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 EMI SE reveals the ability of materials 
to attenuate electromagnetic waves and is 
generally expressed in decibel (dB). [ 11,12 ]  
For the applications that need lightweight 
shielding materials, however, the specifi c 
SE (SSE), which is defi ned as SE divided by 
mass density, is also a crucial criterion. [ 8 ]  
In porous CPCs, the air bubbles arise in 
the material and thus the mass density 
is reduced. If conductive networks are 
formed therein by the electric fi llers with 
large aspect ratios, such as carbon fi bers 
(CFs), carbon nanotubes (CNTs), or gra-
phene layers, it will lead to high elec-
trical conductivity in addition to the low 
density, [ 9,13,14 ]  which are benefi cial to high-
effi ciency EMI shielding. [ 10,15–20 ]  In consid-
eration of that, Yang et al. reported porous 

CPC-based EMI shielding material of 15 wt% carbon nanofi ber/
polystyrene (PS) composite foams with SE ≈19 dB in the fre-
quency range of 8.2–12.4 GHz (X-band), [ 16 ]  and 7 wt% CNT/PS 
porous composite fabricated with the aid of chemical blowing 
agents obtained SE ≈19 dB at a density of 0.56 g cm −3 . [ 17 ]  Those 
porous CPCs indicate higher utilization of materials than typ-
ical metal-based shields, as SSE is 33.1 dB cm 3  g −1  for 7 wt% 
CNT/PS composite foams [ 17 ]  and 16–25 dB cm 3  g −1  for 5 wt% 
porous graphene/polymethylmethacrylate (PMMA) compos-
ites, [ 18 ]  higher than that of solid copper ≈10 dB cm 3  g −1 . [ 21 ]  To 
obtain higher SSE, various preparation methods of CPC-based 
foams are developed to further decrease the density or improve 
the SE at similar thickness. Zheng group [ 20 ]  reported a facile 
phase separation method to fabricate lightweight microcellular 
graphene/polyetherimide (PEI) and graphene@Fe 3 O 4 /PEI com-
posites with density near 0.3 g cm −3  and SSE ≈40 dB cm 3  g −1  at 
2.3–2.5 mm thickness. Yan et al. fabricated porous graphene/
PS composites with density of 0.27 and 0.45 g cm −3  by a combi-
nation of high-pressure compression molding and salt-leaching 
method, and the SSE was as large as 64.4 dB cm 3  g −1  in the 
X-band at 2.5 mm thickness, due to successful preparation of 
low-density porous composites with the loading of graphene as 
high as 30 wt%. [ 10 ]  However, SE of those porous composites are 
still not high enough when the densities are relatively low, and 
SSE of those CPC-based foams are limited at similar thickness. 

 For a certain thickness, improving the conductivities of 
CPCs is an effective way to improve SE by increasing the load-
ings of electric fi llers with high conductivity. Nevertheless, the 
conductive network in the matrix will inevitably be impaired 
in the foaming process and results in a lower conductivity 
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  1.     Introduction 

 High-performance electromagnetic interference (EMI) 
shielding materials are essential to address the problems of 
electromagnetic wave attenuation in both civil and military 
applications. [ 1–4 ]  Compared to traditional metal-based shielding 
materials, which suffer from high mass density, poor fl ex-
ibility, undesirable corrosion susceptibility, and limited tuning 
of shielding effectiveness (SE), conductive polymer composites 
(CPCs) have attracted numerous researchers due to the advan-
tages in mass density, shaping capability, chemical stability, and 
design fl exibility. [ 5–7 ]  Especially, effective reduction of weight 
and effi cient utilization of energy and materials are crucial to 
some practical EMI shielding applications such as in areas of 
aircraft, spacecraft, or portable electronics. [ 8–10 ]  
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compared to solid composites, [ 18–20 ]  a high-conductivity fi ller 
loading of CPC-based foam or porous architecture with low 
density and superior EMI SE is still a daunting challenge. [ 10,19 ]  
Moreover, even though the porous architectures are considered 
to be instrumental in improving the SE by introducing inter-
faces between cell walls and pores to enhance the multirefl ec-
tion of the incident waves, [ 5,16,19,20 ]  an effi cient utilization of the 
existing pores is still insuffi cient due to the diffi culty in control 
of the porous shapes with those preparation methods. 

 Freeze-drying method as a simple and effi cient approach to 
fabricate 3D highly porous monoliths can endow materials with 
low densities and high specifi c surfaces, [ 22 ]  and as a template-
free preparation method it is desirable for scalable manufac-
turing of aerogels with controllable densities and shapes. [ 23 ]  In 
this paper, aqueous solutions of multiwalled carbon nanotube 
(MWCNT) and water-borne polyurethane (WPU) are utilized 
to assemble a type of CPC-based anisotropic or aligned porous 
composites with low and controllable densities by an unidirec-
tional freeze-drying process (Figure S1, Supporting Informa-
tion). The manufactured MWCNT/WPU porous composites 
possess wide range of electric MWCNT fi ller loading, attributed 
to the combination of dispersion and pore forming methods, 
which is superior to that of other porous shielding materials 
previously reported. High conductive fi ller loading of CPC-
based highly porous foams with low density makes it prom-
ising as high-performance shielding materials with superior SE 
and SSE. More importantly, anisotropic porous structure can be 

obtained in the composites and is in favor of the comparison 
of EMI shielding performance among different porous orien-
tations, which is instructive in optimizing EMI SE caused by 
porous shapes.  

  2.     Results and Discussion 

 Herein, noncovalently functionalized [ 24 ]  MWCNT dispersion, 
and WPU emulsion, which have the advantages of nontox-
icity, nonfl ammability, nonvolatility and available application 
of polyurethane with good fl exibility in an aqueous medium, [ 25 ]  
are mixed and poured into designed mould followed by freeze-
drying process to get the porous composites with various 
shapes or sizes ( Figure    1  a). The freezing method resulted 
from large temperature gradient between the bottom and top 
of the MWCNT/WPU mixed solution is adopted and leads to 
the formation and unidirectional growth of ice crystals from 
the bottom to upper face (Figure S1c, Supporting Information). 
The growing ice crystals exclude the particles from the freezing 
front, leading to the formation of MWCNT/WPU composite 
cell walls. The porous architectures with aligned pores that are 
templated from the spaces occupied by the ice crystals [ 22 ]  are 
obtained by sublimating the ice of the hydrogel in the freeze-
drying process. Large-area and lightweight porous composites 
with various densities can also be prepared and indicate excel-
lent fl exibility (Figure  1 b–d and Figure S2a–h, Supporting 
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 Figure 1.    a) Optical images of porous MWCNT/WPU composites with various shapes. Flexible performance of 76.2 wt% porous MWCNT/WPU 
composites with various densities: b) (down to up) 126, 95, 71, 39, 30, and 20, c) 70, and d) 20 mg cm −3 . SEM images in (e,f) through-plane and 
(g,h) in-plane of the anisotropic porous structure of the composites (scale bar is 10 µm for inset image in (h)). Cell-wall structures of the anisotropic 
porous composites with various MWCNT contents: i) 28.6 wt%, j) 50.0 wt%, k) 66.7 wt%, and l) 76.2 wt% (scale bar is 1 µm for inset image in (i–l)).
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Information). The MWCNT/WPU composites indicate ani-
sotropic porous microstructure in the scale of micrometers 
(Figure  1 e–h), compared with the WPU foam that is contrac-
tion state because of bulking instability attributed to the low 
mechanical modulus of WPU fi lm (Figure S2i,j, Supporting 
Information). The anisotropic porous architectures intercon-
nect by cell walls which are composed of the MWCNT/WPU 
composite fi lms. Attributed to the pore forming mechanism, 
cell walls of the porous composites are randomly oriented in 
in-plane direction (perpendicular to the growth direction of ice), 
thus the foam structure tends to be isotropic in this direction. 
While due to the assembly of MWCNT/WPU composites as cell 
walls via the unidirectional growth of ice crystals in the freezing 
process, the porous architectures indicate the anisotropic 
structures in through-plane direction (Figure  1 e,f). In the cell 
walls, MWCNTs are dispersed as enhanced nanofi llers in WPU 
matrix but bonded by WPU matrix at higher MWCNT loading 
of composites (Figure  1 i–l).  

 Compression experiments on the anisotropic porous 
MWCNT/WPU composites also imply the structure. Through-
plane strength and modulus of MWCNT/WPU composites are 
higher than the in-plane ones, respectively, due to more cell 
walls along through-plane direction of the composites ( Figure    2   
and Table S1, Supporting Information). The modulus indicates 
an increasing behavior with increasing MWCNT contents fi rst, 
e.g., through-plane modulus of 28.6, 50, and 66.7 wt% MWCNT/
WPU composite foams are 466, 510, and 2224 kPa, respectively, 
and are 288%, 325%, and 1753% higher, respectively, than that of 
pure WPU foam (≈120 kPa); however, modulus of the compos-
ites with higher MWCNT contents do not continue to increase 
drastically but decrease. The 76.2 wt% MWCNT/WPU compos-
ites and MWCNT foams have through-plane modulus 1222 and 
191 kPa, respectively. It is accessible that more effective inter-
faces between rigid fi llers and polymer matrix are instrumental 
in higher modulus of composite; [ 26 ]  however, too high MWCNT 
mass ratios correspond to less effective interfaces, which may 
reduce the compressive modulus of the porous composites. 
Therefore, MWCNT foams at similar densities without WPU 
as binders or supporting matrix indicate much lower modulus 
than the porous MWCNT/WPU composites.  

 EMI SE of the anisotropic porous MWCNT/WPU com-
posite is measured fi rst when direction of wave propagation 
is parallel to the in-plane direction of the sample. SE of the 

porous MWCNT/WPU composites is almost independent on 
the frequency, which increases with increasing MWCNT mass 
ratios and conductivities ( Figure    3  a). 76.2 wt% MWCNT/WPU 
foams with density of 126 mg cm −3  indicate EMI SE ≈52 dB 
in the whole X-band frequency range, much higher than 
other typical porous CPCs at similar thickness ever reported 
(13–19 dB for 5.0 wt% graphene/PMMA foams at 2.4 mm 
and 790 mg cm −3 , [ 18 ]  ≈29 dB for 30 wt% graphene/PS foam at 
2.5 mm and 450 mg cm −3 , [ 10 ]  or 24.9 dB for 10 vol% CF/poly-
propylene (PP) foam at 3.1 mm and 740 mg cm −3 . [ 19 ] ) Such 
high SE of our porous composites may be mainly attributed to 
the successful preparation of CPC-based foams with high elec-
trically conductive MWCNT mass ratio and high conductivity 
of cell walls (Table S2, Supporting Information). The 66.7 wt% 
MWCNT/WPU foams with density of 136 mg cm −3  also show 
SE of 48.4 dB almost corresponding to 0.001% transmission of 
electromagnetic waves from the shields.  

 It is worth noting that the volume fraction of nanofi llers in the 
porous composites is low (Table S2, Supporting Information), 
as 76.2 and 28.6 wt% MWCNT contents are equivalent only to 
7.2 and 4.4 vol% MWCNT volume contents in the foams, and 
thus our 4.4 vol% MWCNT/WPU porous composites satisfy 
SE requirement of 20 dB for practical EMI shielding applica-
tions. [ 11,12 ]  In addition, the MWCNT/WPU foams with 50.0 wt% 
MWCNT content also indicate conductivity and SE higher than 
MWCNT foams at similar densities (Figure  3 a), which is sim-
ilar to the performance of compressive modulus. This may be 
ascribed to role of WPU in the cell walls of the porous com-
posites plays as a type of organic binder that promote a better 
connection of MWCNTs to reduce the contact resistance and 
improve the channels for the mobile carrier’s movement, and the 
interfacial polarization originating from the interaction between 
MWCNT and WPU can also lead to the increase of SE. [ 3,7,27 ]  

 One advantage of the preparation method in this work 
is that the density of porous materials can be controlled by 
adjusting the solvent amount and here the water fraction of 
MWCNT/WPU mixed solutions. The porous MWCNT/WPU 
composites with various densities are effortlessly prepared 
by controlling the water fraction before mixed solutions are 
frozen. Higher water content corresponds to higher porosity 
(calculation is shown in the Supporting Information) and lower 
density of prepared MWCNT/WPU foams (Figure  3 b). The 
76.2 wt% MWCNT/WPU foams with density ranging from 
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 Figure 2.    Compressive tests of porous materials with various MWCNT mass ratios along a) through-plane and b) in-plane direction.
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20 to 126 mg cm −3  show porosity and SE greater than 90% 
and 23 dB, respectively. The controllable densities mean devis-
able weight reduction of our porous composites, as it indicates 
98.4 wt% reduction of weight for 76.2 wt% MWCNT/WPU 
foams at 20 mg cm −3  (Table S3, Supporting Information). 

 SE and electrical conductivities of the porous MWCNT/
WPU composites decrease with increasing porosity (or 
decreasing density), while the SSE shows an increasing behavior 
(Figure  3 b,c). High MWCNT mass ratio in the cell walls of the 
porous composites may ensure the integrity of the MWCNT 
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 Figure 3.    a) EMI SE in the X-band of porous composites with various MWCNT contents, b) EMI SE of 76.2 wt% MWCNT/WPU foams with various 
densities, c) specifi c SE in the whole X-band and conductivity of 76.2 wt% MWCNT/WPU foams as a function of porosity, d) EMI SE in the X-band 
of 76.2 wt% MWCNT/WPU foams with density of 39 mg cm −3  at various thicknesses, and e) comparison of shielding performance of the shielding 
materials ever reported in terms of that SE divided by thickness as a function of density (EMI SE in the X-band except copper, nickel, and Ni fi laments/
polyethersulfone with SE at 1–2 GHz).
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conductive networks in comparison with low MWCNT mass 
ratio of CPC-based foams that show signifi cant percolation 
phenomenon with decreasing density, [ 9 ]  thus SE and elec-
trical conductivity of our 76.2 wt% MWCNT/WPU foams do 
not decrease much with drastically decreasing density and the 
SSE increases with increasing porosity. More importantly, the 
SSE (1148 dB cm 3  g −1  in the X-band) of our anisotropic porous 
MWCNT/WPU composites is much higher than those of other 
shielding materials at similar thickness (Table S4, Supporting 
Information) including typical metal or alloy-based porous 
materials (10 and ≈9 dB cm 3  g −1  for solid copper and nickel, 
respectively, [ 21 ]  174–237 dB cm 3  g −1  for Cu-Ni-CNT foams, [ 28 ]  
porous CPCs (33.1 dB cm 3  g −1  for 7 wt% CNT/PS foams, [ 17 ]  
64.4 dB cm 3  g −1  for 30 wt% graphene/PS foam at 2.5 mm [ 10 ]  
and 400–467 dB cm 3  g −1  for graphene foam-based polydimethyl-
siloxane composites at 2 mm [ 8 ]  and commercial carbon foam 
(241 dB cm 3  g −1  at 2 mm thickness. [ 29 ]  The high SSE of our 
porous MWCNT/WPU composites, combining with the control-
lable manufacturing of various densities of foams that means 
the devisable SSE, indicates the great potentials for various EMI 
shielding applications as lightweight and high-performance 
shielding materials. 

 Our 76.2 wt% MWCNT/WPU foams with density of 
39 mg cm −3 , corresponding to only 2.2 vol% MWCNT content, 
are also prepared at various thicknesses and the SE increases 
with increasing thickness (Figure  3 d) because of increasing 
amount of conductive MWCNT fi llers interacting with the 
electromagnetic fi elds. [ 3,11 ]  The 2.2 vol% MWCNT/WPU foams 
show SE from 21.1 to 49.2 dB at thickness ranging from 1 to 
4.5 mm. EMI SE in the X-band of our composites (≈28.0 dB for 
MWCNT/WPU foams containing 2.2 vol% MWCNTs at 2.3 mm 
thickness (Table S3, Supporting Information)) is higher than 
those of most typical carbon-based CPCs at similar volume 
content and thickness (24 dB for 5 vol% MWCNT/PP com-
posites at 2.8 mm thickness, [ 30 ]  9–12.8 dB for 5.87 vol% gra-
phene/PEI foams at 2.3 mm thickness [ 20 ]  (Table S4, Sup-
porting Information). The SSE of our MWCNT/WPU foams 
with SE greater than 20 dB in the whole X-band can reach as 
large as 541 dB cm 3  g −1  at 1 mm thickness, which also shows 
the highest value in comparison with other shielding mate-
rials at that thickness. That EMI SE divided by thickness of 
the shielding materials as a function of density is obtained in 
order to more clearly realize the EMI shielding performance 
(Figure  3 e). Those typical porous architectures, solid CPCs, 
and metal-based shields are compared in terms of the EMI SE, 
thickness, and density, which indicate various density ranges 
obviously. Our porous MWCNT/WPU composites can obtain 
wide ranges of density and EMI SE, and more importantly, the 
largest normalized value in terms of EMI SE divided by the 
thickness and density are distinct observed and calculated as 
5410 dB cm 2  g −1 , compared with those of other shielding mate-
rials ever reported (Table S4, Supporting Information). 

 EMI shielding is under the infl uence of three major mech-
anisms as refl ection, absorption, and multiple refl ections, 
which are mainly related to mobile charge carriers, electric (or 
magnetic) dipoles, and refl ections at various surfaces or inter-
faces, respectively. [ 3 ]  The total SE (SE T ) consists of the contri-
butions from refl ection (SE R ), absorption (SE A ), and multiple 
refl ections (SE MR ). To analyze the ultrahigh EMI shielding 

performance of our porous MWCNT/WPU composites, the 
SE T , SE A , and SE R  of 66.7 wt% MWCNT/WPU foams with the 
best mechanical performance at various densities are shown as 
a function of MWCNT volume contents at 10 GHz ( Figure    4  a 
and Table S5, Supporting Information). It can be seen that SE T  
and SE A  increase with increasing MWCNT volume contents 
while SE R  increases slightly and SE A  dominates as high as 
≈80% of the total shielding. The MWCNT amount or volume 
content decreases obviously with decreasing density of the 
foams and leads to decrease of SE A  (or SE T ) with decreasing 
charge carriers and dipole amount. [ 7,27 ]  However, attributed 
to the same freezing way and condition to the mixed solution 
as discussed above, the conductive MWCNT networks in the 
cell walls are indeed still intact, and the average distance (gap) 
between adjacent cell walls can keep similar that is benefi cial 
to the reservation of enough interfaces between cell walls and 
the pores in in-plane direction for those high MWCNT content 
of porous composites, even though the thickness and size of 
cell walls decrease much as the density decreases by as low as 
29 mg cm −3  (Figure  4 b–d, and Figure S3 and Table S6, Sup-
porting Information). As a result, the conductivity and SE of 
our high MWCNT mass ratio of foams do not show sharp 
decrease with dramatically decreasing density and hence the 
SSE increases. Furthermore, through-plane SE T  (T-SE T ), SE A  
(T-SE A ), and SE R  (T-SE R ) of the porous MWCNT/WPU compos-
ites at 2.3 mm thickness are obtained, indicating the shielding 
performance of the samples when the electromagnetic waves 
pass along this direction, in which the unidirectional growth of 
ice takes place as well. The quantity of cell walls in this direc-
tion is signifi cantly less than that in the perpendicular (in-
plane) direction due to the cell wall structures of composite 
MWCNT/WPU formed on the surface of ice crystals. Consid-
ering the similar conductivity in both directions (Table S2, Sup-
porting Information), the theoretically calculated (shown in the 
Supporting Information) SE T  (M-SE T ), SE A  (M-SE A ), and SE R  
(M-SE R ) based only on conductivity factor (electric or ohmic 
loss) are compared (Figure  4 e and Figure S4, Supporting Infor-
mation). In fact, the interfacial polarization between conductive 
MWCNT and WPU matrix improves the polarization loss of 
the MWCNT/WPU composite cell walls to the incident wave, 
and thus the SE A  of the composite. It can be seen that those 
SE R  values almost keep no different due to the impact of con-
ductivity, while slightly lower M-SE T  (or M-SE A ) than T-SE T  (or 
T-SE A ) at relatively low conductivity. Combining with the discus-
sion in the calculation section (shown in the Supporting Infor-
mation), the comparison of M-SE A  and T-SE A  in the relatively 
low conductivity range for the porous composites (as shown in 
Table S5, Supporting Information) implies the nonignorable 
polarization effect on the SE in the porous composites. [ 1,3 ]  And 
that the theoretical calculated shielding performance is close 
to through-plane performance of the porous composites for 
higher conductivity range can indicate dominant infl uence of 
the conductivity. However, the SE T  (or SE A ) that indicates the 
in-plane shielding performance can reveal much greater value 
than through-plane values and theoretical predictions. Actually, 
the incorporation of air bubbles not only reduces the weight 
of CPCs but also can alter some electrical or electromagnetic 
parameters such as decreasing percolation threshold [ 14 ]  or die-
lectric constant, [ 31 ]  introducing more interfaces that improve 
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the multiple refl ections of incident electromagnetic waves in 
the porous materials and thus enhance the SE A  and SE T . [ 19,20,32 ]  
Combining those crucial arguments with our research, we con-
sider that shape or orientation of the pores themselves in the 

porous shielding materials also plays a signifi cant role in the 
shielding performance. Anisotropic porous structures of the 
porous MWCNT/WPU composites can introduce more inter-
faces in in-plane direction. As mentioned above, when the 

Adv. Funct. Mater. 2016, 26, 303–310

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

 Figure 4.    a) EMI shielding performance of 66.7 wt% MWCNT/WPU foams at frequency of 10 GHz as a function of MWCNT volume contents. Micro-
structures of 66.7 wt% MWCNT/WPU foams with various densities of b) 137, c) 72, and d) 29 mg cm −3 . e) EMI SE of theoretical predictions based on 
electrical conductivity and experimental values of 66.7 wt% MWCNT/WPU foams with various densities based on in-plane and through-plane directions 
at 10 GHz. f) Schematic representation of the shielding mechanism for the anisotropic porous composites in in-plane direction.
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incoming wave propagates along this direction, it interacts with 
more cell walls and is absorbed by means of the enhanced 
multi refl ection, leading to a far greater SE A  in the in-plane 
direction than that of the through-plane direction (Figure  4 f). 
Combining with the high electromagnetic wave-absorbing 
ability of the cell walls derived from the synergic effect of high 
mass ratio of MWCNT and WPU, the porous composites in 
this study can indicate ultrahigh shielding performance in 
terms of SE and SSE.   

  3.     Conclusion 

 Porous MWCNT/WPU composites with wide range of elec-
trical nanofi ller loadings are manufactured by a facile and 
low-cost freeze-drying method. The as-prepared composites 
are conducting and exhibit anisotropic porous structures, low 
densities, and excellent mechanical properties including fl ex-
ibility. The lightweight conductive foams show very high EMI 
shielding performance in terms of SE (>50 dB in the X-band 
region) and SSE. The EMI SE can be controlled in wide range 
by effortlessly adjusting the fraction of electrical MWCNT, WPU 
matrix, and porosity. Densities of the porous MWCNT/WPU 
composites can reach as low as 20 mg cm −3  while SE is greater 
than 20 dB, corresponding to more than 98% weight reduction 
of the bulk composites; and thus high SSE (≈1148 dB cm 3  g −1 ) 
that is higher than other shielding materials reported previ-
ously is obtained. Moreover, for the fi rst time the shapes or ori-
entations of the pores in the porous architectures are advised 
to optimize the EMI SE. The ultrahigh EMI shielding per-
formance of our porous MWCNT/WPU composites can be 
ascribed to the high MWCNT mass ratios and conductivities 
of the cell walls, the interfacial polarizations of MWCNT and 
WPU, and the anisotropic porous structures. Combining the 
possibility of scalable manufacturing with easy-controllable 
feature, our porous composites show great potentials as light-
weight, fl exible, and ultrahigh performance shielding materials 
in academic and actual applications.  

  4.     Experimental Section 
  Fabrication of Anisotropic Porous MWCNT/WPU Composites : MWCNT 

(TNM8, purity >95 wt%, average diameter ≈50 nm, and length 10–20 µm, 
supplied by Chengdu Institute of Organic Chemistry, Chinese Academy 
of Sciences (CAS)) aqueous solution (9 wt%) could be got by ultrasonic 
processing in 400 W for 15 min and mild magnetic stirring for 5 h with 
the aid of 1.5 wt% noncovalent surfactant (TNWDIS, aromatic modifi ed 
polyethyleneglycol ether, supplied by Chengdu Institute of Organic 
Chemistry, CAS). The dispersion quality and stability of the CNT aqueous 
dispersion can be demonstrated by observing the UV–vis spectrum [ 33 ]  
(Figure S1d,e, Supporting Information). The porous composites 
containing various MWCNT contents were fabricated by magnetic 
stirring for 3 h of as-prepared MWCNTs dispersion and nonionic WPU 
emulsion (20 wt% solid content and ≈40 nm size of disperse phase 
particles), followed by freezing the mixed solution casted in mould with 
Tefl on container and stainless steel bottom that is immersed in the 
liquid nitrogen, and freeze-drying the prepared hydrogels in the freeze-
drying vessel (–50 °C and 20 Pa). In consideration of the cell walls of 
the porous composites are composed of MWCNT/WPU composites, 
the relevant solid MWCNT/WPU composite fi lms are also prepared by 

casting the mixed solution onto the Tefl on fl at plate mould and drying at 
70 °C for 5 h in the drying oven. 

  Characterization : The microstructure of the composites with various 
MWCNT contents was investigated by scanning electron microscopy 
(SEM, JEOL JSM-7500F). The resistance ( R ) of both porous the 
relevant solid composites were measured by four probe method with 
a Keithley 4200-SCS electrometer (Keithley, Cleveland, Ohio, USA) at 
room temperature. The electrical conductivity ( σ ) was obtained by the 
equation  σ = l /( R · A ), where  A  and  l  were the effective area and length 
of the measuring electrode, respectively. The compression behaviors 
in both directions of the porous samples were evaluated by a dynamic 
mechanical analysis (DMA, TA Q800), and at least fi ve samples for 
each component of porous materials were tested. The samples with 
size of 22.86 mm × 10.16 mm × 2.3 mm were measured the EMI SE 
characterization in the frequency range of 8.2–12.4 GHz (X-band) within 
a waveguide method using a vector network analyzer (Agilent E8363B 
PNA-L), and more than fi ve samples for each component were tested. 
The S-parameters of each sample were recorded and applied to calculate 
the EMI SE.  
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