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Abstract

A new processing method has been developed to combine a polymer and single wall carbon nanotubes (SWCNTs) to form electrically
conductive composites with desirable rheological and mechanical properties. The process involves coating polystyrene (PS) pellets with
SWCNTSs and then hot pressing to make a contiguous, cellular SWCNT structure. By this method, the electrical percolation threshold decreases
and the electrical conductivity increases significantly as compared to composites with well-dispersed SWCNTs. For example, a SWCNT/PS
composite with 0.5 wt% nanotubes made by this coated particle process (CPP) has an electrical conductivity of ~3 x 10™* S/cm, while
a well-dispersed composite made by a coagulation method with the same SWCNT amount has an electrical conductivity of only ~107% S/
cm. The rheological properties of the composite with a macroscopic cellular SWCNT structure are comparable to PS, while the well-dispersed
composite exhibits a solid-like behavior, indicating that the composites made by this new CPP are more processable. In addition, the mechanical
properties of the CPP-made composite decrease only slightly, as compared with PS. Relative to the common approach of seeking better disper-
sion, this new fabrication method provides an important alternative means to higher electrical conductivity in SWCNT/polymer composites. Our
straightforward particle coating and pressing method avoids organic solvents and is suitable for large-scale, inexpensive processing using a wide

variety of polymers and nanoparticles.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Single wall carbon nanotubes (SWCNTSs) are promising
fillers for non-conductive polymers as a means to increase
their electrical conductivities. Improved electrical conductivity
at low SWCNT loadings is necessary for the envisioned appli-
cations of polymer nanocomposites for electromagnetic inter-
ference shielding, electrostatic protection, and electrical
contacts [1—5]. To achieve high electrical conductivity, a per-
colated network of SWCNTSs must be present, and increasing
the filler content above the percolation threshold results in
higher electrical conductivity [6]. To lower the percolation
threshold, nanotube aggregates can be exfoliated to high
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extents, as reported earlier [7]. Because weak van der Waals
forces tend to tightly bundle SWCNTSs, nanotube exfoliation re-
quires special physical or chemical treatments: surface modifi-
cation with surfactants, surface functionalization, long-time
sonication, large amount of organic solvents [3,7—10]. When
exfoliation is achieved, the nanocomposites can have uniformly
distributed and highly dispersed SWCNTs that form a percolat-
ing network above a critical concentration to give good electri-
cal conductivity. Such SWCNT-based nanocomposites also
exhibit high viscosities that hinder polymer melt processing
[7,11,12]. Specifically, SWCNT nanocomposites with good
nanotube dispersions exhibit solid-like linear viscoelastic
behavior, while the matrix polymer shows liquid-like behavior
under the same conditions [7,11]. Consequently, higher temper-
atures and pressures will be necessary to melt process these
nanocomposites, which may result in polymer degradation.
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Therefore, a current challenge in preparing SWCNT/polymer
nanocomposites is to achieve high electrical conductivity with
desirable rheological properties.

Several methods have been proposed to modify the visco-
elastic properties of polymer nanocomposites while main-
taining their high electrical conductivities. Plasticizers have
been used in carbon black/elastomer composites to achieve
improved mechanical properties, including hardness, elastic
modulus and elongation at break, as compared to the elastomer
[13]. Wu and Shaw have reported a two-phase conductive
composite system in which most of the SWCNTs are located
in the continuous polymer matrix, while a dispersed polymer
phase modifies the mechanical and rheological properties of
the composites [14].

Recently, a new approach to incorporate nanoscale fillers into
a polymer matrix was developed using latex technology
[3,4,15]. The latex particles (diameters ~ 10 to 1000 nm) are
suspended in water with nanofillers, and upon drying, the fillers
occupy the interfacial and interstitial regions between the
latexes. This produces a segregated network, which exhibits
a lower electrical percolation threshold, relative to composites
containing uniformly dispersed fillers. For example, the perco-
lation threshold was 15 vol% in a well-dispersed carbon
black/poly(vinyl acetate) composite, but only 2.5 vol% when
prepared using latex particles [5]. This latex-based method
that combines nanofillers with submicron-sized polymer parti-
cles has an underlying shortcoming in that the nanotubes are
suspended in water using surfactants that remain in place in
the final composites [1,4,16]. These surfactants can be detrimen-
tal to electrical conductivity [17].

This paper describes a new, straightforward method for
preparing nanotube polymer composites with a continuous,
macroscopic cellular structure of nanotubes that significantly
increases the electrical conductivity of the composites. We
demonstrate that this morphology reduces the percolation
threshold for electrical conductivity, avoids the onset of
solid-like rheological behavior and maintains the mechanical
properties of the polymer. Our coated particle process (CPP)
creates this cellular structure of SWCNTSs without transforming
the polymer into a latex, without adding a surfactant that hin-
ders electrical conductivity, and without using organic solvents.
Furthermore, our scalable CPP can be inexpensively applied to
a wide range of polymers and fillers as a method for dramati-
cally increasing the electrical conductivity without negatively
impacting the polymer processability.

2. Experimental section

Single wall carbon nanotubes were synthesized by the high-
pressure CO conversion (HiPCo) method at Rice University
and purified by thermal oxidation followed by HCI treatment
[7]. All the composites in this paper used purified SWCNTs
from the same batch.

Polystyrene (PS) was purchased from the Dow Chemical
Company with a weight average molecular weight of 320 kg/
mol and a polydispersity index of ~2.5, as characterized by
size exclusion chromatography (SEC). The glass transition

temperature (T) of the matrix polymer is 103 °C, as detected
by differential scanning calorimetry. PS was received as rod-
shaped pellets (length and diameter ~3 to 4 mm) and was
used either as-received or pulverized into smaller flakes, as de-
scribed below.

A coated particle process (CPP) was developed to prepare
SWCNT/polymer composites. Aqueous, surfactant-free sus-
pensions of purified SWCNT were sonicated for 10 min at
a concentration of 7 mg/ml, mixed with PS pellets or flakes,
and then sonicated for another 20 min. This suspension was
dried at 130 °C, which is higher than the T, of PS, to soften
the polymer particles. While drying, the system was occasion-
ally stirred with a spatula to quicken the water evaporation and
to produce a homogeneous coating of SWCNT on the surface
of the softened PS pellets or flakes. The SWCNT-coated poly-
mer particles were then held at 95 °C overnight. The dry
SWCNT-coated particles (pellets or flakes) were either com-
pression molded at 150 °C into large rectangular samples or
processed by solid-state shear pulverization (SSSP) using
a screw speed of 300 rpm and feed rate of ~50 g/h. SSSP uti-
lizes a modified twin-screw extruder equipped with circulating
coolant to maintain all materials in the solid state. This creates
high shear and compressive forces which result in repeated
fragmentation and fusion of the materials.

For comparison, SWCNT/PS nanocomposites with homoge-
neously dispersed SWCNT bundles were prepared by our coag-
ulation method and then compression molded. SWCNTs were
suspended in N,N-dimethylformamide (DMF) at 0.1 mg/ml
by 24 h sonication. After the long-time sonication, the SWCNT
aggregates became small bundles with diameters of ~ 10 nm
and aspect ratios of ~ 35, as measured by atomic force micros-
copy (AFM). The suspension was then mixed with PS/DMF and
coagulated in water [18].

For electrical conductivity measurements and reflective opti-
cal microscopy, the molded samples were cut into small pieces
(I5x10x 7 mm3, I X w x h) using a diamond saw. Electrical
conductivities of SWCNT/PS composites were measured on
a Keiley 616 Digital Electrometer at room temperature using
a two-probe method. Each composite was tested nine times
and the mean and standard deviation are reported. Dynamic
frequency sweeps were performed in the linear viscoelastic
regime of the composites on a Rheometrics Solid Analyzer
(RSAII) using a shear sandwich fixture and a strain of 0.5% at
210 °C in N,. Three-point bending tests were performed on an
Electromehanical Material Testing System (Instron Series
5564) at room temperature. The crosshead speed was 1.0 mm/
min and the span was 9.9 mm, and specimen dimensions of
the samples were 25 x 5 x 2.2 mm?>, [ x w x h. Scanning elec-
tron microscopy (SEM) was conducted on an FEI Strata DB235
Focused Ion Beam. Composites were fractured in liquid nitro-
gen and coated with gold before SEM imaging.

3. Results and discussion
The coated particle process (CPP) involves combining

polystyrene (PS) pellets with a surfactant-free aqueous suspen-
sion of SWCNT aggregates and then removing water to form
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SWCNT-coated macroscopic pellets. Adhesion between the
SWCNTs and the polymer pellets is enhanced by quickly
removing water at a temperature above the polymer glass
transition temperature. Upon compression molding the dry
SWCNT-coated PS pellets, the SWCNTs form space-filling
irregular polyhedrons that constitute a continuous, three-di-
mensional cellular structure. The size of this cellular structure
is comparable to the size of the original polymer pellets.
Fig. la is an optical micrograph of a cross-section of a pressed
0.5 wt% SWCNT-coated PS pellet composite and shows that
the SWCNTs form continuous paths by being constrained
to the interfacial regions between the pellets. Greater uniaxial
compression during molding distorts the macroscopic SWCNT
cellular structure (Fig. 1b) while maintaining the cellular conti-
nuity and conductivity. (Note that pellet—pellet boundaries
are not observed after molding uncoated PS pellets because
the neat PS coalesces during compression molding.)

The electrical conductivities of composites made by the
CPP were measured by a two-probe method as a function of
SWCNT loading (Fig. 1c). A major increase in electrical
conductivity occurs at 0.2—0.3 wt% SWCNTs, indicating that
the SWCNTs form an electrically conductive network that
spans the sample. For example, a composite made by the
CPP with 0.5 wt% SWCNTs has an electrical conductivity
(3 x 107 S/cm) that is approximately seven orders of magni-
tude higher than PS. The level of uniaxial force used during
compression molding, while enough to alter the macroscopic
morphology (Fig. 1a and b), produces composites with compa-
rable electrical conductivities.

Fig. 1c also shows the electrical conductivities for compos-
ites made by our coagulation method, first developed by
Du et al. [18]. The coagulation method began with the same
batch of purified SWCNTSs suspended in water that was used
above in the CPP. In the coagulation method, N,N-dimethyl-
formamide (DMF) replaced water, and the dilute SWCNT
suspension (0.1 mg/ml) was sonicated for 24 h to produce
smaller bundles. This suspension was combined with a PS/
DMF solution, briefly sonicated, and then precipitated in water.
Compression molding the dried precipitate forms a nanoscale,
sparse network of SWCNT bundles. The electrical percolation
threshold for these coagulated composites is ~0.7 wt%, which
is more than double the critical concentration of the CPP-made
composites. (Note that our previous work on SWCNT/PMMA
composites made by coagulation found a lower threshold con-
centration [7], and we attribute this discrepancy to the varia-
tions in SWCNT batches and dispersion. SWCNT batches
are known to vary in purity, defects, aspect ratio, and fraction
of metallic SWCNT [19,20]. Thus, at this time it is still unrea-
sonable to compare the absolute electrical percolation thresh-
old of SWCNT nanocomposites from different SWCNT
batches [6].) The CPP-made composites have much higher
electrical conductivities (10>—10* times) than nanocomposites
made from the same SWCNTSs by coagulation due to the differ-
ences in their SWCNT structures within the composites.

To better understand the cellular structure of SWCNTSs in
the CPP-made composites, further investigations explored
the effect of polymer particle size on electrical conductivity.
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Fig. 1. Optical micrographs of the cross-sections of SWCNT/PS nanocompo-
sites prepared by the coated particle process (CPP) with (a) faceted PS
domains and (b) elongated PS domains due to higher pressures during com-
pression molding. The lines across the polymer domains are from the diamond
saw. (c) Average electrical conductivities as a function of SWCNT loading for
SWCNT/PS composites made by the CPP using pellets (circles) and by the
coagulation method (squares). Error bars show the standard deviation of
nine measurements.
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Table 1

Sample labels and characteristics of PS and 0.5 wt% SWCNT/PS composites
prepared by the coagulation method and the coated particle process (CPP) both
with and without subsequent solid-state shear pulverization (SSSP)

Sample Number of M., Particle
SSSP passes (kg/mol) shape
PSpel 0 320 Pellet
NTPSpel 0 320 Pellet
NTPSpellst 1 320 Flake
NTPSpel2nd 2 320 Flake
PSfla 0 290 Flake
NTPSfla 0 290 Flake
NTPSflalst 1 280 Flake
NTPSfla2nd 2 265 Flake
NTPScoag na 320 na

Solid-state shear pulverization (SSSP) uses a modified twin-
screw extruder to apply high shear and compressive forces
to process solid materials. Previous work with SSSP has
shown improved miscibility of polymer blends and smaller
dispersed phase sizes [21—23]. In this work, SSSP efficiently
transforms the original millimeter-size PS pellets into polydis-
perse flakes of several hundred microns and also causes the
molecular weight of PS to decrease slightly. Table 1 summa-
rizes the various 0.5 wt% SWCNT/PS composites prepared us-
ing the CPP on pellets (NTPSpel) or flakes (NTPSfla) with and
without subsequent SSSP. The sample “NTPSflalst” denotes
a SWCNT/PS composite prepared by the CPP using PS flakes
and subsequently subjected to one pass in the SSSP equip-
ment. For comparison, a 0.5 wt% SWCNT/PS composite pre-
pared by coagulation was also prepared (NTPScoag).

A larger initial particle size exhibits a higher electrical con-
ductivity. In 0.5 wt% SWCNT composites, the electrical con-
ductivity is approximately three orders of magnitude larger
when the CPP is applied to the pellets rather than flakes
(Fig. 2a). The PS flakes are one order of magnitude smaller
than PS pellets in all dimensions so that flakes have a surface
area per volume ~ 10 times larger than the pellets. Thus, at a
fixed nanotube loading, the CPP-made cellular structure from
flakes will have fewer SWCNTSs per unit area at the interfaces
between polymer particles, which reduces the electrical conduc-
tivity. Furthermore, the SWCNT layer is relatively inhomoge-
neous when the coating process occurs in water where
SWCNTs are poorly dispersed. This inhomogeneity prevents
some of the SWCNTS from contributing to the conductive cellu-
lar pathways, which further reduces the electrical conductivity
of the composite when the areal density of SWCNTs decreases.

After a composite is formed by the CPP, the strong shear
forces of SSSP disrupt the continuous SWCNT cellular net-
work in the 0.5 wt% NTPSpel and NTPSfla composites. Con-
sequently, after one or two passes through SSSP, the SWCNT
distribution becomes more uniform. An SWCNT-rich phase
and a polymer-rich phase are observed in Fig. 2b and c, there
are fewer SWCNT aggregates in NTPSpel2nd, indicating an
enhanced dispersion of SWCNTs. These new morphologies
exhibit better dispersion and lower electrical conductivity
(Fig. 2). This observation is contrary to the prevailing
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Fig. 2. (a) Electrical conductivities of 0.5 wt% SWCNT/PS nanocomposites
prepared from SWCNT-coated PS pellets (dark) and flakes (light) without
SSSP, with one pass of SSSP, and with two passes of SSSP. Optical micro-
graphs of (b) NTPSpellst and (c) NTPSpel2nd. Pulverization simultaneously
improves the nanotube dispersion and decreases the electrical conductivity,
relative to the CPP-made composites that have a cellular structure.

generalization that better SWCNT dispersion increases electri-
cal conductivity. Pulverizing the CPP-made nanocomposites
disrupts the continuous, cellular network of SWCNTs and
thereby reduces the electrical conductivity by as much as three
orders of magnitude.
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Next we probe the rheological and mechanical properties of
these composites to provide a preliminary assessment of their
processability. PS and composites prepared by the CPP
(0.5 wt% SWCNTs) exhibit comparable linear viscoelastic be-
havior (Fig. 3a). At low frequencies, the CPP-made compos-
ites have liquid-like behavior with low viscosities that aid
melt fiber spinning and injection molding. Similar liquid-like
rheological properties are also observed in the composites
prepared from PS flakes (not shown). In contrast, a more
homogeneous dispersion of SWCNTs (NTPScoag) produces
a solid-like response, indicating that the 0.5 wt% SWCNTs
are above the rheological percolation threshold when the
nanotubes are arranged in a sparse network. The open SWCNT
network produced by coagulation and indicative of good
dispersion leads to composites with high viscosities, which
poses a substantial obstacle to traditional polymer processing
methods. For example, in our work with SWCNT nanocompo-
site made by coagulation, we typically can melt fiber spin only
below ~5 wt% SWCNTSs. The cellular structure produced by
the CPP might be more amenable to typical melt processing
methods.

The mechanical properties of the CPP-made nanocompo-
sites, as measured in three-point bending tests, decrease
slightly with increasing SWCNT loading, Fig. 3b. Young’s
modulus decreases only ~350 MPa as the SWCNT loading
increases from 0 to 1.0 wt% and the yield strength drops by
less than 8%. The fracture surface of a CPP-made composite
shows patches of PS in the SWCNT-rich regions that appar-
ently connect adjacent PS domains (Fig. 3c). As the SWCNT
coating becomes thicker (higher SWCNT loading for a fixed
particle size), there is less interpenetration of PS across the
polymer particle interface and this weakens the composites.
These results suggest that during hot pressing of SWCNT-
coated particles the PS chains diffuse across the interfacial
SWCNT layers to reinforce the CPP-made composites without
compromising the electrical integrity of the cellular SWCNT
structure.

The differences in electrical, mechanical and viscoelastic
properties between the CPP-made and the coagulation-made
SWCNT/PS composites arise from the nanotube morphologies
produced by the two preparation methods. Nanocomposites
made by coagulation have SWCNT networks composed of
small SWCNT bundles that are arranged isotropically and
can form a percolating pathway at sufficiently high concentra-
tions. Lower percolation thresholds can be achieved in coagu-
lation-made composites when the nanotubes have higher
aspect ratio or exfoliated to a greater extent. While better ex-
foliation might be accomplished by extending the sonication
time or introducing dispersion agents, these approaches ulti-
mately reduce electrical conductivity by shortening the nano-
tubes [24], introducing structural defects in the nanotubes [25],
and increasing nanotube—nanotube contact resistivities.

In contrast, the cellular structure in the CPP-made compos-
ites is composed of SWCNT aggregates trapped at the interfa-
cial boundaries between the polymer particles. While the
short-time sonication and high SWCNT concentration in water
are not sufficient to substantially exfoliate the nanotube, they
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Fig. 3. (a) Storage shear moduli of various 0.5 wt% SWCNT/PS nanocompo-
sites prepared from SWCNT-coated PS pellets, compared with PS and a compo-
site prepared by coagulation. (b) Young’s modulus and yield strength of
SWCNT/PS nanocomposites prepared by the CPP from pellets as a function
of SWCNT loading. (c) SEM image of the fracture surface of NTPSpel with
0.5 wt% SWCNT showing evidence that PS spans across the SWCNT layer.

do maintain the structural integrity and high electrical conduc-
tivity of SWCNTs. The three distinguishing morphological
features of the CPP-made composites are as follows:
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nanotubes are confined to a three-dimensional cellular struc-
ture, PS reinforces the SWCNT-rich layer, and nanotubes are
in aggregates rather than in the small SWCNT bundles typical
of coagulation-made composites. The first and second features
enable the CPP-made composites to exhibit the viscoelastic
and mechanical characteristics of PS, while having a much im-
proved electrical conductivity. The CPP-made cellular struc-
ture has a macroscopic mesh size so that the vast majority
of the PS molecules is far from the SWCNT fillers and the
matrix polymer dominates the viscoelastic and mechanical be-
havior of these composites. In coagulation-made nanocompo-
sites, much of PS is within a radius of gyration of an SWCNT
bundle, and this proximity imposes solid-like viscoelastic be-
havior on the nanocomposite. The similarity of the viscoelastic
and mechanical properties between the CPP-made composites
and PS promises to facilitate the commercialization of the
electrically conductive nanocomposites prepared by the CPP.

This third feature noted above (large nanotube aggregates)
has important consequences with respect to the electrical
contact resistance between nanotube bundles. On average,
the contact area between nanotube bundles in CPP-made com-
posites will be larger than in coagulation-made composites
and this might reduce the electrical contact resistance [26].
The electrical contact resistance is very sensitive to nanoscale
changes in separation; for example, it has been reported that
a displacement of 0.34 nm increases the contact resistance
by two orders of magnitude [27]. Therefore, the SWCNT ag-
gregates in the CPP-made composites could have smaller
contact resistance than that between the small SWCNT bun-
dles in the coagulation-made composites, thereby increasing
the electrical conductivity of CPP-made composites.

This new coated particle process is especially promising for
manufacturing thermoplastics with mechanical properties
comparable to the matrix polymer and substantially higher
electrical conductivity. The CPP can use commercially avail-
able polymer pellets and aqueous suspensions of nanoparticles
to produce nanocomposites with macroscopic cellular struc-
tures. This method effectively circumvents the requirements
of producing a polymer latex and introducing a surfactant to
disperse the SWCNTs, although a surfactant could be used.
This method avoids the use of organic solvents and is suitable
for large-scale, low-cost production of polymer nanocompo-
sites. Obviously, alternative coating methods can be incorpo-
rated into this approach including spray coating, dip coating
and aerosols. Consequently, the CPP is applicable to a vast
array of thermoplastics and fillers, including carbon blacks,
carbon nanofibers and metal nanowires.

4. Conclusion

The coated particle process (CPP) introduces a straightfor-
ward and broadly applicable method for preparing polymer
nanocomposites with a cellular structure. In brief, this method
applies single wall carbon nanotubes to the surfaces of macro-
scopic polymer particles using aqueous suspensions and rapidly
drying at temperatures higher than the T, of the polymer. The
CPP-made composites confine the SWCNTs to the particle

boundaries and thereby possess three-dimensional cellular
structures. The SWCNT-rich interparticle layers contain both
SWCNT aggregates and interpenetrating polymer so that the
viscoelastic and mechanical properties are indicative of the
pure polymer. These SWCNT cellular structures provide higher
electrical conductivity and lower electrical percolation
threshold as compared with nanocomposites with well-
dispersed SWCNTs. This new coated particle process holds
promise for manufacturing thermoplastics with mechanical
properties comparable to the matrix and substantially higher
electrical conductivity in a variety of polymer nanocomposites.
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