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ABSTRACT 

This paper presents our recent work [1] on developing a novel and facile strategy for the fabrication 
of highly conductive and lightweight graphene foam (GF)/poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS) composites for effective electromagnetic interference (EMI) 
shielding. The surfactant, 4-dodecylbenzenesulfonic acid, is applied for noncovalent functionalization 
of cellular-structured, freestanding GFs to enhance the wettability and the interfacial interactions 
between GFs and PEDOT:PSS and thus help coat PEDOT:PSS on GFs. A uniform and highly porous 
structure is developed, showing a high porosity of 98.8% and a low density of 18.2×10−3 g/cm3. A 
much enhanced electrical conductivity from 11.8 to 43.2 S/cm is achieved and discussion is made of 
interfacial interactions and physical/morphological changes on both the microscopic and nanoscopic 
scales. The highly conductive PEDOT:PSS coating bridges resistive grain boundaries and connects 
open areas of the cellular structure of GFs. Negative permittivities and permeabilities are observed for 
the composites, an indication of charge delocalization at the interfaces of PEDOT:PSS and GFs on a 
microscopic scale. Thanks to the lightweight porous structure, excellent electrical conductivities and 
effective charge delocalization, the GF/PEDOT:PSS composites deliver exceptional EMI shielding 
performances with a shielding effectiveness (SE) of 91.9 dB and specific SEs of 3124 dB∙cm3/g and 
20800 dB·cm2/g normalized by volumetric and area densities, respectively. These excellent EMI 
shielding performances are among the best of reported values for different composites. The 
remarkable EMI shielding properties and proposed mechanisms in this work can shed new insights 
into how one can improve EMI shielding performance. 
 
1 INTRODUCTION 

The fast-developing and extensive use of electronics has inevitably generated severe 
electromagnetic (EM) pollutions that are detrimental to both the normal operation of electronics and 
the health of human being. Therefore, it is increasingly important to develop effective EM interference 
(EMI) shielding materials to reduce the emanation of EM waves in free spaces and to protect 
neighboring components in electronics. Excellent EMI shielding properties and lightweights are 
critical requirements for applications in emerging areas, such as aircraft, aerospace and automobiles. 
Generally, two strategies are explored for the fabrication of lightweight EMI shielding materials: (i) 
the construction of porous structures, and (ii) the application of polymer composites reinforced with 
highly conductive fillers, especially graphene and carbon nanotubes (CNTs) [2-4]. Apart from the 
reduction of material density, porous structures contribute to the improvement of EMI shielding 
performance by enhancing multiple reflection of EM waves within the material. The incorporation of 
highly conductive fillers improve the interactions between EM radiation and shielding materials, 
which is also beneficial to EMI shielding. 

Among different polymer composites reinforced with conductive fillers, graphene/polymer 
composites are the most promising for superior EMI shielding because of excellent electrical 
conductivities, large specific surface areas, and large electron mobility of graphene fillers. Graphene 
foams (GFs) with a continuous cellular structure are popular fillers for the fabrication of porous 
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polymer-based composites with great electrical and EMI shielding properties [4, 5]. An ultrahigh EMI 
shielding effectiveness (SE) of ~75 dB and a large specific SE (SSE, SE normalized by volumetric 
density) of ~833 dB∙cm3/g were reported for GF/CNT/polydimethylsiloxane (PDMS) composites [4]. 
The widely used matrices for the fabrication of polymer composites for EMI shielding applications are 
nonconductive polymers, such as PDMS, polystyrene (PS), epoxy, and poly(vinylidene fluoride) 
(PVDF). With extremely low SE values of generally smaller than 1 dB, nonconductive polymers are 
transparent to EM waves [6, 7]. As an alternative, conducting polymers, such as polypyrrole, 
polyaniline, and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), are found to 
be effective in enhancing EMI shielding performance due to their high electrical conductivities and 
non-transparency to EM radiations [8-10]. 

In order to develop EMI shielding materials with high electrical conductivities, lightweight and 
easy processing, GF/PEDOT:PSS composites are produced by drop coating PEDOT:PSS aqueous 
solutions on 4-dodecylbenzenesulfonic acid (DBSA) functionalized freestanding GFs. A uniform, 
porous structure with a high porosity of 98.8% and an ultralow density of 18.2×10−3 g/cm3 is obtained. 
Excellent electrical conductivities as high as 43.2 S/cm and extraordinary EMI SE of over 90 dB were 
achieved. The mechanisms behind the outstanding EMI shielding of the composites are proposed 
based on experimental and theoretical analyses. 
 
2 EXPERIMENTAL 

2.1 Composites synthesis 

GFs were prepared using chemical vapor deposition method [11, 12] by applying a 500 standard 
cubic centimetre per minute (sccm) of Ar, 200 sccm of H2, and a concentration of 2.8 vol% of CH4. 
The carbon deposition temperature and time were 1000 oC and 20 min, respectively, after an annealing 
of 10 min at 1000 oC. After the etching of the Ni substrate, DBSA was applied on freestanding GFs, 
which was denoted as DBSA@GF, for noncovalent functionalization to enhance the wettability and 
interactions between GFs and PEDOT:PSS. The PEDOT:PSS aqueous solution (CLEVIOS PH 1000) 
was added with 5 vol % dimethyl sulfoxide (DMSO, Sigma-Aldrich, anhydrous) and then diluted to 
half its original concentration using deionized water. The mixture was then drop coated on 
DBSA@GF, followed by drying at 80 oC for 0.5 h. The schematic procedure for the fabrication of 
GF/PEDOT:PSS composites is illustrated in Figure 1a. Composites with different PEDOT:PSS-to-GF 
weight ratio were fabricated by depositing different amount of consecutive coatings and were 
expressed as GF/PEDOT:PSS-X. 

 
2.2 Characterization 

Morphologies of GFs and GF/PEDOT:PSS were observed by scanning electron microscope (SEM, 
JEOL JSM 6390). Wettability of DBSA@GFs obtained by applying different concentration of DBSA 
solutions was observed by a goniometer (Kruss G10 Contact Angle Measuring System) using 
compressed GFs as the target material. Ultraviolet−visible (UV−vis) spectroscopy (PerkinElmer 
Lambda 20) and Fourier transform infrared spectroscopy (FT-IR, Bruker Vertex 70 Hyperion 1000) 
were used to identify interfacial interactions between GFs, DBSA and PEDOT:PSS. The electrical 
conductivities were measured by the four-point probe method (Scientific Equipment & Services). 
Porosities were calculated according to Eq (1) [12] with densities of graphene and PEDOT:PSS being 
2.2 and 1 g/cm3, respectively: 

( ) %1001 ×−= ta ρρβ  (1) 

where ρa and ρ t are the apparent and the true densities of composites. The scattering parameters, S11 
and S21, in the range of 8-12 GHz were measured via waveguide transmission line method by a vector 
network analyzer (Agilent Technologies N5230A). EMI SEs attributed to absorption (SEA), reflection 
(SER), and the total SE (SET) were evaluated by Eq (2-4) [4]: 
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Figure 1: (a) Schematics of the synthesis of GF/PEDOT:PSS composites; SEM images of (b) 
freestanding GFs, and (c) GF/PEDOT:PSS; and (d) contact angles measured on compressed 
DBSA@GFs as a function of DBSA concentration. Insets in (d) show the SEM images of 

GF/PEDOT:PSS composites and images of PEDOT:PSS droplets on target materials functionalized by 
different DBSA concentrations. 

 
3 RESULTS AND DISCUSSION 

3.1 Characteristics of GFs and GF/PEDOT:PSS Composites. 

GFs possess a cellular porous structure with wrinkles (Figure 1b) resulted from grain boundaries of 
the Ni foam templates. The as-prepared freestanding GFs is incompatible with PEDOT:PSS aqueous 
solutions because of their hydrophobicity arising from the absence of hydrophilic functional groups. 
Upon applying PEDOT:PSS solutions, the GFs showed a very large contact angle of 113o and a 
detachment of the polymer coating (inset 1 in Figure 1d). After the DBSA functionalization, contact 
angles gradually decreased, indicating enhanced wettability of GFs. The functionalization using 0.75 
wt% DBSA solution guaranteed a full penetration of PEDOT:PSS solution into GFs and led to a 
uniform polymer coating (Figure 1c,d). Considering the conductive nature of DBSA, 0.75 wt% DBSA 
aqueous solution was used for the preparation of composites.  

Interfacial interactions among GF, DBSA and PEDOT:PSS were examined by UV−vis, Raman, 
and FT-IR. The UV−vis peak (Figure 2a) located at 269 nm is a suggestion of phenyl groups of 
graphene. After the functionalization, the peak underwent a 3-nm shift to 271 nm, indicating the 
formation of π−π stacking interactions between DBSA and graphene. The Raman spectrum of the as-
prepared GFs (Figure 2b) shows G- and 2D-band peaks located at ~1580 and ~2700 cm-1, respectively. 
The absence of D-band centered at ~1350 cm-1 is attributed to the perfect graphitic structure, resulting 
in the high hydrophilicity and large electrical conductivity which will be discussed below. After the 
DBSA functionalization, the G-band peak of GFs up-shifted from 1579 to 1582 cm−1 (as shown in the 
inset 1 in Figure 2b), indicative of the π−π interactions between DBSA and GFs [13]. FT-IR spectra of 
pristine GFs (Figure 2c) present no peak because of the absence of functional groups. The broad band 
at ∼3400 cm−1, an indication of the stretching vibration of O−H bonds, is weak in PEDOT:PSS 
possibly because of the steric hindrance effect arising from the large benzene rings in PSS chains. 
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Compared with neat PEDOT:PSS, the peak of O−H bonds for GF/PEDOT:PSS composites were 
intensified and showed an obvious downshift, which indicated the formation of hydrogen bonds 
between DBSA and PEDOT:PSS. Therefore, interfacial interactions among components in composites 
are summarized as the π−π stacking between GFs and DBSA, and the hydrogen bonds between DBSA 
and PEDOT:PSS, as illustrated in Figure 2d. 

 

Figure 2: (a) UV−vis spectra of graphene with and without the DBSA functionalization; (b) Raman 
spectra and (c) FT-IR spectra of different materials; and (d) schematics of the proposed mechanisms 

for interfacial interactions among different components of composites (the PEDOT chains are omitted 
for a clearer illustration). Insets in (a,b) show the enlarged spectra of the emphasized areas. 

 
3.2 Densities and Electrical Conductivities of GF/PEDOT:PSS Composites 

The pristine freestanding GFs showed an ultralow apparent density of 9.29×10−3 g/cm3 and an 
extremely high porosity of 99.6% (Figure 3a). The apparent density increased, while the porosity 
underwent a gradual decrease with the increasing PEDOT:PSS coating. Attributed to the highly 
conductive polymer coating, electrical conductivities of composites were significantly improved 
(Figure 3b), achieving a largest value of 43.2 S/cm by GF/PEDOT:PSS-7. Mechanisms for the greatly 
enhanced electrical conductivities were analyzed by studying the morphology changes of GFs after the 
coating of PEDOT:PSS on both nanoscopic and microscopic scale. On the nanoscopic scale, the 
applied PEDOT:PSS coating bridged resistive grain boundaries of GFs (Figure 1b,c), providing more 
conductive paths for electrons. The microscopic effect referred to the gradual changes in the porous 
structure of composites with the increasing PEDOT:PSS coatings. As shown in Figure 3c, large 
openings between the skeleton of GFs were connected by the polymer coating, leading to enhanced 
conductive networks. Pores among graphene tubes were connected (Figure 3c,d) and the thickness of 
polymer coating increased (insets in Figure 3d) gradually with the increasing amount of PEDOT:PSS 
coating. The percent of connected pores enhanced from ~36% to almost 100% when the mass ratio of 
PEDOT:PSS to GFs was increased from 3.5 to 7.0, see inset of Figure 3b. After the complete 
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connection of pores, further increment in polymer coating resulted in a marginal reduction in electrical 
conductivities because of the saturation and relatively lower electrical conductivity of PEDOT:PSS 
than graphene.  

 
Figure 3: (a) Densities and porosities and (b) electrical conductivities of composites as a function of 

PEDOT:PSS-to-GF mass ratio; and SEM images of (c) surfaces and (d) freeze-fractured cross-sections 
of GF/PEDOT:PSS composites with PEDOT:PSS-to-GF mass ratio of 0.7, 3.5, and 7.0. Inset in (b) 
shows the percent of connected pores in composites. Red ellipses in (c) are connected pores by the 
PEDOT:PSS films. Insets in (d) shows the thickness of polymer coatings on the skeleton of GFs. 

3.3 EMI Shielding Properties of Composites 

Three mechanisms are responsible for EMI shielding, namely reflection (SER), absorption (SEA) 
and multiple reflection of EM waves [14]. The reflection of EM waves is determined by interactions 
between the incident waves and free charges on material surfaces [15]. In general, the higher the 
electrical conductivity and the higher the free charge carrier concentration, the higher the SER. The 
SEA is related to the capability of shielding materials to attenuate EM radiations to thermal and 
internal energies [15]. The processes that promote energy consumption and dissipation, such as the 
formation of continuous thermal/electrical conductive paths, the generation of localized current and 
the enhancement of polarization/relaxation, are beneficial to SEA. When the total SET of a material is 
higher than 10 dB, almost all multiple-reflected radiations are further attenuated by absorption. 
Therefore, both the directly absorbed and multiple-reflected EM waves contribute to SEA of shielding 
materials. 

The EMI shielding properties of GF/PEDOT:PSS composites with different mass ratios of 
PEDOT:PSS to GF are shown in Figure 4. The SEA of composites enhanced gradually when the mass 
ratio increased from 1 to 4.6, whereas SER fluctuated at ~10 dB and had a negligible change (Figure 
4a). With an electrical conductivity of 22.3 S/cm, GF/PEDOT:PSS-1 showed an average EMI SET of 
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69.1 dB, while GF/PEDOT:PSS-4.6 possessing a larger electrical conductivity of 35.2 S/cm had a 
higher average SET of 91.9 dB (Figure 4b,c). The SEA contributed over 80% of the total SET of 
composites, exhibiting an absorption dominated EMI shielding behaviour. Thanks to the ultralow 
densities ranging from 0.0221 to 0.0762 g/cm3 when the PEDOT:PSS-to-GF mass ratio increased from 
1 to 4.6, the composites achieved extraordinary SSEs (Figure 4c). Extremely high SSEs in the ranges 
of 1206−3124 dB·cm3/g and 8040−20 800 dB·cm2/g were obtained when normalized by volumetric 
and area densities, respectively. 

 
Figure 4: EMI shielding performances of GF/PEDOT:PSS composites: (a) SEA and SER, (b) SET 

as a function of frequency, and (c) summary of SEs and SSEs normalized by volumetric and area 
densities as a function of PEDOT:PSS-to-GF mass ratio. 

Permittivity (ε) and permeability (μ) of composites were specifically studied to understand the 
mechanisms of excellent EMI shielding performance. The permittivity of composites increased with 
increasing polymer coating due to the enhancement of dipolar polarization in PEDOT:PSS layers, 
contributing to higher SEA values. As shown in Figure 5a-c, negative permittivity and permeability are 
shown for the GF/PEDOT:PSS composites, suggesting that polarized charges upon the application of 
EM waves were delocalized on a macroscopic scale rather than aggregated at interfaces [16]. The 
three-dimensionally interconnected conductive networks and the highly conductive polymer coating 
are responsible for the effective charge delocalization [16]. The refractive index (n) determined by n = 
±(εμ)1/2 is related to the sign of permittivity and permeability. With negative permittivity and 
permeability, the GF/PEODT:PSS composites had an negative refractive index, which is defined as the 
left-handed material (Figure 5d) [17]. With absolute values of permittivity larger than 1, incident EM 
radiations cannot propagate inside the lossy left-handed GF/PEDOT:PSS composites. In other words, 
waves are effectively absorbed, leading to large SEA with few transmitted waves. 
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Figure 5: (a) Real, (b) imaginary parts of permittivity and (c) permeability of GF/PEDOT:PSS 
composites; (d) the equivalent circuit of left-handed materials; (e) comparison of measured and 

calculated EMI SEs of composites; and (f) summary of EMI shielding mechanisms for 
GF/PEDOT:PSS composites. 

Considering the highly conductive nature of GF/PEDOT:PSS composites, SER and SEA are 
calculated by Eq (5,6) which are usually used for the prediction of SEs of solid conductive materials 
[18]: 









=

'32
log10

0µεπ
σ
f

SE ac
R  

(5) 
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where μ0, μ’ and t are the vacuum permeability (1.257×10-6 H/m), the real permeability and the sample 
thickness, respectively. The alternative electrical conductivity σac is obtained by σac=2πfε0ε”, where ε0 
and ε” are the vacuum permittivity (8.854×10−12 F/m) and the imaginary permittivity of materials, 
respectively. The comparison between experimental and theoretical SEs are plotted in Figure 5e. The 
measured and calculated SER agree well because the SER is related to the interaction between incident 
waves and free charges on materials’ surfaces and is not dependent on morphological features. 
However, the experimental SEA are always larger, by over 35 dB, than the theoretical values. This is 
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because Eq 6 only takes materials properties in consideration, while other parameters − such as 
morphological characterizations (porosity and cellularity), charge delocalization, EM wave induced 
local current, and multiple reflection within and between hollow graphene tubes of GFs − also 
contribute to SEA. 

The EMI shielding properties of GF/PEDOT:PSS composites are compared with different carbon-
based materials reported in the literature, as plotted in Figure 6. Solid materials show moderate EMI 
SEs in the range of 20-60 dB but low SSEs resulted from relatively high densities. Porous materials 
with lower densities of generally smaller than 0.5 g/cm3 have compatible SEs with solid composites, 
while their SSEs outperformed the counterpart. Exceptional EMI SEs varied in the range of 65-91.9 
dB were achieved by GF/PEDOT:PSS composites at ultralow densities of 0.022-0.076 g/cm3 in this 
study. This finding makes GF/PEDOT:PSS composites applicable for applications where lightweight 
is important, such as aerospace structures and portable devices. 

 
Figure 6. Comparison of EMI SEs of different carbon-based materials: porous CNT/GF/PDMS [4]; 

porous GF/PDMS [5]; multiwall carbon nanotubes (MWCNT)/waterborne polyurethane (WPU) 
aerogels [19]; CuNi/carbon nanotubes (CNTs) foam [20]; graphene oxide (GO)/cellulose aerogels[21]; 

aligned reduced GO/epoxy [22]; CVD fabricated graphene papers [23]; MWCNT/ polystyrene (PS) 
[24]; MWCNT/acrylonitrile-butadiene-styrene [25]; graphene/WPU [26]; CNT sponge [27]; 

commercial carbon foam [28]; MWCNTs decorated carbon foam [29]; CNT/PS foam [30]; porous 
graphene/PS [31]; graphene/poly(methyl methacrylate) foam [32]; porous MWCNT/PVDF [33]; 

MWCNT-based mesocarbon microbead composite paper [34]; silicon carbide nanowires/carbon foam 
[35]; carbon foams [36]. 

 
4 CONCLUSION 

A novel and facile approach was developed for the fabrication of ultra-lightweight GF/PEDOT:PSS 
composites by drop coating of PEDOT:PSS solutions onto DBSA functionalized freestanding GFs. 
Large electrical conductivities and extremely high EMI shielding properties were obtained. 
Mechanisms for EMI shielding were analysed based on both experimental results and theoretical 
calculations. A summary is made in following: 

(i) The wettability between GFs and PEDOT:PSS was significantly improved by the noncovalent 
functionalization using DBSA. The π−π stacking formed between GFs and DBSA, while hydrogen 
bonds were introduced between DBSA and PEDOT:PSS. Attributed to the enhanced interfacial 
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interactions between composite constituents, uniform porous GF/PEDOT:PSS composites were 
fabricated. 

(ii) The apparent densities of GF/PEDOT:PSS composites increased gradually from 0.0182 to 
0.1664 g/cm3 while the porosities underwent a decrease from 98.8 to 84.2% when the mass ratio of 
PEDOT:PSS to GF was increased from 0.7 to 11.4. A maximum electrical conductivity of 43.2 S/cm 
were resulted from both the bridging of resistive grain boundaries and the connection of large 
openings among cellular skeletons of GFs by the conductive polymer coating. 

(iii) Extraordinary EMI SEs, SSEs, and SEs normalized by area densities in the range of 65-91.9 
dB, 1206−3124 dB·cm2/g and 8040−20 800 dB·cm2/g, respectively, were delivered by composites in 
this study. The large electrical conductivities, the effective charge delocalization, and the porous 
structure are mainly responsible for the absorption-dominated EMI shielding. 
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