12GHz. The reflection coefficient (R) and transmission
coefficient (T), as well as the EMI shielding effectiveness
(SE), the absorption shielding effectiveness (SEA), and the
reflection shielding effectiveness (SER) of the nanocompo-
sites can be computed from the scattering parameters (S11 and
S21, or S12 and S22) using the following equations60,61:

R ¼ jS11j2 ¼ jS22j2; ð1Þ
T ¼ jS21j2 ¼ jS12j2; ð2Þ

SER ¼ �10 logð1� RÞ

¼ 10 log
1

1� R

� �

¼ 10 log
1

1� jS11j2
� �

: ð3Þ

SEA ¼ �10 log
T

1� R

� �

¼ 10 log
1� R

T

� �

¼ 10 log
1� jS11j2
jS21j2

� �
: ð4Þ

SE ¼ SER þ SEA ¼ 10 log
1
T
¼ 10 log

1

jS21j2
� �

: ð5Þ

Figure 5(a) illustrates the transmission spectra of nano-
composite film. It is observed that compared to the control
sample (GO@PES1), the doped samples exhibit a wider
transmission window or bandpass feature at low frequencies.
This finding suggests that the hydrothermal doping of
GO significantly affects the electromagnetic response of
the nanocomposites. Notably, lower transmission magnitude
is exhibited by the NS-rGO@PES3 sample, suggesting its
optimal doping capacity. Figure 5(b) shows that the total SE
decreases at low frequencies and then increases after 9 GHz.
This increase is typically associated with a polarization pro-
cess occurring in the interfacial region due to the presence of
a heterogeneous interface, characteristic of a one-phase het-
erostructure of rGO fillers.62

From the results, the SE values for GO@PES1, NS-
rGO@PES2, and NS-rGO@PES3 were found to be 38 dB,
54 dB, and 60 dB, respectively, at a thickness of 3mm.

Table 2. Elemental content for the dual-doped sample.

Element %

Sample name Carbon Hydrogen Nitrogen Sulfur

GO 44.69 3.09 0.09 1.06
NS-rGO 39.78 3.09 8.93 13.19
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-45
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Fig. 5. (a) Transmission spectra S21 and (b) shielding effectiveness
(SE) for the nanocomposite films.
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In contrast, a nanocomposite fabricated from NS-OCNTwith
0.5% loading exhibited an SE of about 45 dB (refer to
Fig. S3). Remarkably, the NS-rGO@PES3 sample, which has
an rGO loading amount of 0.5 wt.% demonstrates the optimal
SE that is 25% higher than that of the NS-OCNT@PES4
nanocomposite with a similar loading amount. This suggests
that the enhancement of the SE with optimal loading is
attributable to the synergistic effects of S and N dual-doping
and the reduction of GO in the hydrothermal process.
Moreover, the pores present in the porous foams could enable
multi-level reflections of the EM wave within the material,
thus resulting in improved EMI shielding performance.63 The
electromagnetic shielding performance of a nanocomposite
film (is generally accomplished via microwave absorption
and/or reflection. For reflection-based shielding to occur, the
material must contain movable charge carriers, such as
electrons or holes, which are capable of interacting with the
incident electromagnetic waves. Materials with high perme-
ability can enhance absorption-based shielding.62

Interfacial polarization, stemming from disparities in
permittivity, conductivity, and relaxation time of charge car-
riers across the interface, can result in significant SE from
both absorption and reflections.60 Indeed, the shielding per-
formance achieved through absorption is intensified due to
the nitrogen/sulfur doping of rGO. This doping process
modulates the electrical and magnetic characteristics of the
material, thus enhancing its shielding capabilities.62 More-
over, the reduction that occurs during the treatment also plays
a significant role in the high absorption performance of the
nanocomposite. Reduced GO, produced during the hydro-
thermal process, is a superior option for microwave absorp-
tion compared to graphene and GO.38

The frequency-dependent electromagnetic parameters
of the nanocomposite film samples are displayed in Fig. 6.

There was only a slight change noted in the frequency range
of 8.5–11GHz. The optimum value of real permittivity (" 0)
was achieved by NS-rGO@PES3, which exhibits a notable
peak value of 2.3 at around 9.12GHz. The increase in the
dielectric constant can be attributed to influences such as the
Maxwell–Wagner–Sillars (MWS) polarization or interfacial
polarization.64 According to Debye’s theory, the permittivity
of free space ("0) and imaginary permittivity (" 00) follows the
equation below65:

" 00 ¼ " 00p þ " 00
c ¼ ð"s � "1Þ 2�f �

1þ ð2�f Þ2 þ
�

2�f "0
: ð6Þ

Herein, " 00p and " 00c are the polarization relaxation and
conductive loss. "s, "1, f , � , and � represent the static
permittivity, relative permittivity at the high-frequency limit,
frequency, relaxation time, and electrical conductivity, re-
spectively. As per the above equation, the " 00 is closely related
to the " 00p and " 00c of nanocomposite samples.

From Eq. (6), the " 00
c should decrease with increasing

frequency. However, as shown in Fig. 6(a), an increase in the
value of " 00 can be noted in the frequency range of 9–12GHz.
This increase could be attributed to the strong polarization
relaxation in the resulting nanocomposites.66 On the basis
of the free electron theory, it can be deduced that the higher
the electrical conductivity, the higher the " 00 specimen will
have.67

Therefore, the NS-rGO@PES3 displays slightly larger " 0

and " 00, indicating the improved storage capability of electric
energy and dielectric loss.67 Besides, negative values of " 00 were
observed at low frequencies, while altered to positive for both
NS-rGO@PES2 and NS-rGO@PES3 samples when the fre-
quency reached 11.70GHz. The phenomenon of positive " 0

and negative " 00 was also reported in the literature.68 Generally,
the term metacomposites” refers to nanocomposites with the
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Fig. 6. Frequency dispersion characteristics of (a) real permittivity and imaginary permittivity and (b) real part of permeability of the
nanocomposite films.
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unique characteristic of negative permittivity. This property
depends on the loading, the frequency, and the nanofillers’
morphology, and can be adjusted by altering these factors.
Metacomposites have a wide range of potential applications,
such as super lenses, wave filters, remote aerospace applica-
tions, and superconductors. In addition, the negative permit-
tivity in the graphene nanocomposites could be assigned to the
unique electronic energy dispersions (also known as surface
plasmons). The positive permittivity may be due to the low
plasmon resonance conductivity at a relatively high fre-
quency.69 This finding suggests that NS-rGO@PES2 and NS-
rGO@PES3 samples have better conductivity than GO@PES1,
because of the removal of most oxygen-containing groups,
demonstrating the major influence of doping treatment on the
EM shielding efficiency.39 Thus, the conductivity of doped GO
has a strong influence on its dielectric properties, which is
consistent with the results presented in Table 1.

As shown in Fig. 6(b), all samples exhibit a slight de-
creasing trend in the real part of permeability (� 0) at low fre-
quency, with notable peaks observed between 8 and 9.50GHz.

Attenuation loss, which includes dielectric loss and
magnetic loss, is critical for microwave absorption. The
dielectric loss tangent (tanδ" ¼ " 00/" 0) and magnetic loss
tangent (tanδ� ¼ � 00/� 0) can be utilized to estimate the
dielectric loss and magnetic loss capacity of microwave
absorbers. As shown in Fig. 7, the NS-rGO@PES2 and NS-
rGO@PES3 samples demonstrate better tanδ" compared to
NS-GO@PES1, suggesting their enhanced dielectric loss
against the incident microwaves. This enhancement can be
linked with the occurrence of interfacial polarization, as a
small amount of electron tunneling can occur.70 In fact, het-
eroatoms and other sort of defects in graphene sheets like the
remaining oxygen-containing groups as well as restacking of
graphene layers that are likely to occur during the reduction
process can serve as a polarization center to elevate the ma-
terial loss, hence dissipate microwave energy.39

4. Conclusion

The nitrogen-co-sulfur-doped reduced graphene-oxide (NS-
rGO) films with 3D porous structures were synthesized
through a hydrothermal method, employing l-cysteine and
thiourea as doping precursors. Subsequently, nanocomposite
films were fabricated by incorporating the NS-rGO foams
into polyethersulfone (PES) through the hot-pressing tech-
nique. The examination of elemental content confirmed the
successful insertion of sulfur and nitrogen functionalities
into rGO. The microwave characterization of the resulting
shielding film demonstrated excellent electromagnetic inter-
ference shielding performance, which can be attributed to the
existence of the porous structure and the heteroatom inser-
tion. The highest shielding effectiveness was achieved at the
loading of 0.5 wt.% of NS-rGO. Overall, this work provides
guidance for the functional composites and the engineering of
pore structures in carbon nanomaterials. The proposed ma-
terial exhibits great potential for applications in microwave
absorption. This type of microwave absorption material
represents a favorable solution for environmental protection
in the field of EMI shielding.
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