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ABSTRACT: Ultralight, high-performance electromagnetic in-
terference (EMI) shielding graphene foam (GF)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
composites are developed by drop coating of PEDOT:PSS on
cellular-structured, freestanding GFs. To enhance the wettability
and the interfacial bonds with PEDOT:PSS, GFs are function-
alized with 4-dodecylbenzenesulfonic acid. The GF/PEDOT:PSS
composites possess an ultralow density of 18.2 × 10−3 g/cm3 and
a high porosity of 98.8%, as well as an enhanced electrical
conductivity by almost 4 folds from 11.8 to 43.2 S/cm after the
incorporation of the conductive PEDOT:PSS. Benefiting from the excellent electrical conductivity, ultralight porous structure,
and effective charge delocalization, the composites deliver remarkable EMI shielding performance with a shielding effectiveness
(SE) of 91.9 dB and a specific SE (SSE) of 3124 dB·cm3/g, both of which are the highest among those reported in the literature
for carbon-based polymer composites. The excellent electrical conductivities of composites arising from both the GFs with three-
dimensionally interconnected conductive networks and the conductive polymer coating, as well as the left-handed composites
with absolute permittivity and/or permeability larger than one give rise to significant microwave attenuation by absorption.
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1. INTRODUCTION

The widespread use of personal computers and portable
electronics has resulted in severe electromagnetic interference
(EMI) pollutions. EMI radiations in free spaces and radiation
emanating from these pervasive sources are harmful to both
human health and the normal operation of electronics.
Therefore, various EMI-shielding materials have been devel-
oped to eliminate unwanted electromagnetic (EM) radiations
as well as to protect neighboring components in electronic
devices. For example, metallic mesh shields are often used in a
smartphone to protect electronics from its cellular transmitter/
receiver. In addition to high EMI shielding performance, easy
processing and lightweights are among the key parameters
required for the materials in many emerging areas like
aerospace, aircraft, and automobiles.1 Two typical materials,
including (i) porous foam materials and (ii) conductive
polymer composites (CPCs) containing conductive fillers,
especially nanoscale carbon materials, have received much
attention for lightweight and flexible EMI shielding applica-
tions. For example, the Cu−Ni alloy foams hybridized with
carbon nanotubes (CNTs) had a low density of ∼0.25 g/cm3

and showed a high EMI shielding effectiveness (SE) of ∼50
dB.2 Although foamed metal-based composites present good
SE values, they have a major drawback of relatively high

densities. CPCs reinforced with conductive carbon materials,
such as carbon black,3 CNTs,4 carbon fibers,5 graphite,6 and
graphene,7 delivered outstanding SE depending on their
intrinsic properties, such as dielectric constants, electrical
conductivities, and aspect ratios. Except for lightweights,
carbon filler/polymer composites also possess unique advan-
tages including ease of processing, low cost, tunable electric
conductivities, and resistance to corrosion.8 Taking advantage
of both the low-density, porous structure and the high electrical
conductivity, CPC foams have attracted much attention in
recent years for lightweight EMI shielding. Both high EMI SEs
and high specific shielding effectiveness (SSE, SE per unit
density) are reported for polymer-based aerogels reinforced
with graphene9,10 and CNTs1 because of the highly conductive
fillers and the low density of porous structures. Despite the
reduction of material density, porous structures are effective for
the enhancement of EMI shielding performance.11

Among different carbon/polymer composites, graphene
reinforced CPCs appear to be the most effective for EMI
shielding due to their excellent electrical conductivities, high
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electron mobility, and large specific surface areas. The aligned
reduced graphene oxide (rGO)/epoxy composite with a filler
content of 2 wt % exhibited a high EMI SE of 38 dB, although a
relatively low SSE of 35.3 dB·cm3/g was obtained due to the
large density of the solid composite structure.12 When the
densities of composites are reduced by incorporating porous
fillers, the SSEs can be significantly improved. For example, an
exceptional EMI SSE of ∼500 dB·cm3/g was achieved by
polydimethylsiloxane (PDMS) composites reinforced with
graphene foam (GF) with an extremely low density of 0.06
g/cm3 which was grown by chemical vapor deposition
(CVD).13 The formation of continuous conductive networks
is another effective strategy for the improvement of EMI
shielding SEs,15 which is mainly attributed to the high electrical
conductivity and extensive dissipation of surface currents
induced by EM waves. GFs with a continuous cellular structure
were proven to be an excellent filler for polymer composites
with excellent electrical and EMI shielding properties.13,15 The
EMI shielding performance was further improved by
introducing secondary conductive fillers, such as CNTs15,16

and metallic nanoparticles,17 or magnetic particles, such as
Fe3O4,

18 carbonyl iron,19 and Co3O4,
20 into the conducting

composites. An extraordinary EMI SE of ∼75 dB and a SSE of
833 dB·cm3/g were recently reported by adding CNTs into
GF/PDMS composites.15 The addition of metallic and
magnetic nanoparticles should be carefully designed for
lightweight EMI shielding applications because of the sacrifice
of density after the incorporation of these high-density particles.
It is worth noting that nonconductive polymers, such as

epoxy, polystyrene (PS), PDMS, and poly(vinylidene fluoride)
(PVDF), have been the main matrix materials employed to

fabricate graphene based CPCs for EMI applications. However,
these polymers have inherently very low EMI SEs of smaller
than 1 dB,15,21 making negligible contributions to the total EMI
SEs of composites. Alternatively, intrinsically conducting
polymers with high electrical conductivities and nontranspar-
ency to microwave radiation, such as polyaniline,22 poly-
pyrrole,23 and poly(3,4-ethylenedioxythiophene):poly(styrenes-
ulfonate) (PEDOT:PSS),24 are found to be an attractive choice
as the matrix for effective EMI shielding composites.
Conducting polymers have been widely used as coatings on
nonconductive fabrics or textiles for EMI shielding. However,
their EMI SEs were poor because of the low electrical
conductivities and permittivities of the insulating fabrics.22,23

In view of the poor EMI shielding by conducting polymers
alone, light weight carbon structures with high electrical
conductivities and high porosities need to be incorporated to
realize composites with desired light weights and EMI shielding
characteristics.
This study is dedicated to development of GF/PEDOT:PSS

composites with functionalities of easy processability, light-
weight, high electrical conductivity, and superior EMI shielding
properties. The composites were fabricated by drop coating of
PEDOT:PSS aqueous solution on functionalized GFs. An
ultralow density of 0.0182 g/cm3 and a high porosity of 98.8%
were obtained for the composite with a GF weight fraction of
58%. The composite with an optimal composition gave rise to
an excellent electrical conductivity of 43.2 S/cm and the
corresponding total EMI SE of over 90 dB. These composites
are particularly useful for mobile electronics and aerospace
industries where lightweight materials/structures with highly

Figure 1. (a) Schematic procedure of the preparation of GF/PEDOT:PSS composites; SEM and TEM images of GFs (b, c) before and (d) after
PEDOT:PSS coating and (e) contact angles of compressed GF plates as a function of DBSA concentration. The inset in (c) is the TEM image of
pristine graphene. The insets in (e) show the SEM images of GF/PEDOT:PSS composites treated with different DBSA concentrations and the
shapes of the corresponding PEDOT:PSS droplets (1, no treatment; 2, treated with 0.1 wt % DBSA; and 3, treated with 0.75 wt % DBSA).
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efficient microwave absorption/shielding capabilities are
required.

2. EXPERIMENTAL SECTION
2.1. Synthesis of GFs by CVD Method. Freestanding GFs were

produced following the reported procedure, as shown in Figure
1a.15,25,26 Ni foams (Heze Tianyu Technology Development) with a
thickness of 1.6 mm and an area density of 320 g/m2 were cleaned by
sonicating in acetone for 90 min, rinsed in deionized (DI) water, and
dried in an oven at 60 °C for 24 h. Ni foam templates of 6 cm × 12 cm
rectangular shape were put into the quartz tube of a CVD system
(OTF-1200X-II-80-SL, Hefei Kejing Materials). After evacuating to 5
mTorr, Ar and H2 were introduced into the tube at flow rates of 500
standard cubic centimeter per minute (sccm) and 200 sccm,
respectively. The furnace was then heated to 1000 °C at a rate of
17 °C/min. The Ni foam substrates were annealed at 1000 °C for 10
min, followed by introducing methane (CH4) precursor with a
concentration of 2.8 vol % for 20 min. After deposition of carbon, the

furnace was quenched to room temperature under Ar and H2 flows,
allowing graphene layers to form on the Ni surface. Freestanding GFs
were obtained by etching off the Ni template in a solution of 1 M
HCl/0.5 M FeCl3 at 80 °C. The freestanding GFs were immersed in
hot water for 10 min and rinsed with DI water to remove chemical
residuals, followed by drying in a vacuum oven at 60 °C overnight.
Compressed GFs (CGFs) were fabricated using the identical CVD
process for the measurement of contact angles. Four layers of Ni foams
of a total thickness of 6.4 mm were compressed to a thickness of 1 mm
using a compression jig, which were used as the template for the
synthesis of CGFs.

2.2. Fabrication of GF/PEDOT:PSS Composites. Pristine GF
was noncovalently functionalized with 4-dodecylbenzenesulfonic acid
(DBSA supplied by Aldrich, see Figures S1a,c for its chemical
structure) to improve the wettability and enhance the adhesion
between GF and PEDOT:PSS. DBSA, an anionic surfactant, was
chosen because it is compatible with both graphene and PEDOT:PSS
(see Figure S1b for their chemical structures)27 due to the presence of

Figure 2. Interfacial interactions among GFs, DBSA and PEDOT:PSS: (a) UV−vis absorption spectra of GFs before and after DBSA treatment; (b)
Raman spectra; (c) FT-IR spectra of GFs at different states (insets in (a,b) showing enlarged views of the peaks in the indented regions); (d)
schematic illustration of the proposed interfacial interaction mechanisms among graphene, DBSA and PEDOT:PSS (the PEDOT chains being
omitted here for simplicity and clearer illustration); and (e) XPS general spectra and (f) deconvoluted C 1s spectra of GF/PEDOT:PSS-0.7 (upper
curves).
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both hydrophobic tails and hydrophilic heads. The hydrophobic
dodecyl group and the benzene ring of DBSA can interact with
graphene by adsorption while the sulfo group as its hydrophilic head
can interact with the PSS chains. Micelles are formed on graphene
surface when the adsorbed DBSA content is at the critical micelle
concentration (CMC) (see Figure S 1d for a schematic), and
saturation and aggregation occur at a DBSA content above the
CMC.28 GFs were immersed in DBSA aqueous solutions with different
concentrations for 30 min, followed by rinsing with DI water for
several times to remove superfluous DBSA. After drying in a vacuum
oven for 12 h, functionalized GFs (DBSA@GF) were obtained. The
PEDOT:PSS aqueous solution (CLEVIOS PH 1000) was diluted with
the same amount of DI water to reduce its viscosity, followed by
addition of 5 vol % dimethyl sulfoxide (DMSO, Sigma-Aldrich,
anhydrous). The functionalized GFs were drop coated with the
mixture by depositing consecutive drops of different total amounts to
obtain different PEDOT:PSS-to-GF mass ratios, which were dried at
80 °C for 0.5 h for evaporation of water and surplus DMSO. The
electrical conductivity of the dried PEDOT:PSS film was 850 S/cm.
Composites with different PEDOT:PSS contents were fabricated and
designated as GF/PEDOT:PSS-X, where X is the mass ratio of
PEDOT:PSS to GF.
2.3. Characterization of GF and GF/PEDOT:PSS Composites.

Scanning electron microscope (SEM, JEOL JSM 6390) and trans-
mission electron microscopy (TEM, 2010, JEOL) were used to
characterize the morphologies of GFs and GF/PEDOT:PSS
composites. The interfacial interactions between the GFs and DBSA
were examined by ultraviolet−visible (UV−vis) spectroscopy
(PerkinElmer Lambda 20) with a scanning range of 200−800 nm
and a quartz chip as the reference. The wettability of functionalized
GFs was investigated using the PEDOT:PSS/DMSO solution as the
probing liquid on a goniometer (Kruss G10 Contact Angle Measuring
System). To avoid the rapid infiltration of probing liquid into the
porous GFs during the contact angle measurement, functionalized
CGFs with a denser structure (Figure S2) were used. The contact
angles were measured after the solution droplets were applied onto the
target materials and stabilized for 3 s. Although the contact angles
obtained on CGFs were not identical to those measured on ordinary
GFs, the trend as a function of DBSA concentration reflected the
relative wettability of functionalized GFs. Fourier transform infrared
spectroscopy (FT-IR, Bruker Vertex 70 Hyperion 1000) was employed
to study the surface chemistry of GFs before and after PEDOT:PSS
coating. The crystalline structures of pristine and functionalized GFs
and GF/PEDOT:PSS composites were evaluated using the Raman
spectroscopy (Reinshaw MicroRaman/Photoluminescence System).
X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD) was used to
study the chemical elements of functionalized GFs and composites.
The electrical conductivities of GFs and GF/PEDOT:PSS composites
with different matrix contents were measured using the four-point
probe method (Scientific Equipment & Services) with silver paste
coating on the contact points. The EMI SEs were calculated from the
scattering parameters (S-parameters) which were measured by a
waveguide transmission line method using a vector network analyzer
(Agilent Technologies N5230A), as shown in Figure S3.29

3. RESULTS AND DISCUSSION

3.1. Characteristics of GFs and GF/PEDOT:PSS
Composites. The morphologies of freestanding GFs (Figure
1b,c) are essentially similar to those obtained previously,15,26

which possessed a cellular porous structure with wrinkles on
the surface arising from the grain boundaries of the underlying
Ni foam templates. The GFs fabricated in this study were
composed of ∼12 layers of graphene on average (inset in
Figure 1c), which is consistent with previous studies.25,26 The
as-prepared GFs was highly hydrophobic due to the absence of
oxygen-containing functional groups, making it incompatible
with the PEDOT:PSS aqueous solution. After functionalization,
however, GFs became reactive and were uniformly coated with

PEDOT:PSS (Figure 1d). The contact angle of GFs decreased
with increase in surfactant concentration, signifying enhanced
wettability and physical interactions with the PEDOT:PSS
coating (Figure 1e). One of the major benefits of noncovalent
functionalization using a surfactant compared to covalent
functionalization, such as oxidation,30 amination,31 and
silanation,32 is that the graphene’s hexagonal structure remains
intact28 so that its inherent electrical conductivity is not
adversely affected. The pristine GF presented a very low
wettability with a large contact angle of 113° (inset 1), resulting
in detachment of polymer coating upon application. After
functionalization with a low concentration DBSA solution, the
contact angle decreased with enhanced wettability (inset 2),
although the PEDOT:PSS solution was still unable to penetrate
into the internal space. The functionalized GF by 0.75 wt %
DBSA allowed uniform coating of PEDOT:PSS solution (inset
3). With higher DBSA concentrations, however, the contact
angle decreased only marginally probably due to these DBSA
concentration approaching its CMC. In view of the insulating
nature of DBSA surfactant, the concentration of 0.75 wt % was
chosen for composite fabrication to balance the electrical
conductivity and the interfacial bond.
The enhanced interfacial bonds between GF and PE-

DOT:PSS were confirmed by the UV−vis, Raman, FT-IR
spectra, and XPS spectra, as shown in Figure 2. The obvious
UV−vis absorption peak located at 269 nm is a reflection of
phenyl groups33 of pristine GF (Figure 2a). Upon functional-
ization, the peak position up-shifted to 271 nm, suggesting π−π
stacking interactions between the benzene rings of graphene
and DBSA.33 Theoretical calculations demonstrate that the
π−π interactions take place only when the intermolecular
distance is about 3−4 Å,34 meaning that it is rather difficult to
form π−π interactions between different species without
external forces. However, the very short molecular chains of
DBSA made the stacking possible, which may also explain the
relatively small upshift of the peak position compared with
reported data.33 The Raman spectrum of pristine GFs (Figure
2b) presents G- and 2D-band peaks centered at ∼1580 and
∼2700 cm−1, respectively. The D-band at ∼1350 cm−1, a
reflection of sp3 hybridization, was absent in the as-prepared
GFs because of the perfect graphitic structure with negligible
defects. The 2D peak at ∼2700 cm−1 was split into two small
peaks, indicating that multilayered graphene sheets (Figure 1c)
were grown during the CVD process.35 The PEDOT:PSS
matrix exhibited a prominent peak at 1430 cm−1, which is
attributed to the symmetric stretching vibration of the aromatic
CC bond.4 The peak at ∼1506 cm−1 is a representative of
the asymmetric stretching vibrations of thiophene rings in the
middle of PEDOT chains.36 The peaks at 1259 and 1361 cm−1

are assigned to the Cα-Cα and Cβ-Cβ stretching deformation in
PEDOT:PSS,4 respectively. The GF/PEDOT:PSS composite
exhibited characteristic peaks of both GF and PEDOT:PSS,
suggesting strong adhesion of polymer coating onto the GF.
The G-band of pristine GF upshifted from 1579 to 1582 cm−1

(inset of Figure 2b) after the functionalization, confirming the
formation of π−π stacking between GFs and DBSA.37

However, the G-band position presented no further increment
after the coating of PEDOT:PSS (Figure S4), indicative of a
negligible doping effect of PEDOT:PSS on GFs. It appears that
the presence of DBSA molecular layers on GFs impeded the
direct contact between graphene and PEDOT:PSS, making the
doping of graphene rather difficult.
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There was no peak observed in the FT-IR spectrum of
pristine GFs due to the absence of functional groups (Figure
2c). After the functionalization of GFs, characteristic peaks of
DBSA appeared: namely, > C−H vibration located at 1007
cm−1, S-phenyl bonds at 1037 cm−1 and two S−O bonds at
1123 and 1187 cm−1.38 It is noted that PEDOT:PSS showed
different peaks from those of DBSA, including C−S bonds in
thiophene ring at 680, 844, and 991 cm−1, C−O−C stretching
peaks at 1065 and 1260 cm−1, and CC stretching vibrations
of the thiophene ring at 1522 cm−1.38 The broad band at
∼3400 cm−1 is associated with the stretching vibration of O−H
bonds.37 It was very weak in PEDOT:PSS probably because of
the steric hindrance caused by the large benzene rings in PSS
chains, making the O−H groups difficult to interact with each
other. However, the O−H peak became more obvious in the
GF/PEDOT:PSS composite because of the large amount of
O−H groups in DBSA. Moreover, the peak position down-
shifted after the formation of GF/PEDOT:PSS composite, an
indication of hydrogen bonds between DBSA and the PSS
chains.39 Based on the above findings, we can conclude that
DBSA is a very effective surfactant for improving both the
wettability and interactions between the pristine GF and

PEDOT:PSS matrix by forming π−π stacking with graphene
and hydrogen bonds with PSS chains. The mechanism of
enhanced interfacial bonds between graphene, DBSA and
PEDOT:PSS is schematically illustrated in Figure 2d. The
general XPS spectrum of freestanding GFs (Figure 2e)
exhibited a dominant C 1s peak and a weak O 1s peak, the
latter being a reflection of the moisture adsorbed on the GF
surface from the atmosphere. An obvious S 2p peak and a
significantly enhanced O 1s peak in the DBSA functionalized
GFs and the GF/PEDOT:PSS composite were also noted.
After the DBSA treatment, the deconvoluted C 1s spectrum
became much broader than that of the pristine GFs or the GF/
PEDOT:PSS composite (Figure 2f), a testament to strong
interfacial bonds between DBSA and GFs.40 The C 1s of the
GF/PEDOT:PSS composite (upper spectrum in Figure 2f)
consisted of three functional groups, including CC/C−C
(284.4 eV), C−S (286.1 eV), and C−O−C (286.5 eV)
groups.39 The elemental compositions of GFs, DBSA@GF,
GF/PEDOT:PSS were analyzed (see inset of Figure 2e) and
summarized in Table S1. Both C−S and C−O−C were absent
on the pristine GFs, while a small amount of C−S bonds
(∼4.6%) appeared on the functionalized GFs arising from the

Figure 3. (a) Densities and porosities and (b) electrical conductivities of GF/PEDOT:PSS composites as a function of mass ratio of PEDOT:PSS to
GFs with percent of connected pores in inset; SEM images of (c) surface and (d) cross sections of freeze-fractured GF/PEDOT:PSS composites
with different mass ratios. Red circles in (c) indicate connected pores by the PEDOT:PSS films. Insets in (d) show the thicknesses of the conductive
polymer coating layers.
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thin layer of DBSA molecules on GFs. After the incorporation
of PEDOT:PSS coating, C−O−C appeared as a characteristic
peak of PSS chains.
3.2. Densities and Electrical Conductivities of Com-

posites. The porosities (β) of GF/PEDOT:PSS composites
with different polymer to graphene mass ratios were calculated
using the following equation:41

β ρ ρ= − ×(1 / ) 100%a t (1)

where ρa is the apparent density determined by the ratio of total
mass to volume of materials and ρt represents the true density
depending on the masses and densities of different components
according to eq 2:

ρ
ρ ρ

=
+− −

m
m mt

C

G G
1

P P
1

(2)

where m is the mass and the subscripts C, G, and P refer to the
composite, graphene, and PEDOT:PSS, respectively. The
densities of graphene39 and PEDOT:PSS are 2.2 and 1 g/cm3

(according to the supplier’s specification), respectively. The
true densities and porosities of the composites with different
PEDOT:PSS-to-GF mass ratios are plotted in Figure 3a. The
pristine freestanding GF possessed a low apparent density of
9.29 × 10−3 g/cm3 and a high porosity of 99.6%. With
increasing polymer content, the true density of composites
initially decreased rapidly followed by slow reductions while the
apparent density increased almost linearly. As expected, the
porosity was roughly inversely proportional to the apparent
density.
As shown in Figure 3b, the electrical conductivity of the GF/

PEDOT:PSS composite gradually increased with increasing

conducting polymer content, reaching a peak of 43.2 S/cm at a
PEDOT:PSS-to-GF mass ratio of ∼7, followed by saturation
afterward. As discussed above, the potential doping effect of
PEDOT:PSS on conductivity of graphene was almost absent in
this study because of the steric hindrance caused by the DBSA
molecules applied on GFs. The enhanced electrical con-
ductivities of the GF/PEDOT:PSS composite are attributed
mainly to the enhanced conducting networks. The PE-
DOT:PSS coating with a high electrical conductivity of 850
S/cm had major ameliorating effects on both the microscopic
and nanoscopic scales. (i) The microscopic effect arose from
the gradual changes in porous structure of the composites with
different polymer contents. Figure 3c shows that the large
openingsboth internal and externalpresent between the
skeleton of cellular GFs were connected by the conductive
PEDOT:PSS, leading to enhanced conductive networks. The
interconnected structure with large cellular pores and the
excellent wettability of functionalized GFs allowed the diluted
PEDOT:PSS aqueous solution with a low viscosity to infiltrate
into the inside of GFs via a step-by-step drop-coating. Both the
surface and the center of GFs were effectively coated by
PEDOT:PSS, as shown in Figure 3c,d. The thicknesses of the
polymer coating layers on graphene tubes increased gradually
from ∼0.8 to 3.9 μm when the PEDOT:PSS-to-GF mass ratio
was increased from 0.7 to 7 (insets of Figure 3d). It is obvious
that the number of pores connected by PEDOT:PSS increased
with increasing polymer content: an increase in polymer to GF
mass ratio from 3.5 to 7.0 resulted in a surge in percentage of
interconnected surface pores from ∼36% to almost 100%,
reaching the peak electrical conductivity (Figure 3b). However,
once all pores were covered, the conductivity enhancement by

Figure 4. EMI SEs of composites with different compositions: (a) SEA and SER, (b) SET as a function frequency; and (c) summary of SEs, SSEs,
and SSEs normalized by area density as a function of mass ratio of PEDOT:PSS to GF.
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increasing the polymer content became difficult due to
saturation. (ii) The nanoscopic effect refers the enhanced
conductivity when the PEDOT:PSS coating served as the
conducting bridges across the resistive grain boundaries in GFs,
as shown in Figure 1c,d.
3.3. EMI Shielding Properties. There are three main

mechanisms responsible for EMI shielding of a material,
including reflection, absorption attenuation, and multiple
reflection of EM waves.42 Since the reflection of EM radiations
is a result of the interactions between the EM waves and free
charges on the surface of materials, electrically conductive
networks with a large amount of charge carriers are beneficial to
EMI shielding effectiveness by reflection, SER.

43 The absorption
is a measure of the capacity of materials to attenuate EM
energies into thermal and/or internal energies. Any types of
energy dissipation and energy consuming responses induced by
EM radiations, such as localized currents generated in
conductive networks and polarization/relaxation processes of
dipoles and free charges, contribute to the absorption
effectiveness, SEA, of materials.43 When the SEA is higher

than 10 dB, most of the multiply reflected waves can be further
absorbed. Therefore, the EMI SEA of polymer-based
composites reinforced by conductive fillers is attributed to
both direct absorption and the absorption of multiply reflected
radiations.21 Thus, the reflection and absorption are dominant
mechanisms of the 3D graphene/polymer composites with
which this work is mainly concerned.
The total EMI SE, SET, is the logarithm of the power ratio of

incident EM waves, PI, to transmitted wave, PT, measured by
the S-parameters, S11 and S21:

5

= P PSE 10log( / )T I T (3)

| | =S P P/11 R I (4)

| | =S P P/21 T I (5)

where PR refers to the power of reflected wave. The reflection
coefficient, R, transmission coefficient, T, and absorption
coefficient, A, can be calculated using eqs 6−8:15

Figure 5. (a) Real and (b) imaginary parts of permittivity of composites with different mass ratios of PEDOT:PSS to GF; (c) the equivalent circuit
model of left-handed composites; (d) comparison of experimental and theoretical EMI SEs of different composites; and (e) schematic illustration of
EMI shielding mechanisms.
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= | |R S11
2

(6)

= | |T S21
2

(7)

= − −A R T1 (8)

The SE values contributed by reflection, SER, absorption,
SEA, and the total SE, SET, of materials are determined by

= − − RSE (dB) 10log(1 )R (9)

= − −T RSE (dB) 10log[ /(1 )]A (10)

= +SE (dB) SE SET R A (11)

The EMI shielding performance of the composites with
different PEDOT:PSS-to-GF mass ratios is plotted for
frequency range of 8−12 GHz, as shown in Figure 4. When
the mass ratio increased from 1 to 4.6, SEA showed a
continuous increase while SER maintained a negligible change
at low values fluctuating between 9 and 13 dB (Figure 4a). The
GF/PEDOT:PSS-1 composite with an electrical conductivity of
22.3 S/cm exhibited an average SET of 69.1 dB, whereas the
GF/PEDOT:PSS-4.6 composite with a higher electrical
conductivity of 35.2 S/cm had a higher average SET of 91.9
dB (Figure 4b,c). The SEA and SER were analyzed to identify
predominant EMI shielding mechanisms for the composites. It
is noticed that SEA contributes more than 80% of the total SET
for all composites studied, indicating that the attenuation of
microwave energies into thermal/internal energies was
dominant. However, the contribution by SER to the total SET
was very limited.
Possessing very low apparent densities ranging from 0.0221

to 0.0762 g/cm3 corresponding to the mass ratios ranging from
1 to 4.6, the GF/PEDOT:PSS composites delivered extremely
high SSEs determined by normalizing the SET by the composite
density (Figure 4c). An extraordinarily high SSE of 3124 dB·
cm3/g was achieved for GF/PEDOT:PSS-1 due to its high SET
with a low density. With increasing density, the SSEs suffered,
showing a lower SSE of 1206 dB·cm3/g for GF/PEDOT:PSS-
4.6. The thickness of material is another important parameter
that determines the EMI shielding performance. With a
constant thickness of 1.5 mm, the GF/PEDOT:PSS composites
possessed SEs normalized by area density ranging from 8040 to
20 800 dB·cm2/g (Figure 4c).
In order to understand the mechanisms responsible for the

much enhanced EMI shielding performances of GF/
PEDOT:PSS composites, their permittivity and permeability
were specifically studied. Upon exposure of the composite to
EM waves, polarization occurs in two sources: namely,
interfacial polarization owing to different electrical conductiv-
ities of GF and PEDOT:PSS, and dipolar polarization in the
PEDOT:PSS chains. It is observed that the absolute value of
the real part of permittivity, ε′, increases with increasing
polymer content (Figure 5a) due to the enhanced dipolar
polarization. The majority of composites consisting of
conductive fillers and insulating polymer matrices were
reported to possess positive permittivities because of the
interfacial polarization arising from the difference in electrical
conductivities of fillers and matrices. On the contrary, negative
permittivity (Figure 5a) and permeability values (Figure S5b)
were obtained for the present GF/PEDOT:PSS composites,
which were also reported previously for conductive polymer
composites with strong interfacial interactions and continuous
conductive networks.44−47 With three-dimensionally intercon-

nected conductive networks of GFs and a highly conductive
PEDOT:PSS coating, the polarized charge was delocalized
macroscopically instead of being aggregated at the interfaces,
leading to the negative permittivity.44,45,48 Within the frequency
range of 8−12 GHz, the wavelengths, λ, of the incident
radiation were in the range of 25−37.5 mm, which are much
longer than the diameter of graphene tubes in GFs (Figure
1b,c). λ was determined by λ = cf−1, where c and f are the light
velocity and the frequency, respectively. As a result, resonance
can occur in the composites, leading to negative permittiv-
ities.49 The refractive index (n) given by εμ= ±n is related
to the sign of the permittivity (ε) and permeability (μ). With
negative values of both parameters, the refractive index is
negative for the GF/PEDOT:PSS composites, which can be
defined as the left-handed material.50 It is well-known that the
EM waves cannot propagate inside a lossy left-handed material
with its absolute permittivity and/or permeability larger than
1.50 In other words, waves are effectively attenuated or
absorbed, giving rise to a high EMI SEA with few transmitted
waves. Therefore, it can be concluded that the excellent EMI
shielding performance of GF/PEDOT:PSS is attributed to both
the capacitor-like behavior induced by polarization and resistor-
like characteristics originating from the highly conductive
composite networks, showing a left-handed equivalent circuit
character as schematically shown in Figure 5c.51 The charge
delocalization in the highly conductive network has contributed
as well. The localized eddy current generated by alternating EM
fields15 can also be easily dissipated by fully connected
conductive networks (Figure 5e).
Once the electrical conductivity, σ, of composites satisfies σ =

σac + σdc ≫ 2πfε0 (where σac, σdc and ε0 = 8.854 × 10−12 F/m
are the alternating current conductivity, the direct current
conductivity and the vacuum permittivity, respectively), the
shielding effectiveness values, SEA and SER, can be theoretically
estimated by the following equations which are usually applied
to solid conductive materials:52,53

σ
π ε μ

=
′

⎛
⎝⎜

⎞
⎠⎟f

SE 10log
32R

ac

0 (12)

σ π μ μ= ′t fSE 8.68A ac 0 (13)

where μ0 (= 1.257 × 10−6 H/m), μ′, and t are the vacuum
permeability, the real permeability, and the sample thickness,
respectively. The alternative current conductivity is determined
by σac = 2πf ε0ε″, where ε″ is the imaginary permittivity.
Because the electrical conductivity of over 20 S/cm of the GF/
PEDOT:PSS composite was much higher than the largest value
of 2πfε0 (0.67 Hz F/m) in the frequency range of 8−12 GHz,
both SEA and SER were determined by the permittivity,
permeability, and electrical conductivity. Figure 5d presents the
comparison of SER, SEA, and SET between the calculation and
experimental data. As described in the above, the reflection of
EM waves, SER, is mainly attributed to the interactions between
radiations and free charges on the surface, while the
morphological features of material such as porosity and
cellularity have a negligible effect.43 Therefore, the calculation
and experiment agree very well for SER. However, the
calculated SEA values were always lower, by over 35 dB, than
the measured values because that eq 13 only takes material
propertieselectrical conductivity, permittivity, and perme-
abilityinto account, while the material morphologies are also
related to SEA. It has been confirmed that porous structures are
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beneficial for EMI shielding. For example, an enhanced SEA was
obtained by foaming of graphene sheets despite the lower
electrical conductivity, while SER showed little change.11

Multiple reflections within and between the hollow graphene
tubes of GFs enhanced interactions between the shielding
material and EM waves. Charge delocalization between GF and
the PEDOT:PSS coating which is not taken into account in eq
13 is another significant contribution to SEA, as summarized in
Figure 5e.
To verify the benefits of using lightweight composites for

EMI shielding, a comprehensive comparison was performed
between the GF/PEDOT:PSS composites and other nano-
carbon-based composites with relatively low densities (<1.2 g/
cm3), as shown in Figure 6. The details of their EMI SEs and

physical properties are given in Table S2. For solid polymer-
based composites reinforced with conductive fillers, the
reported EMI SEs varied in the range of 20−60 dB.12,54−56

The SSEs of solid CPCs having relatively high densities over
0.8 g/cm3 are very low. Graphene papers fabricated by CVD
growth on a Ni template showed a high EMI SEs of over 100
dB,29 but their SSEs were low because of their high densities.
Porous materials, such as carbon foams57−59 and CPC
foams,1,9,13,60,61 have densities of generally lower than 0.5 g/
cm3. With comparable SEs of 20−60 dB, these porous systems
can outperform the solid CPCs in terms of SSE, although their
morphologies are not fully optimized and they have limited
electrical conductivities. The GF/PEDOT:PSS composites in
this study presented extremely high EMI SEs of 65−91.9 dB at
ultralow densities of 0.022−0.076 g/cm3. The extremely low
densities of the GF/PEDOT:PSS composites with high EMI
SEs place them among the ideal EMI shielding materials
especially for applications where lightweight is an important
criterion, such as portable electronics and aerospace structures.

4. CONCLUSION
This paper reports a new strategy for the fabrication of GF/
PEDOT:PSS composites with different PEDOT:PSS-to-GF

mass ratios. Freestanding GFs were synthesized by CVD on Ni
templates and functionalized with DBSA, on which the
PEDOT:PSS aqueous solution was applied to form a coating
with uniform thickness. The resulting interconnected, highly
conductive GF/PEDOT:PSS composites showed exceptional
EMI shielding properties. The following can be highlighted
from the experimental and theoretical studies:
(i) The CVD-grown, cellular-structured, freestanding GFs

had an extremely low density of 9.3 × 10−3 g/cm3 and a
porosity of 99.6%. The GFs were functionalized using DBSA
surfactant, which effectively enhanced the wettability and
interfacial adhesion between GFs and PEDOT:PSS to form
uniformly coated composites. The π−π stacking between GFs
and DBSA and the hydrogen bonds between PEDOT:PSS and
DBSA were responsible for the enhanced interfacial interactions
between the composite constituents.
(ii) The apparent densities of composites gradually increased

from 0.0182 to 0.1664 g/cm3 while the porosities showed a
gradual decrease from 98.8 to 84.2% as the PEDOT:PSS-to-GF
mass ratio was increased from 0.7 to 11.4. These physical/
morphological changes gave rise to a modification of electrical
conductivities of GF/PEDOT:PSS composites, reaching a peak
value of 43.2 S/cm at a mass ratio of 7.0. The PEDOT:PSS
coating with a high conductivity of 850 S/cm had two
ameliorating effects on composite electrical conductivity,
namely the connection of large openings among the cellular
graphene skeleton on a microscopic scale and bridging across
the resistive grain boundaries of GFs on a nanoscopic scale to
form consolidated conducting networks.
(iii) The optimized GF/PEDOT:PSS composites delivered

exceptional EMI SEs, with a largest value of 91.9 dB. Owing to
their extremely low densities, the composites possessed even
more remarkable SSEs in the ranges of 1206−3124 and 8040−
20 800 dB·cm2/g, when normalized by volumetric and area
densities, respectively. These SSE values are the highest among
similar composites containing nanocarbon fillers. The high
conductivities of the composite arising from both the GFs with
inherent conductive networks and the conductive polymer
coating, the porous structure, and the effective charge
delocalization were mainly responsible for the predominant
contribution to microwave attenuation by absorption, SEA.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was published on March 2, 2017, with errors in
equations 4 and 5. The corrrected version was reposted on
March 6, 2017.
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