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an extremely high graphene loading is 
required. For example, the fi rst graphene 
based EMI shielding composite exhibited 
an EMI SE of ≈21 dB with a graphene 
loading of 15 wt%. [ 5 ]  Ling et al. reduced 
the graphene loading of a polyetherimide/
graphene composite to 10 wt%, while 
keeping EMI SE at 20.0 dB. [ 6 ]  On the other 
hand, an improved EMI SE, 29.3 dB, of 
graphene/polystyrene (PS) composite was 
obtained at the cost of extremely high gra-
phene loading of 30 wt%. [ 7 ]  Graphene or 
reduced graphene oxide (rGO) composites 
based on poly (methyl methacrylate), [ 8 ]  
water-borne polyurethane, [ 9 ]  phenolic [ 10 ]  
were also reported in published papers, 
nevertheless, satisfactory EMI SE always 
requires abundant nanofi llers due to the 
homogenous dispersion structure of these 
composites. High nanofi ller concentra-
tions result in high production costs and 

poor composite processability. Preparing CPC materials with 
superior EMI SE at low nanofi ller loading remains a challenge. 

 The formation of segregated architectures can reduce the 
electrical percolation threshold, and improve electrical conduc-
tivity. [ 11–15 ]  In such architectures, electrical nanofi llers are dis-
tributed only at the interfaces of polymer granules not homo-
geneously distributed in the whole volume of the polymer 
matrix. Graphene was fi rst utilized to construct segregated 
conductive networks in ultrahigh molecular weight polyethy-
lene (UHMWPE) matrix, exhibiting an electrical conductivity 
of 0.04 S m −1  at a rather low content of 0.6 vol%. 12]  A com-
parative study of segregated and homogeneous graphene/poly-
carbonate composites showed that the percolation threshold of 
the former composite was one third of that for the latter, and 
electrical conductivity was also higher by 220% at the same gra-
phene loading of 4 wt%. [ 13 ]  Segregated architectures also pro-
vide enhanced EMI SE, for example, when Cu nanowires were 
used as an electrical nanofi ller in PS, the segregated compos-
ites exhibited EMI SE levels of 26 and 42 dB at 10 and 13 wt% 
Cu loading, respectively. [ 15 ]  Very recently, our group reported 
an in situ thermally reduced graphene/ultrahigh molecular 
weight polyethylene composite with a segregated structure, 
revealing the EMI SE of 28.3–32.4 dB at an ultralow graphene 
loading. [ 16 ]  Although the formation of such segregated architec-
tures could improve electrical and EMI shielding performance, 
one major issue of segregated architectures is that the exist-
ence of nanofi ller agglomerates at polymer granule interfaces 
restricts molecular diffusion between granules, leading to poor 
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  1.     Introduction 

 An electromagnetic interference shielding effectiveness (EMI 
SE) value of at least 20 dB is typically required for conductive 
polymer composite (CPC) materials to be commercially appli-
cable in EMI shielding devices. Reaching this effectiveness 
typically requires a volume electrical conductivity of at least 
1 S m −1 . [ 1 ]  Such high conductivity can be realized through 
superior conductive interconnected networks, which is 
achieved with a nanofi ller concentration far above the electrical 
percolation threshold of the composite. [ 2–4 ]  Even though in case 
of highly conductive, atomically thin graphene fi ller been used, 
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mechanical performance of the segregated materials and limi-
tation in application. [ 17 ]  

 In the current study, the rGO/PS EMI shielding com-
posite with superior EMI SE, low active materials loading and 
enhanced mechanical performance has been realized through 
a combination of segregated architecture and high-pressure 
solid-phase compression molding at 350 MPa. The high-pres-
sure molded segregated composite with only 3.47 vol% rGO 
exhibits an average EMI SE of 45.1 dB, which is the highest 
reported EMI SE for graphene-based polymer composites to 
the best of our knowledge. The composite exhibits the excellent 
compressive strength and modulus of 108.4 MPa and 2.75 GPa, 
respectively, showing 94% and 40% increase compared to the 
reference sample obtained through the conventional-pressure 
molding. In addition, a comprehensive study of the funda-
mental shielding mechanism, the infl uence of sample thick-
ness and polymer particle size, has been performed.  

  2.     Results and Discussion 

 The fabrication process is shown schematically in 
 Figure    1  a–d. First, GO (orange fl ake) was dispersed in dis-
tilled water (1 mg/mL) by stirring and ultrasonication (400 W, 
40 kHz) to create a homogeneous dispersion, and the desired 
quantity of PS particles (blue spheres) was added under vig-
orous stirring for another 30 min (Figure  1 a). An in situ reduc-
tion was carried out to convert GO to rGO (black fl ake) with 
hydrazine hydrate at 95 °C for 3 h (Figure  1 b). The product was 
collected by fi ltration and dried in a vacuum oven at 80 °C for 
6 h to remove residual solvent, and the rGO-coated PS com-
plex particles were ultimately compression molded into sheets 
with various thicknesses by subjecting to 350 MPa at 100 °C 
for 10 min (Figure  1 c). This yielded s-rGO/PS composites with 

various rGO content (Figure  1 d), and PS particles deformed 
into multi-facets with rGO conductive layers sandwiched 
among contacting interfaces and joints. The processing tem-
perature (100 °C) was around the glass transition temperature 
( T  g ) of PS, thus the PS composite processing is considered as a 
solid-phase compression molding. [ 18 ]  

  Though the typical thickness of the sample is selected in the 
range of millmeters to to provide high EMI SE, this technique 
can be applied for the fabrication of fl exible s-rGO/PS thin fi lm 
with a thickness as low as 20 µm, suggesting the potential in fl ex-
ible and wearable applications (Figure  1 e). [ 19 ]  Figure  1 f shows the 
optical microscopy image of the fi lm (5 µm) cut from the s-rGO/
PS composite containing 0.14 vol% rGO, providing insight into 
its structural formation. The transmission light mode was used. 
The distribution of rGO in the s-rGO/PS composite can be easily 
identifi ed due to the light transmittance difference between rGO 
and PS, that is, the rGO enriched region appears to be dark and 
the rGO scarce region appears to be bright. As observed, the 
rGO enriched region segregates the rGO scarce region distinctly, 
which confi rms that rGO is selectively distributed at the interfaces 
of PS multi-facets, forming interconnected networks throughout 
the composite. As the processing temperature is around the  T  g  
of PS, suggesting a solid-phase compression molding. Though 
the PS molecular chain segments can motion at this tempera-
ture, the movement of PS long molecular chains are confi ned, 
which would prevent the rGO from penetrating into PS regions, 
and ensure the selective distribution of rGO. PS multi-facets that 
rGO failed to penetrate into are regarded as “excluded volume”, 
which increases the effective rGO concentration and the prob-
ability of forming more conducting pathways. [ 13 ]  The high reso-
lution TEM image at the interface between two PS multi-facets 
(Figure  1 g) shows an interface with densely packed rGO. Some 
rGO fl akes can be found penetrating into the surface of PS 
multi-facets, though not deep inside. The dense rGO regions 
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 Figure 1.    Schematic of the fabrication of the segregated rGO/PS (s-rGO/PS) composite under high pressure: a) Steps of the method shown are 
suspended GO and PS particles in distilled water; b) in situ reduction of the GO/PS mixture in the presence of hydrazine hydrate; c) obtained rGO/
PS powder after the removal of water; d) resulting s-rGO/PS composite; e) optical photograph of the fl exible s-rGO/PS thin fi lm (20 µm in thickness) 
and the sample for EMI SE measurement; f) cross-sectional optical microscopy image of the s-rGO/PS composite containing 0.14 vol%rGO; g) TEM 
image of rGO layers between PS regions.
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containing the major portion of rGO between adjacent PS multi-
facets form highly conductive network leading to enhanced elec-
trical conductivity. The formation of rGO-embedded PS region 
containing a discernible amount of rGO illustrates the intensive 
diffusion of PS chains into/across rGO layer at such a high pres-
sure (350 MPa). The enhanced the interfacial interaction between 
rGO and the PS matrix would lead to improved mechanical prop-
erties of the composite. 

 The dependence of electrical conductivity of the s-rGO/
PS composite on rGO loading is shown in  Figure    2  a. The 
dimension of the testing sample is 15 (length) × 10 (width) × 
2.5 (thickness) mm 3 , unless mentioned otherwise. An increase 
of nearly 10 orders of magnitude is observed for conductivity, 
upon increasing the rGO content from 0 to 0.14 vol%, demon-
strating typical percolation behavior. Similar to the segregated 
Cu nanowire/PS composites, [ 15 ]  the power-law equation is used 
here to evaluate the relationship between electrical conductivity 
and rGO concentration, where  σ  is the electrical conductivity 
of the composite,  σ  0  is a constant related to the intrinsic con-
ductivity of rGO,  ϕ  is the volume fraction of rGO,  ϕ  C  is the 
percolation threshold, and  t  is a critical exponent dependent 
on the electrical network mechanism. [ 20 ]  The inset in Figure  2 a 
shows the best fi t result using the power law equation.  ϕ  C  is 
found to be 0.09 vol%, which is among the lowest threshold 
values in reported references for rGO-based polymer compos-
ites. [ 21–24 ]  This low threshold value can be attributed to the large 
rGO aspect ratio, and the dense conducting rGO region formed 
around PS multi-facets at high pressure. The fi tted value of  t  
is 4.69, much higher than the universal critical exponents 
(1.1–2.0) derived from the classical conduction model. [ 25 ]  The 

microstructural properties (wrinkled surface, extreme geom-
etry, large aspect ratio) of rGO are thought to be responsible 
for the high critical exponent. [ 26–28 ]  A conductivity of 43.5 S m −1  
is achieved at a rGO loading of 3.47 vol%, which exceeds the 
target conductivity (1 S m −1 ) for EMI shielding applications. [ 1 ]  
The obtained conductivity here is highest among previously 
reported segregated polymer composite materials using gra-
phene (or graphene derivatives), carbon nanotube, and carbon 
nanofi ber. [ 29–34 ]   

 Figure  2 b shows the EMI SE of the s-rGO/PS composites 
in the X-band (8.2–12.4 GHz). Schematic of measurement 
setup is shown in Figure S4 in Supporting Information. EMI 
SE exhibits weak frequency dependence across the measured 
frequency range, which allows the average EMI SE to be used 
to evaluate the EMI shielding effect. EMI SE is closely related 
to the rGO loading. For example, the average EMI SE of a 
1.36 vol% rGO composite is 10.3 dB, indicating that ≈90% of 
the electromagnetic radiation is blocked by the shielding mate-
rial (EMI SE is defi ned as the logarithmic ratio of incident 
to transmitted power). As the rGO loading rises to 1.95 and 
3.47 vol%, the EMI SE increases to 31.5 and 45.1 dB, respec-
tively, which indicates 0.07 and 0.003% transmission through 
the shielding material. The increased EMI SE is attributed 
mainly to the increased conductivity of the s-rGO/PS composite 
at higher rGO loading. [ 15 ]  Additionally, the thickness and con-
tinuity of the rGO conductive network also infl uence the EMI 
SE of the composites. A higher rGO concentration results in 
a thicker conductive interface between PS multi-facets leading 
to stronger interaction with incoming electromagnetic waves, 
improving the shielding effectiveness. 
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 Figure 2.    a) Electrical conductivity versus rGO loading for the s-rGO/PS composites; b) EMI SE as a function of frequency in X-band range for the 
composites; c) typical stress-strain curves of the s-rGO/PS composites with 1.95 vol% rGO molded under high and conventional pressure; and d) com-
pressive strength and modulus of the s-rGO/PS composites. I and II indicate composites molded under conventional and high pressure, respectively.



FU
LL

 P
A
P
ER

562 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 In addition to excellent electrical and EMI SE properties, 
favorable mechanical properties are also demanded for a prac-
tical EMI shielding material. Conventional solid-state mixing 
and latex technology are effective methods for achieving seg-
regated polymer composites with good electrical conductivity 
or EMI shielding properties. [ 14–16,23,35 ]  However, the resultant 
composites consistently exhibit poor mechanical properties 
due to the weak adhesive interaction between the pristine 
nanofi ller regions and polymer regions. [ 16 ]  In the current work, 
both EMI shielding and favorable mechanical performance 
are enhanced dramatically by the high-pressure compression 
molding of the s-rGO/PS composite. Mechanical properties of 
the high-pressure molded composite and those of a composite 
molded under conventional pressure are shown in Figure  2 c,d. 
A typical compressive strain-stress test (Figure  2 c) illustrates 
superior compressive performance of high-pressure molded 
composite (blue solid line) compared to the conventional com-
pression molded composite (black dash line). Figure  2 d sum-
marizes the average compressive strength and modulus of 
both composites. The high-pressure molded composite exhibits 
an excellent compressive strength (108 MPa) and modulus 
(2.75 GPa), showing 94% and 40% increase compared to the 
reference samples obtained through the conventional-pressure 
molding (55.9 MPa and 1.96 GPa). The enhanced mechanical 
properties through the high-pressure compressive molding can 
be attributed to inter-diffusion of PS chains under high pres-
sure across the boundaries between contacting PS multi-facets 
and at the interfaces among PS and rGO fl akes (evidenced by 
the embedded rGO in PS regions in Figure  1 g. 

 The EMI SE of the s-rGO/PS composites in current work has 
been greatly improved compared to previously reported rGO-
based CPC materials, at similar sample thicknesses and similar 
or even lower rGO loadings, as listed in  Table    1  . Zhang et al. 

reported an EMI SE value of ≈30 dB, for a solution-blended 
rGO/PMMA composite at 8.0 wt% rGO loading. [ 8 ]  Hsiao et al. 
reported the use of a cationic surfactant to improve rGO disper-
sion in water-borne polyurethane, which increased the EMI SE 
from 18 dB for pristine rGO to 32 dB for cationic surfactant 
adsorbed rGO, at rGO loading of 7.7 wt%. [ 9 ]  For the s-rGO/
PS composite, the major portion of rGO is distributed at the 
interfaces of PS multi-facets, instead of being uniformly distrib-
uted throughout the whole PS matrix. This localized distribu-
tion can greatly enhance the utilization ratio of rGO, leading 
to reduced rGO loading and increased electrical conductivity of 
the composite. More importantly, the densely packed graphene-
graphene networks at the interfaces can effectively interact with 
incident radiation leading to the very high EMI SE of 45.1 dB. 

  To clarify the EMI shielding mechanism in the s-rGO/
PS composites, the total EMI shielding effectiveness (SE Total ), 
microwave absorption (SE A ), and microwave refl ection (SE R ) 
at the frequency of 8.2 GHz were calculated from the meas-
ured scattering parameters (detailed calculations are shown 
in the Supporting Information), and their dependences on 
rGO loading are plot in  Figure    3  a. It is clear that increasing 
rGO loading increases both SE A  and SE R , but the contribution 
of SE R  is negligible over all the rGO contents. For instance, the 
SE Total , SE A , SE R  of the composite with 3.47 vol% rGO are 41.4, 
38.4, and 3.0 dB, respectively, which indicates that the contri-
bution of absorption to the total EMI SE (93%) is much larger 
than that from refl ection (7%), suggesting an absorption domi-
nated shielding mechanism. To better understand the absorp-
tion-dominated shielding mechanism, the s-rGO/PS composite 
can be considered as a “skin” composed of closely packed cells, 
with dense rGO layers as highly conductive “membranes”. As 
shown schematically in Figure  3 b, incident electromagnetic 
microwaves entering the “skin” are attenuated by refl ecting, 
scattering and adsorption many times by the multiple layers of 
membranes. The cells (PS multi-facets) leads to a great number 
of membranes such that it is very diffi cult for waves to pen-
etrate this functional skin. A similar shielding mechanism 
has been reported for graphene/polymer foam and ordered 
mesoporous carbon/fused silica composites. [ 40,41 ]   

 To further elucidate the structure-property relation of s-rGO/
PS composites, the effect of “skin thickness” on EMI SE of the 
composites with 3.47 vol% rGO was investigated, as shown in 
Figure  3 c. A signifi cant increase of EMI SE can be found from 
15.2 to 41.4 dB at 8.2 GHz and 12.9 to 48.0 dB at 12.4 GHz when 
the sample thickness increases from 1 to 2.5 mm, due to higher 
amount of conductive fi ller that interact with the incoming 
electromagnetic wave. The composites with the thickness of 
1.0 and 1.5 mm own the average EMI SE of 15.0 and 22.2 dB, 
respectively, and thus the critical thickness when the s-rGO/
PS composites starts to show shielding properties (exceed 
20 dB) should be between 1.5 to 2.0 mm. [ 1 ]  A detailed analysis of 
the contributions of SE A  and SE R  to the SE Total  at 8.2 GHz as a 
function of sample thickness in Figure  3 d further demonstrates 
the adsorption dominated shielding mechanism intensively. It 
is clearly that SE A  increases with sample thickness while SE R  is 
almost a constant. The increased EMI SE is primarily contrib-
uted by the increase of SE A . This experiment further suggests 
that the refl ection might only happen at the incident surface 
of sample. The stacking architecture of multifaceted cells and 
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  Table 1.    Average EMI SE in the X-band frequency range, for the s-rGO/
PS composites and reported graphene-based CPC materials. The 
s-rGO/PS composites exhibit higher EMI SE at similar thicknesses and 
lower rGO loadings. The weight concentrations of rGO are used for 
comparison. 

Polymer rGO concentration 
[wt%]

Sample thickness 
[mm]

EMI SE 
[dB]

Ref.

 PS  7.0  2.5  45.1 Present work

 PS  4.0  2.5  31.5 Present work

Epoxy 15.0 2.0 21.0  [5] 

PEI a) 10.0 2.3 20.0  [6] 

PMMA a) 5.0 3.4 25.0  [8] 

PMMA a) 8.0 3.4 30.0  [8] 

WPU a) 7.7 2.0 18.0 or 32.0  [9] 

Phenolic 70 0.3 43.4  [10] 

PS 10.0 2.8 18  [36] 

PS 1.5 (plus 2.0 CNTs) 5.6 20.2  [37] 

PS foam 30.0 2.5 29  [7] 

PMMA foam 5.0 2.4 19  [38] 

PEI foam 5.0 (plus 5.0 Fe 3 O 4 ) 2.5 17.8  [39] 

    a)   PEI, PMMA, and WPU are polyetherimide, poly (methyl methacrylate), and water-
borne polyurethane, respectively.   
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the strong adsorption of rGO membranes keep the wave pen-
etrating the surface inside the “skin” until adequately adsorbed 
with only trivial amount of energy go through the skin. 

 Additionally, it is interesting to note that reducing the size 
of PS particles does not increase the EMI SE. On the contrary, 
the EMI SE of the composites (with the same rGO loading of 
3.47 vol%) increases with the increase of particles diameter 
from 600 nm to 96 µm, as shown in  Figure    4  a. This is dif-
ferent from the common sense where reducing the particles 
size might lead to more rGO “membranes” that attenuate 
the incident electromagnetic microwaves more effi ciently 
by refl ecting, scattering and adsorption many times, which 

should be benefi cial to achieve higher EMI SE. The propo-
sition can be tenable assuming that the rGO “membranes” 
remain original thickness or continuity, as the particle size 
reduced. Nevertheless, since the rGO content is consistent 
(3.47 vol%), reducing PS particle size would also result in 
thinner or discontinuous rGO “membranes” due to the 
increased surface area of PS particles. Thus a less continuity 
of the rGO conductive network and less segregated architec-
ture formed with the smaller PS particles, [ 42 ]  leading to lower 
electrical conductivity and EMI SE. For instance, the s-rGO/
PS composite with the PS particle diameter of 600 nm shows 
an electrical conductivity of 0.02 S m −1 , much lower than those 

Adv. Funct. Mater. 2015, 25, 559–566

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    a) Comparison of total EMI shielding effectiveness (SE Total ), microwave absorption (SE A ), and microwave refl ection (SE R ) at the frequency of 
8.2 GHz for the s-rGO/PS composites with various rGO loadings; b)  s chematic representation of microwave transfer across the s-rGO/PS composite; 
c) EMI SE as a function of frequency for the composites with various sample thicknesses and the pristine PS with thickness of 2.5 mm, and d) the 
comparison of SE Total , SE A , and SE R  as the frequency of 8.2 GHz.
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samples with larger particle diameters of 3.3 µm (1.8 S m −1 ), 
27 µm (32.6 S m −1 ) and 96 µm (43.5 S m −1 ). Correspondingly, 
the average EMI SE for the composite with the smallest PS par-
ticle size is only 12.0 dB, even below the target EMI SE value 
of 20 dB. Therefore, the creating of continuous and densely 
packed the conductive rGO network becomes the predomi-
nant effect here and larger polymer particles size leading to 
better conductive network is preferred. Figure  4 b shows the 
plots of SE Total , SE A , SE R  as a function of PS particle size at 
the frequency of 8.2 GHz. Again, the ca. SE A /SE Total  are 80%, 
96%, 96% and 92%, for samples with particle size of 600 nm, 
3.3 µm, 27 µm and 96 µm, respectively, confi rming that regard-
less the PS particle size, absorption is the primary shielding 
mechanism rather than refl ection in the s-rGO/PS composites, 
endorsing again the proposed model in Figure  3 b.  

 As we known, the processing temperature (100 °C) for the 
s-rGO/PS composite is around the T g  of PS, suggesting a solid-
phase compression molding. To further embody the superiority 
of solid-phase compression molding, the dependence of EMI 
shielding and compressive performance of the s-rGO/PS com-
posites on processing temperature was examined, as shown 
in  Table    2  . The EMI SE of the rGO/PS composite prepared at 
60 °C is comparable to that of s-rGO/PS composite prepared 
at 100 °C, nevertheless, the compressive strength and modulus 
are seriously deteriorated. Below T g , the PS molecular chains 
are frozen, and only atoms or groups can vibrate near their 
equilibrium position. At this processing temperature, the rGO 
was diffi cult to penetrate into the PS multi-facets and the com-
posite presented comparable EMI SE. However, though a high 
pressure of 350 MPa was applied, the relatively poor interfacial 
adhesion between PS multi-facets still existed in the composite 
due to the extremely weak movement of PS molecular chain 

segments, which undoubtedly resulted in reduced mechanical 
properties. As the temperature increases to 180 °C, which is 
much higher than T g , though the compressive properties of 
the composite rise to some extent, the corresponding EMI SE 
decreases remarkably. At such a high temperature, the melt vis-
cosity of PS obviously dropt and the rGO easily diffused into 
PS multi-facets. Accordingly the effective rGO concentration 
to form conducting pathways in the composite signifi cantly 
reduced, leading to reduced EMI SE.  

 Finally, we performed the effect of compression pressure (5, 
100, 200, 350 MPa) on the EMI shielding and compressive per-
formance of the s-rGO/PS composite to embody the superiority 
of high pressure, as shown in  Table    3  . It can be seen that the 
average EMI SE of the rGO/PS composites varies from 30.6 
to 31.5 dB with the compression pressure ranging from 5 to 
350 MPa, exhibiting a very weak compression pressure depend-
ence. The EMI shielding performance of the rGO/PS com-
posite is mainly related to the thickness and continuity of the 
rGO conductive network (characterized by electrical conduc-
tivity). As the processing temperature (100 °C) is around the  T  g  
of PS, suggesting a solid-phase compression molding, the PS 
molecular chain segments can motion while the movement of 
long PS chains are confi ned. Though the introduction of high 
pressure (350 MPa) would result in inter-diffusion of PS chains 
at the interfaces among PS and rGO and thus the penetration 
of some rGO nanosheets into the surface of PS multi-facets 
(shown in Figure  1 g), the major portion of rGO nanosheets are 
still selectively distributed between adjacent PS multi-facets to 
form dense rGO conductive network, exhibiting similar thick-
ness and continuity of the rGO conductive network to that of 
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 Figure 4.    a) EMI SE as a function of frequency for the s-rGO/PS composites with various PS particle size, and b) the comparison of SE Total , SE A , and 
SE R  as the frequency of 8.2 GHz.

  Table 2.    The effect of processing temperature on EMI shielding and 
compressive performance of the rGO/PS composites loaded with 
1.95 vol% rGO. 

Processing temperature 
[°C]

Average 
EMI SE 

[dB]

Compressive 
strength 

[MPa]

Compressive 
modulus 

[GPa]

60 29.3 43.3 2.12

100 31.5 108.4 2.75

180 21.0 99.2 2.64

  Table 3.    The effect of compression pressure on EMI shielding and com-
pressive performance of the rGO/PS composites loaded with 1.95 vol% 
rGO. The processing temperature is fi xed at 100 °C. 

Compression pressure 
[MPa]

Average 
EMI SE 

[dB]

Compressive 
strength 

[MPa]

Compressive 
modulus 

[GPa]

5 31.1 55.9 1.96

100 30.6 71.5 2.04

200 31.2 81.6 2.42

350 31.5 108.4 2.75
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conventional-pressure molded composite. As a consequence, 
the electrical conductivities and EMI SE of the composites 
varies slightly from 3.2 to 4.5 S m −1  across the pressure range 
(5 to 350 MPa). However, with the increase of compression 
pressure, compressive strength and modulus of the composite 
substantially rise. Compared to the composite molded at 5 MPa, 
the composites molded at 100, 200, 350 MPa exhibit 28%, 46%, 
94% increase in compressive strength, and 4%, 23%, 40% 
increase in compressive modulus. The enhanced mechanical 
properties with the increase of compression pressure can be 
attributed to inter-diffusion of PS chains across the boundaries 
between contacting PS multi-facets and at the interfaces among 
PS and rGO layers. At the present stage, we are not able to fur-
ther increase the compression pressure beyond 350 MPa due to 
the melt leakage of the mold, and thus the optimal pressure of 
350 MPa was chosen in this work. On the basis of these results, 
one can design desirable EMI shielding s-rGO/PS composites 
with tunable mechanical properties, meeting the requirement 
of various environmental conditions. 

    3.     Conclusion 

 We have integrated a segregated hybrid architecture (PS multi-
facets as cells and rGO conductive layers as membranes) with 
high-pressure solid-phase compression molding (350 MPa) 
to create a highly effi cient EMI shielding materials with low 
active material loading (0.09 vol%) and superior mechanical 
properties. The composite shows signifi cant improvements 
in compressive strength (94%) and compressive modulus 
(40%) compared to that made by conventional low pressure 
molding. The average EMI SE of the segregated composite 
containing only 3.47 vol% rGO achieves 45.1 dB, and is the 
highest reported value for graphene-based polymer compos-
ites. The segregated architecture provides numerous refl ecting 
and adsorption conductive interfaces (rGO conductive layers) 
leading to excellent EMI SE, and an absorption-dominated 
shielding mechanism. Our method could pave the way to the 
fabrication of cheap, robust and highly effi cient EMI shielding 
or electromagnetic absorption materials.  

  4.     Experimental Section 
  Materials : Graphene oxide (GO) was synthesized from expanded 

graphite by the modifi ed Hummers method, as described in our 
previous work. [ 7 ]  The typical atomic force microscopy images of GO 
are shown in Figure S1 in Supporting Information. The GO exhibited a 
thickness of 1–2 nm and average particle size of 0.87 µm. The aspect 
ratio of GO was estimated to be 453-870. The particle size distribution of 
GO counted from Figure S1 is shown in Figure S2. PS was a commercial 
polymer (GP5250, average  M  w  ≈ 233 000,  M  w / M  n  = 1.78) kindly supplied 
by Formosa Chemicals & Fiber Corporation, Taiwan. Three kinds of PS 
particles were used in this work with the average particle size of 96, 
27, and 0.6 µm (The size distributions of PS particles were shown in 
Figure S3 in the Supporting Information.). H 2 SO 4 , KMnO 4 , H 2 O 2 , HCl 
and hydrazine hydrate were all analytical grade and supplied by Chengdu 
Kelong Chemical Reagent Factory (Chengdu, China). 

  Characterizations : For optical microscopy observations, 5-µm-thick 
specimens were prepared by a microtome, and observed with an 
Olympus BX51 polarizing optical microscope (Olympus Co., Tokyo, 

Japan) equipped with a MicroPublisher 3.3 RTV CCD camera. Fifty 
to sixty nanometer-thick composite thin fi lms were prepared for 
transmission electron microscopy (TEM) observation by a Leica 
EMUC6/FC6 microtome, and observed using a FEI Tecnai F20 
instrument at 200 kV. For electrical resistivity measurements, a Keithley 
electrometer model 4200CSC (USA) and a four-point probe instrument 
(SDY-6, Guangzhou, China) were used to measure the resistivity. EMI 
shielding characteristics of the s-rGO/PS composite reported here were 
made by us using a coaxial test cell (APC-7 connector) in conjunction 
with an Agilent N5230 vector network analyzer, according to ASTM 
ES7-83 (Schematic of measurement setup was shown in Figure S4 in 
Supporting Information.). The APC-7 connector is a precision coaxial 
connector that was used on laboratory microwave test equipment 
and can be utilized at frequencies up to 18 GHz. The Agilent N5230 
vector network analyzer was calibrated using the standard APC-7 
connector open, short, and 50 Ω loads. The intermediate frequency 
bandwidth was set as 1 kHz during the measurement and 201 points 
were collected for each specimen. Thus the frequency dependence of 
shielding effectiveness in the frequency range of 8.2–12.4 GHz (X-Band) 
obtained here is accurate and reliable. Samples 10 mm in diameters 
with various thicknesses were placed in the specimen holder, which were 
connected through Agilent 85132F coaxial line to separate VNA ports. 
The scattering parameters (S 11  and S 21 ) of the s-rGO/PS composites in 
the frequency range of 8.2–12.4 GHz (X-Band) were gained to calculate 
the EMI SE. EMI SE (SE Total ) is the summation of the refl ection from the 
material surface (SE R ), the absorption of electromagnetic energy (SE A ), 
and the multiple internal refl ections (SE M ) of electromagnetic radiation. 
SE R  is related to the impedance mismatch between air and absorber; 
SE A  can be regarded as the energy dissipation of the electromagnetic 
microwave in the absorber; and SE M  is considered as the scattering 
effect of the inhomogeneity within the materials which can be negligible 
when SE Total  ≥ 15 dB. The detailed calculations of SE R , SE A , and SE M  
is shown in Supporting Information. The compressive strength and 
compressive modulus were measured with a universal electronic tensile 
machine (Shimadzu, Japan), with a compression rate of 2 mm/min on 
samples 16 mm in diameter and 40 mm in thickness.  
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