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ABSTRACT: Lightweight carbon materials of effective electro-
magnetic interference (EMI) shielding have attracted increasing
interest because of rapid development of smart communication
devices. To meet the requirement in portable electronic
devices, flexible shielding materials with ultrathin characteristic
have been pursued for this purpose. In this work, we
demonstrated a facile strategy for scalable fabrication of flexible
all-carbon networks, where the insulting polymeric frames and
interfaces have been well eliminated. Microscopically, a novel
carbon nanofiber−graphene nanosheet−carbon nanofiber
(CNF−GN−CNF) heterojunction, which plays the dominant role as the interfacial modifier, has been observed in the as-
fabricated networks. With the presence of CNF−GN−CNF heterojunctions, the all-carbon networks exhibit much increased
electrical properties, resulting in the great enhancement of EMI shielding performance. The related mechanism for engineering
the CNF interfaces based on the CNF−GN−CNF heterojunctions has been discussed. Implication of the results suggests that
the lightweight all-carbon networks, whose thickness and density are much smaller than other graphene/polymer composites,
present more promising potential as thin shielding materials in flexible portable electronics.

KEYWORDS: flexible, graphene, heterojunctions, interfacial engineering, electromagnetic shielding

■ INTRODUCTION

Flexible electronic devices have attracted increasing attention
due to various advantages such as being lightweight, having
small thickness, and having easy portability and promised broad
applications in the electronic industry. Electromagnetic
irradiation, generated in the operating electronics and circuits,
has been considered as a significant concern due to the impact
in the communication systems.1−4 Therefore, novel lightweight
carbon-based materials with excellent flexibility and high-
performance electromagnetic interference (EMI) shielding have
been largely pursued since those seem to be the most
promising substitutes for traditional metal materials.1−8

In the early progress, foam composites embedded with
carbon fibers (CFs) and carbon nanotubes (CNTs) were
developed by Gupta’s groups, demonstrating a novel approach
for achieving lightweight shielding materials.1,2 On the basis of
this concept, researchers have employed other carbon fillers
into the polymeric matrices to fabricate foam composites for
EMI shielding.9−14 According to a recent report of graphene
materials, low electrical conductivity in the graphene-based
foam structures may result in insufficient shielding performance
(less than 20 dB), which is primarily due to the inadequate
conductive networks established in these porous structures.9,15

For targeted EMI shielding applications (commercial applica-

tion shielding level > 20 dB), different strategies have also been
largely explored more recently.14,16 In a typical study,
graphene/poly(dimethylsiloxane) (PDMS) composite foams
were developed based on chemical vapor deposition (CVD) of
graphene onto Ni-foam frameworks. The resultant structures
exhibited improved conductive connection (∼200 S/m) with a
shielding effectiveness of 22−25 dB (∼1 mm in foam
thickness) over the frequency range of 8.2−12.4 GHz (X
band).14 Very recently, flexible graphene/poly(ethylene/vinyl
acetate) (PEVA) composite films with electrical conductivity ≈
250 S/m have presented a similar shielding performance (23−
27 dB) but with a large decrease in the thickness of the
composite films (∼0.36 mm).16

Additionally, other exploratory studies have demonstrated
that use of carbon-based hybrid configurations could be an
effective approach in the improvement of conductive
paths.17−21 In a recent work, multiwalled carbon nanotubes
(MWCNTs) were mechanically mixed with polystyrene (PS)/
graphite nanoplate (GNP) beads, followed by being processed
into PS/MWCNT/GNP composites. In the presence of
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MWCNTs, electrical conductivity was observed to be greatly
improved in the resulting PS/MWCNT/GNP, and an effective
shielding ≈ 20.2 dB was obtained.17 Similarly, chemically
reduced graphene oxides (rGOs) were found to effectively
enhance the electrical conductivity and shielding performance
of the CF/phenolic resin composites.18 These studies indicate
that the established conductive networks by mechanically
mixing the multiphase carbon fillers are mostly responsible for
the performance improvement.
According to previous work, it is noted that polymeric

matrices mainly serve as robust frameworks in the flexible
shielding composites, typically as the significant media for
binding the mixed fillers.9,10,12,13,15−18 Generally, a large filler
amount is required in the insulating polymeric matrices in order
to improve the electrical properties of the composites.16,22,23

For materials of relatively poor electrical properties, however,
more materials such as in thicker sheets or larger mass could be
used to compensate for achieving the targeted EMI shielding
results.9,12,14 As a consequence, the flexibility and lightweight
characteristic may be sacrificed. Here, in this work, we
developed a flexible lightweight carbon composite which was
formed by novel carbon nanofiber−graphene nanosheet−
carbon nanofiber (CNF−GN−CNF) heterojunctions. In this
configuration, the insulating polymeric matrix, polyacrylonitrile
(PAN), was processed and converted into flexible conductive
frames. With the presence of PAN, multilayer GN of high
electrical conductivity was processed into CNF−GN−CNF
heterojunctions, which serve as interfacial modifiers to enhance
the electrical properties of the CNF networks. As expected,
electrical conductivity of the GN/CNF composite networks has
been largely increased due to introduction of the CNF−GN−
CNF heterojunctions. Upon the interfacial engineering of the
conductive networks with such configurations, the related
mechanism for conductive enhancement has been discussed.
Consequently, the flexible GN/CNF composite networks
exhibited much enhanced EMI shielding performance (26−28
dB) at a small thickness (∼0.26 mm). These novel networks
based on the CNF−GN−CNF heterojunctions promise great
potential applications in the lightweight electronic devices.

■ RESULTS AND DISCUSSION

GN was prepared by direct exfoliation of expanded graphite in
the acid environment, and the procedure was reported in our
previous work.24,25 In the as-prepared GN, most of the
graphitic structures have been largely reserved in the exfoliation
process and the oxygen concentration, associated with oxidized
functional groups, was less than 10%.25 These features indicate
that the morphology and mass of the GN could be mostly
preserved under high-temperature carbonization, and thus, the
CNF−GN−CNF heterojunctions could be well retained.

Furthermore, the electrical conductivity of the neat GN papers
was measured to be ∼20 000 S/m,25 suggesting great potential
for increasing electrical properties of the CNF−GN−CNF
heterojunctions.
The flexible GN/CNF composite networks were fabricated

via the conventional electrospinning process (Figure 1). In the
typical preparation, the liquid droplet of the viscous suspension
(mixture of GN and PAN) was stretched under a high voltage
and then a stream of liquid erupted, where the GN and polymer
were connected via electrostatic interaction (mainly van der
Waals forces). As the polymeric GN jet dried in flight, the
connections were largely maintained in the form of polymer−
GN heterojunctions (Figure 1b). The electrospun GN/polymer
composite networks were stabilized at 270 °C in air and
subsequently carbonized at 1000 °C in N2. These treatments
enabled the PAN fibers to be converted into CNFs (Figure 1c),
by which the CNF−GN−CNF heterojunctions could be
achieved (Figure 1d). Initial addition of GN in the polymer
solution is shown in Table 1.

The prepared free-standing GN/CNF composite networks
were characterized by various techniques. Typical optical
photos (Figure 2a) show a piece of GN/CNF composite
networks, suggesting they are highly mechanically flexible and
robust. According to the X-ray powder diffraction (XRD)
patterns in Figure 2b, the broadened peak (located at ∼26°) in
the GN sample indicates effective exfoliation of raw graph-
ite.24,25 As expected, the GN peak coupled with a broad
carbonized CNF feature has been observed in the GN/CNF
composite networks. Raman spectra exhibit the G band (∼1585
cm−1) and D band (∼1350 cm−1) of the measured samples
(Figure 2c), demonstrating that the ratio of the D band to G
band was decreased in the GN/CNF composite networks
compared to that of neat CNF samples. As shown in Figure 2d,
the results of thermogravimetric analysis (TGA) suggest that
the residual masses of polymer and GN after 1000 °C
carbonization under N2 atmosphere were ∼36.1% and 93.5%,
respectively. As listed in Table 1, the real GN masses and filler
loadings in the GN/CNF composite networks were estimated
based on the TGA results.

Figure 1. Scheme for fabricating flexible networks and CNF−GN−CNF heterojunctions. Typical schemes of the GN/PAN solution (a), polymer−
GN heterojunctions (b), and CNF−GN−CNF heterojunctions (c and d).

Table 1. Samples Used in This Work

initial mass carbonized networks

PAN
(mg)

GN
(mg)

CNF
(mg)

GN
(mg)

GN loading (wt
%)

neat CNF 500 180 0
GN/CNF-1 500 20 180 18.7 9.4
GN/CNF-2 500 40 180 37.5 17.2
GN/CNF-3 500 90 180 84.3 31.9
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The morphologies of the as-prepared networks were
achieved in scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). According to SEM
images, Figure 3a shows a typical morphology of the as-
prepared neat CNFs, suggesting uniform and continuous long
fibers in the networks. The TEM image demonstrates that the
neat CNFs are smooth with uniform diameters of 200−250 nm
(Figure 3c and 3d). The SEM image of the GN/CNF
composite networks (Figure 3b) exhibits that GN has been
randomly embedded in the CNF networks. According to the
TEM results, the GN used in this work presents a lateral size of
several micrometers (Figure 4e) with a thickness of 4−6 nm

(Figure 4f). Figure 4g exhibits a representative image of a
CNF−GN−CNF heterojunction, suggesting that the CNFs
were connected via GN bridging. The magnified image (Figure
4h) exhibits the tight connection of GN in the CNF−GN−
CNF heterojunction.
The classical four-probe method was applied to measure the

surface resistivity and electrical conductivity. After polymer was
carbonized, the neat CNF networks presented conductive
feature and corresponding electrical conductivity reached 500
S/m (Figure 4a). In the GN/CNF composite networks, the
CNF−GN−CNF heterojunctions play a significant role in the
enhancement of electrical conductivity. As shown in Figure 4b,
electrical conductivity of the GN/CNF composite networks
was found to approach 800 S/m. According to the electrical
conductivity in the neat CNF networks, the increments of
conductivity caused by different GN additions were calculated
(Figure 4b).
In the GN/CNF composite networks with 9.4 and 17.2 wt %

GN loadings, the pronounced enhancement in the electrical
conductivity is mainly associated with the presence of GN.
Specifically, it is suggested that formation of CNF−GN−CNF
heterojunctions is responsible for modifying the interfaces of
the CNF networks. In the composite networks, two major
mechanisms were considered in the interfacial modification.
First, CNF−GN−CNF heterojunctions could effectively reduce

Figure 2. Photos of the flexible electrospun GN/CNF composite
networks (a), XRD patterns (b), Raman spectra (c), and TGA analysis
(d) of the samples as marked.

Figure 3. SEM images of the neat CNF networks (a) and GN/CNF composite networks (b); TEM images of the CNFs in neat CNF networks (c
and d); TEM images of a piece of GN (e) and a cross-section view of the GN (f); typical TEM images of a CNF−GN−CNF heterojunction (g and
h).

Figure 4. Electrical conductivity of the samples with different GN
loadings (a). Increments of electrical conductivity (EC) in the GN/
CNF composite networks based on the neat CNF networks (b).
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the contact resistivity of adjacent CNFs. As demonstrated in
the TEM image (Figure 5a), point contact is mainly considered
as the contact mode between two adjacent fibers in the neat
CNF networks (Figure 5c). However, in the presence of CNF−
GN−CNF heterojunctions (Figure 5b), one-dimensional
contact between CNFs and GN can be achieved (Figure 5d),
which may increase the electrical conductivity of GN/CNF
composite networks. On the other hand, the bridging mode in
the CNF networks could be also modified by the CNF−GN−
CNF heterojunctions. In the neat CNF networks, one-
dimensional CNFs are the dominate bridges in the CNF
networks (Figure 5c and 5g). In the GN/CNF composite
networks, however, CNF−GN−CNF heterojunctions could
serve as the bridges, and thereby conductive connections
among CNFs could be improved by the two-dimensional
conductive regions on the graphene surface (Figure 5f and 5h).
Owing to these two major mechanisms for interfacial
modification in the CNF networks, significant enhancement
could be achievable in the electrical conductivity of the GN/
CNF composite networks.
Interestingly, a slight decrease was found in the electrical

conductivity (∼700 S/m) of the GN/CNF composite networks
with 31.9 wt % GN. Microstructures of the GN/CNF
composite networks were analyzed based on the observation
on the SEM (Figure 6). Nanoscopically, the fibers in the neat
CNF networks present a smooth feature with a uniform
diameter (Figure 6a and 6d). In the GN/CNF composite
networks with 17.2 wt % GN, addition of GN at this level
appears to have limited effects on the morphology and size of
CNFs (Figure 6b), except for formation of CNF−GN−CNF
heterojunctions (Figure 6e). Although 15−25% diameter
shrinkage appears in the fibers after carbonization, no
significant diameter change was observed in the fibers with
the presence of 17.2 wt % GN, compared to the neat CNFs.
According to the observation in the GN/CNF composite
networks with 31.9 wt % GN, fractured nanofibers have been
largely found in the networks, which could be understood in
terms of the explanation that the increased amount of GN has

A great impact on formation of robust continuous fibers. One
of the factors may be associated with the rheological change
due to the increased GN loading, and therefore, the flow rate
was required to be changed in the electrospinning process.26,27

As a consequence, CNFs of smaller diameters were observed in
the GN/CNF composite networks with 31.9 wt % GN (Figure
6c and 6f), which leads to the diminishment in the mechanical
properties and conductive connections of the fibers (Figure 6f).
Hence, the electrospun GN/CNF composite networks with
higher GN loading (31.9 wt %) were relatively mechanically
brittle with A somewhat decrease in the electrical conductivity.
The results of THE electrical properties and microscopic
morphologies indicate that the GN/CNF composite networks
with relatively lower GN additions should be ideal for scalable
production of robust flexible networks.
To evaluate EMI shielding performance, the mechanically

robust networks (neat CNF and GN/CNF composite networks
with 9.4 and 17.2 wt % GN) were fabricated into sandwich
layered structures16,25 for measuring electromagnetic parame-

Figure 5. TEM image of two adjacent CNFs (a) and a scheme of related contact mode (c) in the neat CNF networks. TEM image of a cross formed
by a CNF over a CNF−GN−CNF heterojunction (b), and a scheme of related contact mode (d) in the GN/CNF composite networks. TEM image
of CNF bridges over adjacent CNFs (e), and a scheme of related bridging mode (g) in the neat CNF networks. TEM image of a bridge formed by a
CNF−GN−CNF heterojunction (f), and a scheme of related bridging mode (h) in the GN/CNF composite networks. (The graphene motifs in the
schemes are not to scale.)

Figure 6. SEM images of neat CNF networks (a and d), GN/CNF
composite networks with 17.2 wt % GN (b and e), and GN/CNF
composite networks with 31.9 wt % GN (c and f).
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ters. Accordingly, the shielding effectiveness (SE) along with SE
absorption and SE reflection was determined based on the
measured S parameters (see Experimental Section). Due to the
limited difference in the electrical conductivity, the GN/CNF
composite networks with both 9.4 (Figure S1, Supporting
Information) and 17.2 wt % GN (Figure 7) have very similar

performance in EMI shielding. Typically, Figure 7 shows the
comparison of GN/CNF composite and neat CNF networks in
the shielding performance, which suggests the contribution of
interfacial modification by the CNF−GN−CNF heterojunc-
tions. As exhibited in Figure 7a, GN/CNF composite networks
demonstrate an effective total SE of 25−28 dB, reaching the
commercial application level (>20 dB). These values are 50−
60% higher than those found in the neat CNF networks (17−
18 dB). Moreover, the corresponding SE absorption (up to 17

dB) and SE reflection (10−12 dB) observed in the GN/CNF
composite networks were also higher than those observed in
the neat CNF networks (Figure 7b and 7c). Interestingly, the
increments in total SE, SE absorption, and SE reflection were
almost around 40−60% (Figure 7), which is consistent with the
increment observed in the electrical conductivity (Figure 4b).
In addition, the mechanism for the effective SE in the GN/
CNF composite networks should be mainly attributed to
formation of much improved electrically conductive inter-
connections due to the presence of the CNF−GN−CNF
heterojunctions. Furthermore, the absorption efficiency of GN/
CNF composite networks reached ∼98% (Figure 7d),
suggesting a highly sufficient contribution of electromagnetic
absorption in the energy attenuation.
In Table 2, typical carbon-based composites and correspond-

ing shielding performance were listed. Compared to the recent
report,1,2,9,10,12,14−16,28−36 the observed shielding performance
(25−28 dB) in the GN/CNF composite networks is well
comparable to that of the other typical carbon- and graphene-
based materials (Table 2). It is noted that the density of the as-
spun networks in this work was approximately estimated to be
0.08−0.1 g/cm3, which indicates that the ratio of SE to density
could be larger than 250 dB/(g/cm3) in the GN/CNF
composite networks. However, this ratio, so-called specific SE
in some work,9,12 is relatively insignificant in EMI shielding
because shielding performance is substantially dependent on
the propagating depth of electromagnetic waves and electrical
conductivity of shielding materials.5,22 Therefore, a comparison
of specific SE based on previous work will not be considered
even though this value in the GN/CNF composite networks
here is considerably higher than the results achieved in the
other related work. According to the relationship between
electrical conductivity and materials thickness, increased
electrical conductivity could effectively reduce the thickness
of shielding materials since the propagating depth of the
incident waves in the materials could be decreased.5,16,22,25 In
comparison with the strategy of mixing conductive fillers with
polymeric matrices (Table 2), use of the entire conductive
configuration in this work could effectively eliminate the poor
contact and interfacial conductivity induced by the insulating
polymers. Further enhancement could be achieved by
optimizing the contact and bridging modes of the CNFs by
employing CNF−GN−CNF heterojunctions. Compared to a
recent work of directly dispersing GN into PEVA for fabricating
composite films,16 the all-carbon GN/CNF composite net-
works here present a better configuration, in which the

Figure 7. Total SE (a), SE absorption (b), SE reflection (c), and
absorption efficiency (d) of neat CNF networks (dashed) and GN/
CNF composite networks with 17.2 wt % GN (solid). Performance
increments of the GN/CNF composite networks were calculated
based on the performance in neat CNF networks.

Table 2. Comparison of Typical Carbon-Based Materials and Corresponding Shielding Performance

fillers matrices thickness (mm) electrical conductivity (S/m) shielding performance (dB) refs

CNT polystyrene 1.0 >0.1 18−19 1
carbon fibers polystyrene >0.1 17−19 2
reduced graphene oxide poly(methyl methacrylate) 2.4 3 13−19 9
functionalized graphene polystyrene 2.5 1.25 25−29 10
reduced graphene oxide poly(etherimide) 2.3 ∼0.001 18−22 12
CVD-growth graphene PDMS 1.0 200 22−25 14
reduced graphene oxide@Fe3O4 poly(etherimide) 2.5 14−18 15
reduced graphene oxide paraffin wax 2.0 <0.1 18−29 34
fiber cloth-MWCNT-carbon areogel PDMS 232 18−23 35
GN PEVA 0.36 250 23−27 16
neat CNF networks 0.22−0.27 500 17−18 this work
CNF−GN networks 0.22−0.27 800 25−28 this work
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thickness of the shielding materials could be further reduced
(lower than 0.3 mm). Further opportunities for improvement
include more sufficient carbonization or graphitization at much
higher temperatures, whereby a significant increase of the
electrical properties could be envisaged. For potential
applications, use of CNF (as the flexible frame) and CNF−
GN−CNF heterojunctions (as the interfacial modifier) has
demonstrated a very promising all-carbon configuration for
ultrathin shielding materials, which may meet the requirement
in the lightweight flexible electronic devices. Additionally, the
concept of establishing CNF−GN−CNF heterojunctions could
be widely applied to various fields, where a unique structure or
a specific application is required.

■ CONCLUSIONS
In summary, novel flexible all-carbon networks have been
fabricated via the facile electrospinning processing. In the
conductive networks with the presence of GN, CNF−GN−
CNF heterojunctions have been observed to be the critical
interfacial modifiers in the significant improvement of electrical
conductivity, thus leading to the pronounced enhancement in
the shielding effectiveness. The as-fabricated thin networks
(material thickness < 0.3 mm) with lightweight (density < 0.1
g/cm3) have also shown highly competitive EMI shielding
performance to those carbon-based composites of much larger
thickness (>1 mm). Therefore, the strategy for achieving
flexible all-carbon networks based on the CNF−GN−CNF
heterojunctions has demonstrated great potential in the scalable
production of lightweight shielding materials for flexible
portable electronic devices.

■ EXPERIMENTAL SECTION
GN. GN was prepared according to our previous work.24,25 Briefly,

the commercial graphite sample (0.5 g, grade 3805 from Asbury
Carbons) was pretreated in alcohol aqueous solution for stirring and
sonication. Dried pretreated samples were further dispersed in a
mixture solution of nitric acid and sulfuric acid under sonication (48−
72 h) for direct chemical exfoliation. The resulting samples were
washed with deionized water and dried in a vacuum oven.
GN/CNF Composite Networks. GN/CNF composite networks

were fabricated by the electrospinning technique. In a typical process,
various amounts of GNs (20, 40, and 90 mg) were first dispersed in
4.5 g of DMF to obtain a homogeneous GN/DMF suspension using a
sonicator and homogenizer. Subsequently, polyacrylonitrile (PAN, Mw
= 150 000, Aldrich) (0.5 g) was added to the GN/DMF suspension,
followed by vigorous stirring at 60 °C for 8 h. The above suspension
was transferred into a 5 mL syringe equipped with a stainless steel
nozzle (#8) and propelled at a flow rate of 0.010 mL/min (0.015 mL/
min for samples with higher GN loadings). A high voltage of ∼15 kV
was then applied between the nozzle tip and the collector with a
distance of 150 mm. The electrospinning process was carried out at
ambient temperature. Subsequently, the as-spun polymeric GN
nonwoven mat was peeled off and then stabilized at 270 °C in air
(1 h, heating rate 3 °C/min), followed by carbonization under
nitrogen atmosphere at 1000 °C for 3 h (heating rate of 5 °C/min).
The resulting GNs/CNF networks with different initial GN amounts
were assigned in Table 1. For comparison, neat CNF networks as the
reference sample were fabricated with the same procedure without
adding GN.
Layered Structures. For accurate measurement of S parameters,

layered structures have been fabricated to ensure the free-standing
networks to be vertically positioned in the testing chamber.16 Paraffin
wax (Walgreen) and poly(ethylene-vinyl acetate) (PEVA) (DuPont
Co.) were employed as the testing substrates and glue for fabricating
the layered structures, respectively. Wax substrates with dimensions of
22.86 × 10.16 × 1 mm3 (size of testing chamber) were prepared by

cold press. PEVA was dissolved toluene, followed by evaporating most
of the solvent to obtain viscous PEVA/toluene glue. All measured
GN/CNF composite networks (including neat CNF networks) with a
thickness of 220−270 μm were cut into a rectangular shape of 22.86 ×
10.16 mm2. In the fabrication of wax|GN/CNF composite networks|
wax structures, GN/CNF composite networks were sandwiched into
two pieces of wax substrates with PEVA/toluene glue. Similarly, the
wax|neat CNF networks|wax structure was fabricated with the same
approach. All layered structures were dried in ambient conditions to
achieve testing samples.

Characterization. As-prepared GN/CNF composite networks
were characterized by various techniques. X-ray diffraction (XRD)
characterization was carried out on a Rigaku D/max-RB system.
Raman spectra were investigated using a Jobin Yvon T64000 Raman
spectrometer equipped with a Melles-Griot 35 mW He−Ne laser
source for 633 nm excitation. Field emission scanning electron
microscopy (FE-SEM) images were obtained on a ZEISS supra 55
system. Transmission electron microscopy (TEM) was performed on a
TECHAI G220 Scanning-TEM system. For observing the cross-
section view of the GN on the TEM, microtomed samples were
prepared using a Reichert-Jung Ultracut E Microtome with a 30° angle
diamond knife.37,38 Electrical conductivity (σ) was determined using
the classical four-probe method, with the electrical current (I) and
voltage (V) relationship for the networks obtained by a multimeter
(Keithley 2400, controlled by Lab Tracer 2.0 software, both from
Keithley Instruments) and a multiheight probe (Jandel). With the
relation of network thickness (d), the electrical conductivity for the
networks was determined by the equation σ = (ln 2/π)(I/V)/d. To
ensure accuracy of the measurement for electrical conductivity, three
different regions of both sides of the spun networks were selected for
testing. The average electrical conductivity and corresponding errors
(Figure 4a) of each sample were determined by the six measured
values. The density of the spun networks was roughly estimated by the
ratio of mass to volume. The weight and dimensions of a piece of spun
networks were scaled three times to achieve the average values.

EMI Shielding. The S parameters (S11 and S21) of the as-fabricated
sandwich layered structures were measured on an Anritsu 37269D
vector network analyzer (VNA) using the waveguide method in X
band.16,33 The power coefficients, reflection coefficient (R) and
transmission coefficient (T), were calculated by the equations R = |
S11|

2 and T = |S21|
2, respectively. Absorption coefficient (A) was

obtained from the relation A = 1 − R − T.16,33 Absorption efficiency
(AE) was calculated by the relation AE = A/(1 − R) × 100%. EMI
shielding effectiveness (SEtot) refers to the logarithm of the ratio of the
incident wave PI to the transmitted wave PT, which is determined by
the equation SEtot = 10 log(PI/ PT)dB. The total experimental SE is the
sum of the net shielding by reflection (SEref) and absorption (SEabs),
which can be given as SEref = −10 log(1 − R)dB and SEabs=−10 log(T/
(1 − R))dB, respectively.16
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