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Processable composites of single-walled carbon nanotubes (SWNTs) with soluble cross-linked polyurethane
(SCPU) were prepared at various loadings of SWNTs (0-25 wt %), and they exhibited strong microwave
absorption in the microwave range of 2-18 GHz. For example, 5 wt % loading SWNTs/SCPU composite
has a strong absorbing peak at 8.8 GHz and achieves a maximum absorbing value of 22 dB. The absorbing
peak position moves to lower frequencies with increasing SWNT loading. Theoretical simulation for the
microwave absorption using the transmission line theory agrees well with the experimental results.
The microwave absorption of these composites can be mainly attributed to the dielectric loss rather than
magnetic loss.

1. Introduction

Microwave-absorbing materials are currently in high demand
for many expanded electromagnetic interference (EMI) shielding
and radar cross section (RCS) reduction applications with both
commercial and defense purposes. Consumer electronics, com-
puters, wireless LAN devices, wireless antenna systems, and
cellular phone systems are just a few device applications that
require these materials. Generally, magnetic or metal particles
are used for the microwave absorption materials. However, high
specific gravity and difficult formulation have limited their
practical applications. Thus, there remains a need for an efficient
microwave-absorbing material that is relatively lightweight,
structurally sound and flexible, and efficient in absorption in a
wide band range. The nanostructured materials have attraction
for microwave radiation absorbing and shielding materials in
the high-frequency range due to their many unique chemical
and physical properties.1-4 Particularly, the unique structure and
many excellent properties of carbon nanotubes (CNTs), includ-
ing single-walled and multiwalled carbon nanotubes (SWNTs
and MWNTs) have prompted intensive studies for many
potentialengineering,5-10includingEMIshielding,applications.11-17

Recent studies have demonstrated that MWNTs show strong
microwave absorption with a matrix of polyethylene tereph-
thalate (PET)13 and poly(ureaurethane) (PU),18 and multilayered
radar-absorbing structures of MWNT-filled composites have
been designed for the X-band range (8.2-12.4 GHz).19 The
electrical properties of small diameter SWNTs are distinctly
different from their larger diameter MWNT counterparts due
to their smaller diameters and larger aspect ratios. Thus, per
unit wt % added to the polymer matrix, the nature of the EM-
absorbing properties of MWNT- and SWNT-polymer com-

posites is expected to be altogether different. We were therefore
motivated to study the EM-absorbing properties and applications
for SWNT composite materials and found that these composites
showed strong microwave-absorbing properties and could be
used as radar-absorbing materials in a wide frequency range.

Polymeric materials have been largely used as a matrix for
EMI studies partially because of their easy fabrication into
various shapes.20-24 Polyurethanes (PUs), with possessing
advantages such as excellent mechanical properties, good
biocompatibility, design flexibility, light weight, and low cost,
have a wide range of applications such as coatings, adhesives,
sealants, and composites. For example, utilizing the unique
electric and heat properties of PU and MWNTs, Koerner et al.
recently prepared a remotely actuated stress-recovery material
with over 50% recovery stress.25

In our previous studies,11,26we have found that SWNTs/epoxy
composites show excellent EMI shielding effectiveness and
could be used as an effective lightweight EMI shielding material
for uses such as mobile phone systems that operate near∼1
GHz. Here, we report the first results of microwave absorption
studies of the SWNTs-polymer composites using a soluble
cross-linked polyurethane (SCPU)27 as the matrix. The reason
we chose SCPU is to have both better processing and mechanical
properties for the potential future commercial applications. The
new soluble SCPU, made by a mainly intramolecular cross-
linking step, could be easily processed using a solution or hot-
pressing process.27

2. Experimental Section

2.1. Materials.SWNTs were prepared in our laboratory with
a modified arcing method at large scale using Ni/Y as catalyst.28

N,N-Dimethylformamide (DMF) was dried under molecular
sieves (4A) and distilled under reduced pressure. Hydroxy-
terminated polybutadine (HTPB) (hydroxyl number, 0.767
mmol/g;Mn, 2600) was used as purchased (Zibo Qilong Chem
Co, China). All other materials were used as purchased.

* To whom correspondence should be addressed. Tel.:+86 (22) 2350-
0693. Fax: +86 (22) 2349-9992. E-mail: yschen99@nankai.edu.cn.

† College of Chemistry, Nankai University.
‡ College of Physics, Nankai University.
§ Chinese Academy of Sciences.

13696 J. Phys. Chem. C2007,111,13696-13700

10.1021/jp0731396 CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/29/2007



2.2. Preparation of SWNTs/SCPU Composites.Cross-
linked PUs have better mechanical properties and are in high
demand for many applications, but conventional cross-linked
PUs are insoluble and hard to process. In view of recent progress
making soluble SCPU, a new soluble SCPU with a diol soft
segment was synthesized similarly using a literature method27

for our SWNT composites. The SWNTs/SCPU composite with
5 wt % SWNTs was fabricated as follows. To a dried round-
bottom flask with melted diphenylmethane diisocyanate (MDI)
(12.76 g, 0.051 mmol) was added dropwise HTPB (66.4 g, 0.026
mmol) with stirring at 60°C, and the mixture was stirred further
for 1 h at 60°C. A volume of 30 mL of DMF was then added
to dilute the rather sticky mixture to generate a diluted
homogeneous solution, and 1.606 g (0.018 mmol) of 1,4-
butadiol (BD) was added dropwise with stirring. The mixture
was stirred at 60°C for 1 h, and then the temperature was kept
at 80°C for 2 h. During this 3 h period, 300-500 mL DMF/
toluene (vol ratio: 1/4) mixed solvent was added gradually to
reduce the viscosity of the mixture. In order to complete the
cross-linking reaction, the temperature was raised to 90°C and
kept for 2 h. Then the dispersed suspension with 4.25 g SWNTs
in DMF/toluene (1/4, 100 mL) was added gradually into above
SCPU DMF/toluene solution with stirring to yield a homoge-
neous composite solution/suspension and then poured into a
container with size of 180 mm× 180 mm× 150 mm. After
almost all solvent was evaporated at 90°C, the film was
vacuum-dried at 120°C for 24 h and then pealed off. A hot
pressure process at 170×bcC and 15 MPa using the same mold
of 180 mm× 180 mm× 2 mm was then applied to get a smooth
flat sheet for the following measurements. SWNTs/SCPU
composites with other loading from 0.01% to 25% were
fabricated in the similar process. The molar ratio of HTPB/
MDI/BD was 1/2/0.7 for all composites. A control sample was
also made in the same way without SWNTs for compar-
ison.

2.3. Instruments and Measurements.The scanning electron
microscopy (SEM) images were obtained using a Hitachi
S-3500N scanning electron microscope. The dc electrical
conductivity of the SWNTs/epoxy composites was determined
using the standard four-point contact method on rectangular
sample slabs in order to eliminate contact-resistance effects. Data
were collected with a Keithley SCS 4200. The relative complex
permittivity ε ) ε′ - jε′′ and relative complex permeabilityµ
) µ′ - jµ′′ were determined using theT/R coaxial line method
in the range of 2-18 GHz with an O-ring shaped sample (i.d.
) 3 mm and o.d.) 7 mm, thickness) 2 mm) using an
HP8722ES vector network analyzer. The microwave-absorbing
characteristics were evaluated by measuring the reflection loss
using an HP8757E scalar quantity network analyzer in the 2-18
GHz band range, and the sample sheets (180 mm× 180 mm×
2 mm) were mounted onto an aluminum substrate. All the
measurements were performed at room temperature.

3. Results and Discussion

3.1. Conductivity of SWNTs/SCPU Composites.Figure 1
shows the dc conductivity (σ) of SWNTs/SCPU composites as
a function of SWNTs mass fraction (p) in a logarithmic scale.
It can be seen that the conductivity displays a dramatic increase
below 5 wt %, indicating the formation of a percolating network.
The inset in Figure 1 shows that the electrical conductivity obeys
the power law:29

whereσ is the conductivity,ν is the volume fraction,νc is the
percolation threshold, andâ is the critical exponent. Since the
densities of the polymer and the SWNTs are very similar, we
assume that the mass fractionp and the volume fractionν of
the SWNTs are almost the same. As shown in the inset in Figure
1 for the log(σ) versus log((p - pc)/pc) plot, the conductivity
of SWNTs/SCPU composite agrees very well with the percola-
tion behavior predicted by eq 1. Although computer models of
conductivity percolation give a critical exponent value of 1.5
for a rigid rod network,30 various values from 1.3 to 5.3 have
been reported for different CNT-polymer composites.11,14,31In
our case, the straight line in the Figure 1 with percolation
thresholdpc ) 3.4% and critical exponentâ ) 4.7 gives an
excellent fit to the data around the percolation threshold with a
correlation factor of 0.97.

A percolation threshold of 3.4% is rather low compared with
that of the three-dimensional (3D) percolation system composites
(16%).26 This can be attributed to the large aspect ratio of one-
dimensional SWNTs compared to spheres (3D). However, such
a percolation threshold of 3.4% is relatively higher compared
with some CNT-related work31,32and much higher than that in
our recent work11 with epoxy as matrix (thepc is 0.06%). From
the SEM pictures in Figure 2 it can also be confirmed that the
SWNTs were inhomogenously dispersed in SCPU matrix, in
which SWNTs still aggregated to form large bundles. But it
should also be pointed that both theory29,30,33and experimental34

results for the percolation threshold (pc) are in a wide range,
depending on the filler’s aspect ratio, processing methods, matrix
and etc. The percolation value of 3.4% in our case is reasonable
if our experimental details in the sample preparation process
are considered: a viscous polymer solution where SWNTs were
added and a slow drying process due to the high boiling point
solvent DMF.

3.2. Microwave Absorption Properties of the SWNTs/
SCPU Composites.The radar-absorbing ability for the com-
posite was evaluated by measuring the reflection loss on an
HP8757E scalar quantity network analyzer. During the measure-
ment the sample sheet with a size of 180 mm× 180 mm× 2
mm was put on an aluminum substrate having the same
dimension as the sample. A schematic representation of the
measurement of wave-absorbing ability is shown in Figure 3.σ ∝ (ν - νc)

â (1)

Figure 1. log dc conductivity (σ) vs mass fraction (p) of SWNTs/
SCPU composites measured at room temperature. Inset: log-log plot
of σ vs ((p - pc)/pc) for the same composites. The straight line in the
inset is a least-squares fit to the data around the percolation point using
eq 1, returning the best-fit values ofpc ) 3.4% andâ ) 4.7.
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The composite sheet is placed on an aluminum substrate. The
incident microwave is divided into two parts in our experi-
ment: the reflected microwave and the absorbed one. IfPin is
the incident power density at a measuring point before absorp-
tion, andPR is the reflected power density at the same measuring
point, PA is the absorbed power by the composite, we can get

whereR andA are the reflection loss and the absorption loss in
decibels (dB), respectively. Here the microwave-absorbing
efficiency can be evaluated fromR. The larger the absolute value
of R is, the stronger the wave-absorbing ability will be.

Figure 4 shows the experimental results of the reflection loss
versus frequency for SWNTs/SCPU composites with the
increase of SWNTs loading from 1 to 25 wt % in the range of
2-18 GHz. The composite film with a loading of 1 wt % shows
weak wave-absorbing ability, and the absorption peak increases
to 13.3 dB at the loading of 2 wt % and then reaches the

maximum value of 21.9 dB at the loading of 5 wt %. But with
further increasing SWNT loading, the wave-absorbing ability
decreases. We argue that further increase of SWNT loading
(after 5 wt %) could cause more reflection due to the shorter
distance of resonance multipoles with more SWNTs loaded.13

Also, it is clearly seen that the peak position moves to lower
frequencies with increasing SWNT concentrations. For example,
the strong absorption ranges (>10 dB, e.g., over 90% microwave
absorption) are 6.4-8.2, 7.5-10.1, and 12.0-15.1 GHz, for
10, 5, and 2 wt % loading, respectively. Similar phenomenon
has been found for the composites of MWNT and other
nanoscale material composites.4,13 These results are of impor-
tance since the absorption peak frequency ranges of the SWNT
composites can be tuned easily by changing the SWNT
concentrations in the matrix, and thus a broad-band absorption
design could be achieved using a multilayered absorbing
structure.19 The microwave absorption of these SWNT com-
posites is considerably better than that of MWNTs/epoxy,12,35

and comparable with that of MWNT/PET composites13 where
MWNTs were prepared by CVD method using Fe/Ai2O3

catalyst. Also, it is worth noting that the radar absorption is
even better than that of iron fiber/epoxy composite with 20 vol
% iron fiber.36

3.3. Radar Absorption Mechanism and Theoretical Simu-
lation. Attenuation of microwave energy may occur due to either
the dielectric loss or/and magnetic loss. According to transmis-
sion line theory,37 when the electromagnetic wave transmits
through a medium, the reflectivity is affected by many factors
such as permittivity, permeability, sample thickness, and
electromagnetic wave frequency. In order to better understand
the microwave absorption results and investigate the intrinsic
reasons for the absorption, we independently measured the
relative complex permittivity and permeability of the SWNT/
SCPU composites using theT/Rcoaxial line method as described
in the Experimental Section. The permittivity results are shown
in Figure 5. It is clearly seen that both the real and imaginary
parts of the permittivityε increase significantly with increasing
SWNT loading, which is consistent with the results of other
studies for SWNT11,38and MWNT13,14,16,17,39-42 composites. But
compared with the much increased complex permittivity, the
complex permeability (not shown) of the composites is almost
the same as that of pure SCPU sample, indicating no (minor)
magnetic loss contribution from SWNT samples to the micro-
wave absorption observed (also see below).

With these data, we then simulated the reflection loss using
the transmission line theory. The reflection loss of EM radiation,
R (dB), under normal wave incidence at the surface of a single-

Figure 2. Typical SEM image of the SWNTs/SCPU composite with
20 wt % loading.

Figure 3. Schematic representation for the mechanism of the measure-
ment of microwave absorption ability. Black arrows represent the
incident microwave; the red arrows represent the reflected microwave.
By measuring the intensity of the reflected microwave, we can evaluate
the wave-absorbing ability of the composite. A weak reflected signal
indicates a good wave-absorbing ability.

Pin ) PR + PA (2)

R ) 10 logPR/Pin (3)

A ) 10 logPA/Pin (4)

Figure 4. Reflection loss of SWNTs/SCPU composites of different
loadings vs frequency.
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layer material backed by a perfect conductor can be defined
as37

whereZ0 is the characteristic impedance of free space,

Zin is the input impedance at the interface of free space and
material,

wheref is the frequency of the EM wave,d is the thickness of
the material,ε is the relative permittivity, andµ is the relative
permeability. The simulations of the reflection loss of the
SWNTs/SCPU composites are shown in Figure 6.

In the view of the complexity of EM absorption, the
theoretical results in Figure 6 agree reasonably well with the
experimental results shown in Figure 4 in both the curve pattern
and absolute values. For example, the simulation found the
5 wt % SWNT loading composite gave the highest microwave
absorption for various loadings of SWNTs with 18.5 dB at 10.3
GHz, rather close to the experimental result (22 dB at 8.8 GHz),
considering the complication of EMI.

According to eqs 5 and 7, the condition minimizing reflection
of incident plane wave (best absorption) happens whenZin is
most close to the constantZ0, e.g., the permeability and
permittivity of the composite match most as eq 7 indicates. As
the complex permittivity of the composite increases significantly
with increasing SWNT loading, we can see that forZin being
closest toZ0 (e.g., best absorption), the best reflection-loss
frequency thus would decrease as eq 7 indicates. This also
indicates that when the SWNT loading is 5%,Zin should match
Z0 (where the permeability and permittivity of the composite
match most as eq 7 indicates) most as compared to other SWNT
loadings for our composites. Note the percolation point was
3.4 wt % from the conductivity study above, close to the loading
of SWNTs with the best microwave absorption. It is well-known
that percolation behavior corresponds to a phase transition from
an insulator state to a conducting state for the composites around
the percolation point. Although more data points need to be
done to study the absorption for the composites with loading
around 5 wt % for the best absorption, such as more data points
from 3 to 8 wt %, we suspect that for these dielectric-loss
microwave-absorbing materials the percolation point might have
some direct relationship with the loading for the best absorp-
tion.

There are two possible contributions for microwave absorp-
tion, namely, dielectric loss and magnetic loss. We have also
calculated both the dielectric tangent loss (tanδE ) ε′′/ε′) and
the magnetic tangent loss (tanδM ) µ′′/µ′) based on the
permeability and permittivity of the composite measured as

Figure 5. Real (ε′) (a) and imaginary (ε′′) (b) parts of the relative
complex permittivity of SWNTs/SCPU composites with different
loadings.

R ) 20 log|Zin - Z0

Zin + Z0
| (5)

Z0 ) xµ0

ε0
(6)

Zin ) xµ0µ
ε0ε

tanh(j2πfxµ0µε0εd) (7)

Figure 6. Simulation of reflection loss of SWNTs/SCPU composites
using the transmission line theory.

Figure 7. Dielectric loss (tanδE ) ε′′/ε′) of the SWNT/PCPU samples
in the microwave frequency range.
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above. The value of the dielectric loss tangent increases with
the increase of SWNT loading and is as high as 0.9 for the
composite with 25 wt % loading (Figure 7). But the value of
the magnetic tangent loss shows only very small fluctuation
(in (0.2) around 0 (not shown). Furthermore, for all the
composites with different SWNT loadings, the dielectric loss
tangent tanδE is much larger than the magnetic loss tangent
tanδM. Thus the main contribution for the microwave absorption
should come from the dielectric loss.

In view of the design of a whole microwave bandwidth
absorption, a multilayered sandwich structure19 can be made
by delicately altering the intrinsic properties of every layer. As
an example, those with 2, 5, and 10 wt % loading each have
already 2-3 GHz absorbing bandwidth for over 10 dB absorp-
tion. The total bandwidth of these three composites could cover
almost the whole frequency range from∼6-15 GHz. Consider-
ing the absorption peak could be easily tuned by changing the
loading of SWNTs, with more optimization of the composites
for absorption and multilayered sandwich structure design,19 we
believe that the SWNTs/SCPU composites shall have great
potential for broad bandwidth radar wave absorbing materials.

4. Conclusions

Processable SWNTs/PU composites have been fabricated, and
their microwave-absorbing properties have been studied in the
range of 2-18 GHz. Among the composites with different
SWNT loadings from 0 to 25 wt %, the composite having a 5
wt % loading shows the best absorption peak value (22 dB at
8.8 GHz). The main contribution for the microwave absorption
comes from the dielectric loss rather than the magnetic loss.
Theoretical calculation of microwave absorption using the
transmission line theory from permittivity and permeability data
agrees reasonably well with the experimental results. Consider-
ing the absorption peak could be easily tuned by changing the
loading of SWNTs, these processable composite materials may
have great potential for broad bandwidth radar wave absorbing
applications.
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