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High-Conductivity Polymer Nanocomposites Obtained by
Tailoring the Characteristics of Carbon Nanotube Fillers**

By Nadia Grossiord, Joachim Loos, Lucas van Laake, Maryse Maugey, Cécile Zakri, Cor E. Koning, and
A. John Hart*

We present a detailed study of the influence of carbon nanotube (CNT) characteristics on the electrical conductivity of
polystyrene nanocomposites produced using a latex-based approach. We processed both industrially-produced multi-wall CNT
(MWCNT) powders and MWCNTSs from vertically-aligned films made in-house, and demonstrate that while the raw CNTs are
individualized and dispersed comparably within the polymer matrix, the electrical conductivity of the final nanocomposites
differs significantly due to the intrinsic characteristics of the CNTs. Owing to their longer length after dispersion, the percolation
threshold observed using MWCNTs from vertically-aligned films is five times lower than the value for industrially-produced
MWCNT powders. Further, owing to the high structural quality of the CNTs from vertically-aligned films, the resulting
composite films exhibit electrical conductivity of 10°S m™" at 2wt% CNTs. On the contrary, composites made using the
industrially-produced CNTs exhibit conductivity of only tens of S m~’. To our knowledge, the measured electrical conductivity
for CNT/PS composites using CNTs from vertically-aligned films is by far the highest value yet reported for CNT/PS

nanocomposites at this loading.
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1. Introduction

The electrical conductivity of composites made of a
conductive phase dispersed in an insulating matrix critically
depends on the filler loading, as described by percolation
theory.[l’zl At a low filler concentration, the fillers are present
as small clusters or individual elements; since the average
distance between the filler elements exceeds their size, the
conductivity of the nanocomposite is very close to that of the
pure insulating matrix. When a sufficient amount of filler is
loaded, a “‘percolation” path of connected fillers forms and
allows charge transport through the sample. At this critical
concentration, called the percolation threshold, the conduc-
tivity suddenly and rapidly increases. Based on geometrical
considerations, the value of the percolation threshold is
expected to be strongly influenced by the aspect ratio (ratio
of length-to-diameter) of the filler particles.* ! Considering a
filler system having a particular filler orientation, the
percolation threshold decreases with increasing aspect ratio
of the filler. Carbon nanotubes (CNTs) are an attractive filler
for making electrically conductive nanocomposites, since
CNTs possess an excellent conductivity (10°-10%S m~'[781),
combined with a high aspect ratio (reaching 100-1000 for pm-
long single-wall and multi-wall CNTs).*? These composites
are attractive for use in electromagnetic interference (EMI)
shielding and electrostatic discharge (ESD) coatings, and as
thin-film field-emitters and (at low CNT contents) transparent
conductors.1315]

Abundant literature on conductive CNT/polymer nano-
composites presents a striking variation in measured values of
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the percolation threshold, ranging from 0.0025wt%!® to
several wt%.'">!7l There is similar spread among the
conductivity values, which often remain below 20S m™" (see
references,'’ ! among others). These disparities among
published results can be explained by several factors. First,
the structure and thus the resulting characteristics and
properties of the CNTs depend on the production method,
the post-production treatment, and, frequently, on the CNT
batch even when the CNT manufacturing process parameters
are not changed. Second, impurities such as amorphous carbon
or catalyst particles, as well as defects (e.g., atomic vacancies,
Stone-Wales rearrangements) result in lower electrical con-
ductiVity.[zo'zzl Further, treatments such as purification and/or
sonication can significantly damage the CNTs, causing defects
and severing the CNTs.*2° Third, when CNTs form a
conductive network within a polymer matrix, the presence of
an insulating polymer layer at each CNT-CNT junction
prevents direct contact between the CNTs.!'%2%28] As a result,
the conductivity of the nanocomposite is much lower compared
to a well-connected network of neat CNTs. To give an order of
magnitude of this difference, the conductivities of CNT
buckypapers (i.e., dense networks of pure CNTs without
polymer) are typically 10*-10° S m~'[?* whereas conductiv-
ities of CNT/polymer nanocomposites barely reach 10-100S
m! in the best cases. Last, as for any filler dispersed in an
insulating matrix, the state of dispersion of the CNTs (notably
the homogeneity, and the geometry and abundance of the CNT
bundles!'>1636371) a5 well as the type and the strength of filler-
matrix interactions,®®! are intimately affected by the nano-
composite production method; these factors substantially
affect the electrical characteristics of the composite. In these
respects, it is challenging to use the body of existing literature
to evaluate the effect of the intrinsic properties of the CNTs, in
particular their aspect ratio and their wall perfection, on the
electrical conductivity of the CNT-polymer nanocomposites.

Further, a paramount issue in producing technologically
relevant nanocomposites remains the ability to control the
debundling of CNTs in polymer matrices, since the latter is
directly correlated with the achievable conductivity and the
mechanical properties of a given composite.***! As-produced
CNTs mainly exist either in bundles and/or highly entangled
ensembles.!*?! This characteristic remains a bottleneck for the
use of CNTs as filler in a polymer matrix since CNTs tend to
remain aggregated even after attempts are made to disperse
them. Previously, we developed a latex-based concept to
reproducibly make nanocomposites with well-dispersed CNTs
by mixing an aqueous dispersion of mainly individual CNTs with
polymer latex. In principle, any type of CNT may be used, after
optimization of the exfoliation process.**** As a result,
dispersing CNTs with specific characteristics into the same
polymer matrix should help us to determine more precisely the
real impact of the quality and/or aspect ratio values of the CNTs
used on the conductivity behavior of the final nanocomposites.

Here, we present a detailed study of the influence of CNT
length and quality on the electrical conductivity of polymer
nanocomposites produced using the latex-based approach. We
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processed both industrially-produced MWCNT powders
(denoted IPCNTs) and MWCNTs from vertically-aligned
arrays (VGCNTs) made in-house, and demonstrate that
while the raw CNTs are individualized and dispersed
comparably within the polymer matrix, the conductivity of
the final nanocomposites differs significantly due to the
intrinsic characteristics of the CNTs. The percolation threshold
observed using VGCNTs is five times lower than the value for
industrially-produced MWCNT powders. Further, the result-
ing composite films have electrical conductivity of 10°S m™" at
2wt% CNTs, which is to our knowledge, the highest
conductivity value yet reported for CNT/PS nanocomposites
at this loading.

2. Results and Discussion

2.1. Characterization of As-Produced CNTs

Figure 1 displays SEM images of the as-produced CNTs used
in this study. The VGCNTs exhibit uniform alignment
perpendicular to the Si substrate (Fig. 1b), whereas the
IPCNTs are highly entangled and agglomerated (Fig. 1c).
Figure 2 shows HRTEM images of typical samples of both
types of MWCNTs. Two striking differences are apparent: the
VGCNTs appear straight and have an average of 5-7 walls,
corresponding to an average outer diameter of 9nm. On the
contrary, the IPCNTs exhibit less structural order, and have an
average diameter of 20 nm, which corresponds to 15 walls as
shown in the image. The batch VGCNT1 had a film height of
0.1 mm, and VGCNT?2 had a film height of 1.0 mm; additional
details are written in the experimental section.

2.2. CNT Exfoliation

By monitoring the exfoliation process with UV-Vis spectro-
scopy, it was observed that the VGCNTs required more energy
to reach the maximum exfoliation than the IPCNTs (at least
40,000J compared to 20,000 J), as shown in Figure 3. The
maximum exfoliation denotes the point where additional
sonication energy does not change the absorbance of the

a)

Figure 1. SEM images of an aligned MWCNT film (VGCNT2), for which
the CNTs are still connected to the Si wafer on which they were grown:
a) oblique view of the CNT film, where the lighter colored ‘band’ shows the
CNTs which are located at the side of the CNT film, scale 250 um; b) typical
alignment of the CNTs of the film, viewed from the side, scale 1 wm; c) SEM
image of the IPCNT powder, as-supplied, showing a highly entangled and
agglomerated morphology, scale 1um.
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Figure 2. TEM images of CNTs used in this study: a) typically straight
MWCNT from vertically-grown film (VGCNT2), having diameter 10 nm;
b) typical MWCNT from IPCNT agglomerate. The scale in (a) is 10 nm and
the scale in (b) is 20 nm. White arrows in (a) indicate amorphous carbon
resident on the CNT sidewalls.

solution; identifying this process point is important in order to
not induce excessive sonication damage to the CNTs. The
additional energy required to exfoliate the VGCNTs is likely
due to the attractive and steric interactions between the
intertwined CNTs within the film.[*’! These interactions have
been utilized to spin yarns of CNTs directly from VGCNT
films.l**! Differences of macroscopic grain sizes between
VGCNT and IPCNT powders might also play a role since,
despite the Ultra-Turrax®™ step, the VGCNT powder is less
finely split at the beginning of the sonication than the IPCNT
sample. The observed difference in the absorbance value at
maximum exfoliation is caused by differences in the structure
(i.e., diameter, length) and extinction coefficient between the
IPCNTs and VGCNTs.

Sonication can cut CNTs['%147 and consequently, the
length of the as-produced CNTs is not necessarily equal to the
length of the CNTs as-dispersed in the polymer matrix. As
the percolation behavior of the nanocomposite is directly
linked to the aspect ratio of the CNTs, the CNT length should
be measured just after completion of the exfoliation process.
The CNT length after exfoliation is expected to be equal to the
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Figure 3. Evolution of the optical absorbance as a function of the total
sonication energy provided to SDS-MWCNT dispersions of (ll) VGCNT2s,
(A) VGCNTTs, and (4p) IPCNTs. Prior to the UV-Vis spectroscopy
measurements, each sample was diluted, resulting in a CNT content of
3.33 x 107 wt %. Absorbance is reported at 265nm for VGCNTs and
255 nm for IPCNTs.
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length of the CNTs dispersed in the final nanocomposites, since
the freeze-drying and the mild low-shear processing steps are
not expected to cut the CNTs.

The most straightforward way to determine the length of
CNTs in dispersion is dynamic light scattering (DLS).1%4!
Compared to microscopy techniques, DLS can use samples in
solution, and provides an average measurement over a large
number of CNTs. DLS was performed on the exfoliated SDS-
MWCNT dispersions. IPCNTSs were found to be about (400 + 60)
nm long at the end of the exfoliation process, whereas the
VGCNTs possessed an average length of (1200 + 180) nm.

Kappes and coworkers!!"*l demonstrated that the mechan-
ism of sonication-induced scission of SWCNTs is similar to the
mechanism of sonication-induced polymer chain scission.[*’]
Due to forces of friction between the fluid (in our case water)
and the macromolecule (either a CNT or a polymer chain,
depending on the system considered), the macromolecule is
under tension, and can break. According to Hennrich,'!) the
drag force Fyr at the CNT center is proportional to the length of
the CNT squared, meaning that long chains are correspond-
ingly less resistant to cavitation-induced scission, in inverse
square relation to their length. As a result, it is no surprise that
the VGCNTs in solution after sonication are much shorter than
there as-grown lengths. Further, the average lengths of the two
batches of VGCNTs were of the same range at the end of the
exfoliation, ca. 1 um, regardless of the initial length of the as-
grown CNTs. As the CNT length after sonication was the same
for both batches (VGCNT1 and VGCNT?2), further study was
performed only with CNTs from batch VGCNT2.

2.3. CNT Dispersion in the PS Matrix

After exfoliation, the aqueous SDS-CNT dispersions were
used to prepare conductive CNT/polymer nanocomposites. A
scanning electron microscopy technique based on charge
contrast imaging®*>!! revealed the organization of the
conductive CNT network, and confirmed that the dispersion
of the CNTs in the polymer matrix was comparable for all the
nanocomposites prepared. The SEM images of the surfaces of
VGCNT2/PS and IPCNTY/PS films possessing a CNT concen-
tration above the percolation threshold (Fig. 4) show that both
MWCNTs were well-dispersed and individualized in the
polymer matrix. Besides many relatively straight CNTs, some
are sharply bent yet appear continuous, exemplifying
the flexibility of CNTs.[%?!

2.4. Electrical Conductivity of CNT/PS Nanocomposites

Figure 5 shows the dependence of the electrical conductivity
of the nanocomposites as a function of the CNT concentration,
both for VGCNTs and IPCNTs dispersed in the PS matrix. At
low CNT loading, when a conductive CNT network is not
formed in the PS matrix, the conductivity of the composite
remains very close to that of the pure insulating PS matrix.
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Figure 4. SEM images of the surface of CNT/PS nanocomposites, show-
ing individualized CNTs: a) 1wt% VGCNT2; b) 2wt% IPCNTSs. The scale in
both photos is Tum.

When the so-called percolation threshold is reached, the filler
particles form a conductive path throughout the matrix. At this
critical concentration, i.e., 0.15-0.20wt % VGCNT2s, the
conductivity drastically increases by several orders of magni-
tude, from 1071 S m~' to 1S m~". At higher CNT loadings,
e.g., between 1.5 and 2wt%, the conductivity stabilizes at
around 10° S m™~!, which is, to the best of our knowledge, the
highest value ever reported for MWCNT/PS nanocomposites
at this low level of CNT loading. Comparable conductivity
levels have been reported for CNT loadings far exceeding
10wt% (see referencel®! and articles cited therein). Figure 6
compares the conductivity oft®>*%3 the VGCNT/PS composites
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Figure 5. Four-point conductivity of MWCNT/PS composite as a function
of MWCNT content: VGCNT2s ([J); IPCNTs (). Each point of the curve is

the average of several measurements performed several times on several
locations on both sides of the nanocomposite films.
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Figure 6. Comparison of present results to published electrical conduc-
tivity data [54-63] for polymer composites containing: a) CNT fillers;
b) non-CNT carbon fillers including graphene sheets, vapor-grown carbon
fibers (VGCF), carbon fibers (CF), and carbon black (CB).

made in the present study to published data of polymer
composites made using CNTs and other carbon fillers. For the
series of composites prepared with the IPCNTSs, the percola-
tion threshold is reached at about 0.85 wt% of CNTs, which is
significantly higher than for the VGCNTs. The conductivity
measured at about 1.8 wt% of IPCNT loading is only a few tens
of Sm™", which is far less than obtained for the VGCNT-based
nanocomposites.

2.5. On the Percolation Threshold of CNT/PS
Nanocomposites

The aspect ratio (L/d) of the filler has a tremendous
influence on the percolation threshold of the nanocomposite.
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According to several analytical models, the percolation
threshold decreases in a hyperbolic fashion as a function of
the aspect ratio of the filler.**** Simple models using
continuum percolation and considering the filler network as
a group of non-interacting sticks, suggest that the percolation
threshold value (in volume fraction) scales as 1/a. This
considers that the rod number density is roughly equal to
the reciprocal of the excluded volume of the rods.[>¢"]

Based on the latter models, the percolation threshold for
VGCNT/PS is expected to be 0.0083 vol%, considering an
average length of 1200nm and a diameter of 10nm as
measured by DLS and HRTEM. Considering the density of
the MWCNTS,! it follows that a value of 0.0083 vol% of
VGCNTs corresponds to 0.0091 wt%. This theoretical wt% is
certainly higher for the IPCNTs because of their lower aspect
ratios (roughly three times shorter CNTs at the end of the
exfoliation, with a larger diameter of 10-30nm), combined
with a higher density (due to their higher number of walls
compared to the VGCNTs). This confirms our experimental
observation that the IPCNTs give a much higher percolation
threshold than the VGCNTs.

However, the measured percolation threshold values are still
one order of magnitude higher than the predicted values. Most
percolation models assume that the fillers (notably CNTs)
behave as non-interacting rigid rods. However, as shown in
Figure 4, CNTs embedded in a polymer matrix are typically
curved. Consequently, the theoretical percolation threshold
calculated for straight sticks is an underestimate of the real value
which is observed for curved and partly entangled rods.>>¢”!
Matrix-particle and particle-particle interactions also likely
influence the state of dispersion of the fillers in the matrix.
Further, the presence of a thin polymer layer can prevent direct
contact between CNTs!7" ’71]), and this can increase the effective
percolation threshold by reducing the number of CNT-CNT
contacts which are electrically conducting.!'>7%-74!

Further, the lower observed percolation threshold for the
VGCNTs is maintained despite the higher SDS/CNT ratio
required to debundle VGCNTs. Because SDS has a lower
dielectric constant than the PS matrix (about 1.5 and 2.5,
respectively),”>7®! it may lower the conductivity of the bulk
polymer matrix.””) The CNT length polydispersity at the end
of the sonication process was higher for the IPCNTs than for
the VGCNTs, as determined by DLS. Kyrylyuk and van der
Schoot!”! showed that increasing the length polydispersity of
the CNTs can significantly lower the percolation threshold.

2.6. On the Maximum Conductivity of CNT/PS
Nanocomposites

The overall conductivity of a nanocomposite is governed by
transport between adjacent filler particles, and transport
through the conductive filler itself. Consequently, the differ-
ence of conductivity observed between the systems based on
VGCNTs and IPCNTS is related to one of these parameters, if
not to a combination of both.
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Measurements performed on individual crossed CNTs at
low bias voltage showed that the junction resistance between
SWCNTs s at least several hundred kQ.”" Further, if there is a
thin insulating polymer layer between the CNTs, the
contribution of the filler-filler junction resistance is likely to
be even larger than for a network of neat CNTs. Foygel et al.
compared theoretical models to past experimental data and
estimated that the CNT-CNT contact resistance within a
polymer matrix can be as high as 10" Q.[*" Smaller-diameter
CNTs have in principle a smaller CNT-CNT contact surface,
and hence would have a higher junction resistivity, which
results in a lower overall resistivity of the conduction
network. 5! Owing to the difference in this effect alone, we
would expect the IPCNT/PS composite (20 nm diameter) to
have a higher conductivity than the VGCNT/PS composite,
which is contrary to our measurements.

Turning to the effect of transport through the filler, we
expect that the length and instrinsic structural characteristics of
the CNTs will affect the conductivity of the nanocomposite
measured above the percolation threshold. Assuming the
electrical resistance of the filler is far less than the junction
resistance, increasing the length of the filler should result in a
net increase of the overall conductivity of the nanocomposite
due to the reduction of the number of the total CNT-CNT
junctions per length of conductive path. Theoretical simula-
tions performed by Balberg[szl showed that the conductivity of
the network relates as a power law of the filler (stick) length as
o ~L** for the limiting case when only contact resistivity
determines the resistivity of the whole network. Accordingly, if
we consider two polymer-filler systems, which are otherwise
identical except filler F1 is three times the length of filler F2 (as
in comparison of VGCNTs to IPCNTs), the resulting
conductivity of the F1 system should be about 15 times that
of the F2 system. This value is an upper limit for a hypothetical
system where the influence of the contact resistivity at the
junction is overestimated in comparison to a real system.
However, this is very likely not the single factor to be taken
into consideration, since the maximum conductivity of the
VGCNT- and IPCNT-based systems differs by a factor 50-100,
which is much greater than 15.

Hecht et al. studied the conductivity of buckypapers made of
CNTs of different lengths!®! and concluded that the junction
resistance largely dominates the overall resistivity of the CNT
network, in comparison with the resistivity along the
CNTs themselves. We made and characterized buckypapers
using the SDS-stabilized CNTs and found that the VGCNT
papers had 4-point conductivity ~4000S m~' compared to
~2000S m~' for IPCNT papers, with +35% experimental
error. While this also points to higher intrinsic quality of the
VGCNTs, we feel that the buckypaper measurements are less
relevant to the present study because of the differences in
preparation of buckypapers and composites, which likely lead
to different network structures. Further, our buckypaper
conductivities are substantially lower than other published
results,?31333% Jikely due to the effect of SDS on the junction
resistance.

Adv. Funct. Mater. 2008, 18, 3226-3234
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Additionally, different intrinsic conductivities of the CNTs
may account for the different conductivities of the nanocom-
posites. Recently, Yan et al. modeled the conductivity of CNT/
polymer nanocomposites.®3! They found that if the intrinsic
conductivity of CNTs, dispersed in a polymer matrix increases
from 3 x 10*S m ! to 5.4 x 10° S m ™, the conductivity of the
corresponding nanocomposites can increase by more than one
order of magnitude. While it may have been instructive to
measure the conductivities of individual IPCNTs and
VGCNTs, challenges with isolating and contacting individual
CNTs would make these measurements not fully instructive
regarding electrical behavior of the composite network.
Because there would be a distribution of CNT qualities,
lengths, and diameters, we would need to measure a large
number of CNTs, as well as ensure equivalent dispersion
(degree of sonication-induced damage) conditions for both the
individual CNT and composite tests.

Although we do not draw rigorous analysis using electrical
measurements of individual CNTs or buckypapers, we can
convincingly demonstrate that the VGCNTs have higher
structural quality than the IPCNTs. First, TEM images (Fig. 2)
suggest that the VGCNTSs have significantly fewer structural
defects than the IPCNTs; the VGCNT walls are relatively
straight, whereas the IPCNT exhibits highly kinked and rippled
graphitic layers. Therefore, we can expect that the intrinsic
electrical conductivity of the VGCNTs is much higher, as
structural defects can significantly affect the conductivity of
CNTs, by inducing electron scattering.!*!

Second, we assess the structural quality of the CNTs by
TGA. As shown in Figure 7, the VGCNTs degrade at a
temperature at least 150°C higher than the IPCNTs. The
maximum of the derivative of the thermogravimetry curve
occurs at 711 °C for the VGCNT2s, compared to 591 °C for
the TPCNTs. This difference occurs in spite of the higher
curvature of the VGCNTs (due to their smaller diameter),
which should lead to a slightly decreased thermal stability.®*]
Neither sample contains a significant quantity of catalyst
particles since their residues at 800°C, after burning, are
approximately 2.5 wt% in all cases. A significant weight loss of
15% occurs around 175°C for the VGCNT2s. This weight
loss is likely to be due to the degradation of amorphous
carbon,®%7! which accumulates on the CNT walls due to gas-
phase pyrolysis of the hydrocarbon source.

Interestingly, TGA measurements performed on VGCNT1s
did not show any significant weight loss at temperatures under
400 °C. Thus, it appears that VGCNTT1s had a lower content of
amorphous carbon impurities than VGCNT2s. We expect that
this occurs because amorphous carbon accumulates on the
already-grown CNTs as film growth continues and gas-
phase reactants and products diffuse through the film, where
the catalyst resides on the substrate. The VGCNT1 films are
shorter, have spent less time in this environment, and
accordingly contain less amorphous carbon. This also explains
why it was more difficult to debundle VGCNT1s relative to
VGCNT2s, as revealed by the higher required energy of
sonication energy to reach maximum exfoliation (Fig.3).
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Figure 7. TGA measurements of (1) VGCNT2s, (2) VGCNTIs, and
(3) IPCNTs performed under air at a flow rate of 25sccm and a heating
rate of 5°C min~": a) weight versus temperature; b) derivative of weight
versus temperature.

Absence (or removal by purification) of interstitial impurities
between the CNTs can strengthen interactions between the
CNTs by increasing the inter-CNT contact area.®®! This can
seriously hinder or even prevent the CNT individualization
process.[***% The IPCNTs do not show any weight loss below
400°C because of a purification treatment applied by the
manufacturer.

Finally, the higher degree of graphitization of the VGCNTS
was further confirmed by Raman spectroscopy (514.5nm,
Kaiser Hololab 5000R) performed under the same conditions
on the different types of CNTs used. Comparison of the
normalized Raman spectra (not shown) indicate that the
IPCNTs have a substantially lower D/G intensity ratio than
the VGCNTs. This implies that, comparatively, the VGCNTSs
have lower fractions of defective carbon than the IPCNTs, in
spite of the additional amorphous carbon in the VGCNTs
which is shown by TGA. However, as the intensity of the
Raman spectrum of MWCNTS is typically low, it is difficult to
make further quantitative comparisons using this technique.

3. Conclusion

Two series of MWCNT/PS nanocomposites were prepared,
both by using the same latex-based technology, with two types
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of MWCNTs. Our goal was to study the influence of the
characteristics of the CNTs on the overall conductivity of the
final nanocomposites, without varying other important para-
meters like the type of polymer matrix used and the dispersion
and aggregation state of the CNTs. This could be achieved
because of the excellent reproducibility of the latex method. It
was found that MWCNTs grown as vertically-aligned films,
give MWCNT/PS nanocomposites with exceptional electrical
properties, compared to nanocomposites prepared with
‘standard” MWCNTs that are commercially available and
grown as a powder. VGCNTs were found to possess higher
structural quality than IPCNTs. In combination with relatively
high aspect ratio values and small diameters, this leads
to conductivity levels of the range of 10°S m~" for less than
2wt% of MWCNT loading, which is, to the best of our
knowledge, the highest conductivity yet reported for this
MWCNT loading in CNT/polymer nanocomposites. Further,
the percolation threshold of nanocomposites prepared with
VGCNTs was measured to be about 0.15-0.2 wt%, i.e., about
5 times lower than for IPCNT/PS systems. These results
suggest that high-quality CNTs obtained from vertically-
aligned films are a highly attractive filler material for making
electrically-conductive polymer composites, for possible use in
electrically-active coatings and thin-film electronic devices.
Large-area production of vertically-aligned CNT films will be
necessary to meet such a need; however, the similarities
between substrate-bound and gas-phase CVD methods suggest
that this method can be scaled efficiently at reasonable cost.

4. Experimental

Materials: Two types of MWCNTs were used in this study. First, we
used vertically-aligned MWCNTs grown in-house, as detailed in the
growth section. Second, we used a commercial MWCNT powder
(Nanocyl-3100 batch 060213, Nanocyl SA). We denote the first type of
CNTs as VGCNTs for “vertically-grown CNTs”, and the second type
as IPCNTs, for “industrially-produced CNTs”.

CNT Growth: The vertically-aligned MWCNTs (named VGCNTs)
were produced by thermal CVD as previously described by Hart and
Slocum[90]. The growth substrate was a (100)-oriented silicon wafer
(Silicon Quest International, USA), which was first coated with
approximately 500nm thermally-grown SiO,, and then coated with
1/10nm Fe/Al,O5 by e-beam evaporation. CNT growth was performed
in a single-zone atmospheric pressure quartz tube furnace (Lindberg),
having an inside diameter of 22mm and a 30cm long heating zone,
using flows of He (99.999%, Airgas), C;Hy (99.5%, Airgas), and H,
(99.999%, Airgas). The furnace temperature was ramped to the set
point temperature in 15 minutes and held for an additional 10 minutes
under 400/100 standard cubic centimeters per minute (sccm) Hp/He.
Then 100sccm C,H, was added for the growth period of 2 min for
VGCNT1 and 15 min for VGCNT?2. Finally, the H, and C,H, flows
were discontinued and 600sccm He was maintained for 10 more
minutes to displace the reactant gases from the tube, before being
reduced to a trickle while the furnace cools to below 150°C. As
characterized by TEM, the CNTs were typically multi-walled with an
average outer diameter of 10nm. The height (thickness) of the films
prepared in the first batch (VGCNT1) was approximately 100 pum,
whereas the films prepared in the second batch (VGCNT2) were about
1 mm high.
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CNT Exfoliation: All sonication processes, as well monitoring by
UV-Vis spectroscopy, were carried out using the conditions described
in[91]. For each type and batch of CNTs, the concentration of
surfactant was chosen so as to individualize all of the CNTs which could
be debundled by the sonication-driven debundling process (see method
A in[92]). Exfoliation conditions for each batch of CNTs are as stated
below.

IPCNTs: 02wt% of IPCNTs was individualized in an aqueous
0.4wt% SDS solution (SDS/CNT weight ratio of 2:1).

VGCNTs: Due to weak adhesion to the substrate, the VGCNT film
was easily removed from the substrate using a razor blade, giving an
almost catalyst-free, free-standing film. 0.04 wt% of CNTs was mixed
with a 0.3 wt% aqueous SDS solution (SDS/CNT weight ratio of 7.5:1).
This was first mixed using an Ultra-Turrax (IKA Works) at 24,000 rpm
for 1 minute, followed by sonication under mild conditions (20 W,
20 kHz). Sonication was stopped when the maximum exfoliation of the
CNTs was reached, as monitored by UV-Vis absorbance.[43,44,91]
High shear mixing using the Ultra-Turrax allowed the CNT films to be
finely split in the solution so that shorter sonication times were required
to obtain a dispersion of maximally individualized CNTs[10].

Emulsion Polymerization: Emulsion polymerization was carried
out in an oxygen-free atmosphere. 252 g styrene was mixed with 712 g
water in the presence of 26 g sodium dodecyl sulfate (SDS) surfactant
and 0.7g sodium carbonate (NayCOs;) buffer. The reaction was
initiated by 0.7g Sodium Persulfate (SPS) dissolved in S5g of
demineralized water. The polymerization was performed at a constant
temperature of 50 °C. The polymer obtained (PS01) possessed mainly
high molecular weight polymeric chains (peak molecular weight of
about 1,000,000 g mol’l), with about 20wt% of PS chains with a
molecular weight lower than 20,000 g mol ™.

Nanocomposite Preparation: The aqueous SDS-MWCNT disper-
sions obtained at the end of the exfoliation process were mixed at
various concentrations with the PS latex (PS01) and freeze-dried (Chris
Alpha 2-4). The resulting powder was degassed and transformed into
films by compression molding (Collin Press 300G). Just before
compression molding, the powder was heated for ten minutes until
it reached 180 °C. Maintaining this temperature, heating was followed
by a degassing step and two pressing steps at 40 bar for 20 seconds. The
system was finally pressed at 100 bar for 2 minutes.

Microscopy: Samples for SEM imaging the dried CNT dispersions
were prepared by first baking a Si wafer (Topsil Inc., Denmark) at
750 °C in air for 24 hours. After plasma cleaning (Emitech K1050X),
the wafer was sealed with two millilitres of 3-aminopropyl-trimethoxy
silane in Ar environment. The treated wafer was heated for one hour at
80°C to allow the chemicals to react at the surface of the Si wafer in
order to create amine groups, which facilitate binding of the CNTs
to the wafer surface. Finally, the Si wafer was washed with methanol in
order to remove any unreacted 3-aminopropyl-trimethoxy silane.
SEM images were taken using a Philips/FEI XL30 ESEM-FEGF
equipped with a field emission electron source. The surfaces of the
nanocomposites were imaged by SEM under the conditions described
in reference [50]. High resolution TEM of the individual CNTs was
performed by using either a JEOL-2011 or a Tecnai 20 (FEI Co., The
Netherlands), both operated at 200 keV. The samples were prepared by
dipping a copper TEM grid in the MWCNT dispersions, followed by
subsequent drying.

Thermogravimetry: Thermogravimetry (TGA) experiments were
performed on a TA Instrument Q5000 TGA under dry air flow (25 mL
min~"). Typically, 1 mg of product was placed in a platinum crucible
and heated from room temperature up to 900 °C at a rate of 5 °C min ™.

Dynamic Light Scattering: Dynamic light scattering measurements
were performed under conditions described by Badaire et al.[10]; the
only difference is that a laser wavelength of 532nm was used in the
present study.

Electrical Resistivity: Two-point and four-point electrical conduc-
tivity measurements were performed using a Keithley 6512 Program-
mable Electrometer, which was used either alone or in combination
with a Keithley 220 Programmable Current Source. Measurements
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were performed directly on the surface of the films. The contact
between the sample and the measuring probe was improved using a
colloidal graphite paste (Electron Microscopy Sciences, 12660) [93,94].
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