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Abstract

We review experimental and theoretical work on electrical percolation of carbon
nanotubes (CNT) in polymer composites. We give a comprehensive survey of published
data together with an attempt of systematization. Parameters like CNT type, synthesis
method, treatment and dimensionality as well as polymer type and dispersion method
are evaluated with respect to their impact on percolation threshold, scaling law exponent
and maximum conductivity of the composite. Validity as well as limitations of commonly
used statistical percolation theories are discussed, in particular with respect to the
recently reported existence of a lower kinetic (allowing for re-aggregation) and a higher
statistical percolation threshold.
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1. Introduction

Electrical percolation in mixtures of electrically conducting and non-conducting materials
is a widely investigated field which has been covered by several textbooks [1],2]. The
observation of a conductivity threshold in polymer/carbon nanotube (CNT) composites
[3] has triggered world-wide activities in this area. A recent synopsis has been given by
Winey et al. [4].

By now, almost 200 publications report on the electrical percolation threshold of CNT in
different polymer systems. The variation of many parameters like CNT type, synthesis
method, treatment and dimensionality as well as polymer type and dispersion method,
however, impeded a thorough understanding of the processes involved. This article is an
attempt to condense a comprehensive collection of published data in order to extract
general dependencies of the percolation threshold, the scaling law exponent and the
maximal conductivity on the above mentioned parameters.
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2. Percolation thresholds

Since the early observation of percolation-dominated electrical conductivity in a
CNT/PmPV composite by Coleman et al. [3] more than 30 polymer matrices have been
investigated with respect to percolation of CNT filler loading. Table 1 represents a
comprehensive collection of published data in this field. The table is organized as
follows: The polymer matrices in column 1 are arranged alphabetically, the data for a
given polymer are arranged with increasing percolation threshold. The acronyms used to
denote the polymers are defined below the table. Type (single/double/multi wall),
synthesis method (arc discharge, chemical vapor deposition, laser vaporization),
manufacturer, state (entangled or non-entangled), additional treatment (purification,
functionalization) and aspect ratio of the CNT are given in columns 2-5 as far as the
information is available from the publications. In columns 6 and 7 dispersion method and
solvent in the case of solution processing are specified. Finally, electrical characteristics
like percolation threshold ®¢, critical exponent t and maximum observed conductivity
Omax are listed in columns 8-10. All percolation thresholds and filler concentrations are
given in weight% (wt%). Wherever the original data are given in vol%, we use the
conversion relations vol% = wt% for single wall nanotubes (SWCNT) and vol% = 2 wt%
for multi wall nanotubes (MWCNT) independent of the polymer matrix. We are
convinced that the resulting inaccuracies have no significant effect on the interpretation
of the experimental results.
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CNT/polymer system. For a statistical distribution of filler particles the excluded volume
concept [5] gives ®¢c = 1/n in the limit of large aspect ratios n. A typical aspect ratio
n = 1000 for CNT reproduces the above mentioned value of 0.1 wit%. Thus, we relate



this value to the statistical percolation threshold. Percolation thresholds significantly
lower than ®¢c =0.1 wt% are attributed to kinetic percolation which allows for particle
movement and re-aggregation. This interpretation particularly applies to results
published for CNT/epoxy composites [6],7].
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induce aggregation of CNT and, thereby,

lead to kinetic percolation at significantly lower filler concentrations. However, when the
filler concentration approaches the statistical percolation threshold, the effect of stirring
and thereby the effect of particle movement vanishes. This effect manifests itself by a
change in slope around 0.1 wit% in the conductivity curve for slow and medium stirring.

While stirring produces a rather complicated shear state, controlled shear can be applied
to a CNT/polymer suspension in a rheometer. Rheo-optical studies of flow-induced
clustering of CNT have first been reported by Erik Hobbie’s group at NIST [9] using
MWCNT/polyisobutylene suspensions. Rheological measurements and associated
optical microstructural observations of MWCNT suspended in epoxy have been
described by Rahatekar et al. [10]. Incorporation of 0.35 wt% MWCNT enhanced the low
shear rate viscosity by a factor of 20. At higher shear rates, the suspension viscosity
asymptotically thinned to the viscosity of the matrix alone. The authors conjecture that
shear thinning is connected with the breaking of interconnected networks between CNT
and/or aggregates of CNT, and not by CNT alignment. However, at low concentrations
(0.035 wt%) aligning was observed instead of macroscopic aggregate formation. We



have observed shear induced aggregation also for low concentrations, as depicted in Fig.
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- Fig. 4. Simultaneous measurement of the
‘,\ nanocomposite (MWCNT/epoxy) viscosity (a)
and electrical conductivity (b) as function of the
nanotube weight fraction, performed in the liquid
state prior to curing at 0.1 s and 20<C. The
rheological percolation threshold is located at 0.1
wt% and the electrical one at 0.04 wt%.

Fig. 3. Optical micrographs of a liquid epoxy
composite containing 0.05 wt% MWCNT in the
initial, dispersed state (a) and after shearing with
0.1 s at 70°C for 60 minutes (b). The width of
the image is 1 mm.

Contradicting results have been published concerning the dependence of the percolation
threshold on the aspect ratio. According to the excluded volume analysis of Celzard et al.
[11] the percolation threshold of a fiber suspension should decrease with increasing
aspect ratio. The results of Bai et al. [12] yield a decreasing percolation threshold with
increasing CNT length while Martin et al. [13] find an increasing percolation threshold
with increasing CNT length. This inconsistency may be solved when looking at the type
of the respective percolation thresholds. Bai et al. most likely obtained statistical
thresholds while Martin et al. definitely achieved kinetic percolation. Since all theoretical
analyses so far ignore the movement of filler particles, they can only predict the
dependence of the statistical percolation threshold on the filler aspect ratio.

The effect of CNT alignment on percolation conductivity in SWCNT/PMMA composites
has been investigated by Du et al. [14]. The SWCNT were aligned by melt fiber spinning,
various levels of alignment could be obtained by controlling the extensional flow in the



spinning process. As a function of alignment the conductivity exhibits a power-law
behavior. Highest conductivities occur for slightly aligned, rather than isotropic CNT. A
theoretical investigation of the effects of CNT alignment on percolation resistivity using
Monte Carlo simulations was recently published by Behnam et al. [15]: Minimum
resistivity occurred for a partially aligned rather than a perfectly aligned nanotube film.

The dependences of rheological parameters on filler concentration yield a rheological
percolation threshold which, in general, occurs at lower concentrations than electrical
percolation. Filler particles can interact with each other via polymer chains whereas
direct contact between them is required for electrical conduction. For the thermoplastic
system SWNT/PMMA, Du et al. [16] indeed observe a rheological threshold at 0.12 wt%
well below the electrical threshold at 0.39 wi%. A complementary behavior is found for
the thermoset system MWNT/epoxy (see Fig. 4). Due to the lack of polymer chains in
the liquid state of thermoset systems, the electrical percolation threshold is encountered
first, at around 0.04 wt%. Rheological percolation is reached at 0.1 wi%, where a strong
physical interaction between the filler particles is ensured.

3. Maximum conductivities

Maximum conductivities of 10,000 S/m have been reported for PMMA containing 10 wt%
SOCI; treated SWCNT [17], of 3000 S/m for PANI filled with 15 wt% SWCNT [18], and
of 2000 S/m for PU with 15 wt% MWCNT [19].2 The percolation thresholds found for the
above mentioned systems, i.e., 0.17 wt%, 0.3 wit%, and 1 wt%, respectively, suggest a
correlation between percolation threshold and maximum conductivity®. Indeed, this
finding seems to be true especially for composites based on the same matrix system. It
is worth mentioning that the conductivity of composites with identical filler concentration
seems to vary — with some exceptions — by only one or two orders of magnitude for
identical matrices, but by 10 or more orders of magnitude for different matrices.

We first address the conductivity variation caused by different fillers in the same matrix.
Interestingly, type (SWCNT or MWCNT) and treatment (purification, oxidation) of the
nanotubes do not show a clear impact on the maximum conductivity (see Table 1). In
Fig. 5 the maximum conductivities of all reviewed data are plotted versus their
respective filler concentration value. We want to point out that the maximum
conductivities of Fig. 5 refer to the maximum values reported in a given publication. In
general, these values are significantly lower than conductivities obtained at the
maximum attainable concentrations with a respective polymer and processing method.

? Even higher conductivities can be found in publications that do not analyze the electrical percolation threshold or
that report on conductive polymer matrices like protonated PANI. These publications are not considered in our
review.

? The plot (not shown) of the maximum conductivities versus the percolation thresholds has to be subdivided into
data sets of comparable CNT concentrations, as the reported maximum concentrations and thus the maxumim
conductivities vary considerably even for similar percolation thresholds. Within each data set an indirect
proportionality between the maximum conductivities and the percolation thresholds could be identified.
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Fig. 5. Comparative log—log plot of maximum
conductivity versus respective CNT concentration
for all the data in Table 1. The dash-dotted line
denotes the dependence o = 2500-®*” S/m found
for entangled MWCNT in an epoxy matrix [8] while
the solid line indicates a similar dependence o =
120000-®°° found for non-entangled MWCNT in
the same matrix system (unpublished). All data
below the dashed line (o = 500-®*” S/m for low
conductive CNT) are most likely dominated by
tunneling between the CNT.

The data points spread over a wide
conductivity and concentration range, but
principally stay below the dash-dotted
line. There are some exceptions, most of
them at concentrations above 10 wi%,
where a homogeneous suspension
probably is not reached. The dash-dotted
line denotes the dependence o0 =
2500-®*’ S/m found in [8] for entangled
MWCNT in an epoxy matrix above the
statistical percolation threshold. This line
seems to represent the maximum
achievable conductivities for entangled
MWCNT that are widespread in
composite research as their production is
fast and cheap. Unpublished results from
Kovacs et al. on non-entangled MWCNT
(that grow like trees in a forest) show
similar power law dependencies above
the statistical percolation threshold, the
conductivities however are  shifted
upwards by a factor of 50 (solid line).
These findings as well as results of other
groups on various matrix systems (see

Table 1) suggest that non-entangled
MWCNT give much higher composite conductivities than entangled ones. This
difference can be explained in two alternative ways. Either the entangled MWCNT could
not be dispersed homogeneously and therefore their intrinsic conductivity cannot be
extracted from a formula like o = oo-®". Or, the intrinsic conductivities of entangled and
non-entangled MWCNT truly differ by a factor of 50 (possibly because the straight
growing non-entangled MWCNT are less defective). Taking 500 S/m as a lower
conductivity limit for highly defective MWCNT we still find many reported data below the
dashed line (o = 500-®>’ S/m). In these cases, we most probably have to consider
tunneling through polymer barriers between CNT. Comparing the shift (from one line to
another) attributed to different intrinsic nanotube conductivities with the conductivity
scattering below the dashed line we conclude that polymer tunneling barriers have a
dominant effect on the overall composite conductivity. Definite conclusions on how to
avoid this polymer sheathing and maximize conductivity cannot be drawn from the
analyzed data. As good dispersions usually imply the formation of a polymer layer
around each CNT, we believe that the best dispersions not necessarily lead to the
highest conductivities. It seems that solvent processing techniques [88] or shear induced
re-aggregation [8] sometimes improve the electrical performance of composites by
preventing an overall sheathing or reducing the sheath thickness, respectively.
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The concept of excluded volume has proven to
be a powerful method to estimate the
percolation threshold of composites containing
statistically dispersed non-spherical particles.
The concept is based on the idea that the

Fig. 6. Plot of the conductivity data from
Fig. 2. as a function of (a) ®'°, (b) &
and (c) @ 7.

percolation threshold is not linked to the true volume of the filler particles but rather to

their excluded volume Vg The excluded volume is defined as the volume around an

object in which the center of another similarly shaped object is not allowed to penetrate

[24]. <Vex> represents the excluded volume of an object averaged over the orientational

distribution characterizing the system objects.

For randomly oriented cylinders with volume V = W2Lmi/4 and high aspect ratio n = L/W,
<Vex> = WLATT/2
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Fig. 7. Plot of the power law exponent t
as a function of (a) the maximum
conductivity and (b) the percolation
threshold for all data in Table 1. The
horizontal lines denote t = 1.3 and 4. Fig.
7 (c) shows a histogram of t values.

and
@ ~ V/<Ve>=W/(2L) = 1/(2n) [5]
or
®c=0.7/n [11].
As already mentioned in Section 2, reported
values for the statistical percolation threshold ®¢
agree very well with the above considerations.

From electron microscopy it became evident that
CNT embedded in a polymer matrix generally
are curved or wavy rather than straight [25]. The
effect of waviness on percolation has been
addressed by a couple of authors using different
theoretical approaches [26]-29]. They all find the
obvious result that the percolation threshold
increases with increasing waviness of the CNT.
However, in all calculations the increase in ®¢
remains well below a factor of 2 which means
that the effect of waviness can be considered as
small in the context of Table 1.

Frequently, CNT are dispersed in form of
bundles. The effect of bundles on percolation
has been calculated by Grujicic et al. [30]. As
expected, the percolation threshold increases
with increasing bundle radius.

Statistical percolation theory predicts for the
dependence  of  conductivity on filler
concentration a scaling law of the form
0 = 0g*(® — Pc).

Usually, experimental results are fitted by
plotting log o vs log (® — d¢c) and incrementally
varying ®¢ until the best linear fit is obtained [95].
The critical exponent t is expected to depend on
the system dimensionality with calculated values
of t = 1.33 in two and t = 2 in three dimensions
[1,2]. A value of t = 3 has been obtained for a
Bethe lattice and within mean field theory

whereas a value of t = 2.5 has been derived within a continuum model, the "Swiss
cheese model" [1], which simulates distributed bond strengths or contact resistances.
Similar results have been achieved by Balberg [31] allowing a nonrandom distribution of
voids in random void models of continuum percolation.



As shown in Fig. 7, fits to experimental data for CNT/polymer composites yield values of
t predominantly in the range from 1.3 to 4 peaking around t = 2 (Fig. 7 c). The above
mentioned theories relate increasing values of t to increasing tunneling barriers between
the fillers which would lead to low maximum composite conductivities. As visible in Fig. 7
(@), such a dependency is not found in the evaluated publications. Experiments by
Kovacs et al. [8] carried out with the same system suggest a change in t from low values
(~ 1.7) in the case of low (kinetic) percolation thresholds to high values (~ 2.3) in the
case of higher (statistical) percolation. Fig. 7 (b) however does not reflect such a relation
between the percolation threshold and the magnitude of t.

It seems rather complicated to extract geometrical information about the CNT network
from experimentally determined values of t. We believe that such a procedure is
generally not justified. First of all, scaling is limited to a concentration range very close to
the percolation threshold. However, this range of validity has not been examined in
detail for CNT/polymer composites. In addition, the results of statistical percolation
theory are derived for ideal systems which contain a homogeneous dispersion of
identical particles. Due to the spread in CNT properties, i.e., length, diameter, chirality,
entanglement and waviness, CNT/polymer composites are far away from being ideal
systems. A further complication arises from the fact that low percolation thresholds are
likely to be kinetically produced, which makes the application of statistical percolation
theory questionable.

Modeling of kinetic percolation requires complex and time-consuming calculations.
Rahatekar et al. [32] applied dissipative particle dynamics (DPD) to investigate the
dynamic behavior of an assembly of oriented fibers suspended in a viscous medium.
After establishing the structural arrangement the fiber network impedance was assessed
using Monte Carlo simulations. In future work the effects of polydispersity in fiber
properties, of electrostatic interaction of fibers, and of shear forces on percolation
threshold shall be studied. Wescott et al. [33] used DPD simulations to investigate
methods of controlling the assembly of percolating networks of CNT in thin films of block
copolymer melts. For suitably chosen parameters the CNT were found to self-assemble.
Finally, Tozzi et al. [34] employed particle-level simulations [35] to investigate the time
evolution of the microstructure and the electrical conductivity of CNT suspensions in
shear flow. The simulations allow control of numerous properties, including the matrix
viscosity, nanotube aspect ratio, shape, flexibility, and interaction forces. All these
approaches are important steps towards a better understanding of kinetic percolation.

5. Electric field induced CNT network formation

Martin et al. [36] have shown that the formation of CNT networks can be induced by the
application of an external electric field. Thus, electric fields not only align CNT but also
enhance the attractive forces between neighboring CNT. Figure 8 shows the formation
of a CNT network induced by a DC field of 100 V/cm. The growth of the network starts at



the positive electrode indicating that CNT are negatively charged in an epoxy/amine
hardener system. As has been shown for carbon black/epoxy composites the chemical
nature of the hardener mainly determines the charge of the filler particles [37]. AC fields
are more effective than DC fields in the sense that the conductivity of samples cured in
an AC field is one order of magnitude higher than for DC fields. Compared with shear
percolated composites the absolute conductivities of AC field percolated samples are
still one order of magnitude lower. Conductivity anisotropies of more than 10* have been
obtained. Figure 9 shows that the conductivities of cured samples saturate as a function
of field strength and as a function of filler concentration. We believe that the last
mentioned observation is equivalent to the transition from kinetic to statistical percolation.
When approaching statistical percolation the mobility of CNT is reduced and the effect of
the electric field vanishes. The formation of AC electric field induced aligned SWCNT
percolative columns between electrodes has also been observed by Park et al. in
SWCNT/UDMA/HDDMA composites [38].
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Fig. 8. Optical micrographs of a liquid epoxy
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6. Conclusion

We reviewed 147 experimental results on electrical percolation of carbon nanotubes
(CNT) in polymer composites published in 100 articles. The following conclusions can be
drawn from these data:

(1) Referring to minimum percolation thresholds and maximum conductivities, type
and production method of CNT seem to be less important than type of polymer
and dispersion method.

(2) An indirect proportionality seems to exist between the percolation threshold and
the maximally reached conductivity for given CNT concentrations and polymer
matrices.

(3) Non-entangled MWCNT give conductivities 50 times higher than the usual
entangled MWCNT from industrial mass production. Conductivity values below o
= 500-®*’ S/m are indicative of polymer tunneling barriers between CNT.

(4) Many polymer composites seem to reproduce the theoretically predicted
dependence of the percolation threshold on the aspect ratio ®¢c = 1/n once their
filler particles are homogeneously distributed (statistical percolation).

(5) Deviating results with higher ®¢ suggest that the filler particles were not
dispersed homogeneously, while lower ®¢ indicates the flocculation of
homogeneously dispersed particles (kinetic percolation).

(6) Regarding the contradiction between the experimental results from Martin et al.
[13] and the above mentioned theoretical prediction, we conclude that kinetic
percolation cannot be described with statistical percolation theory.

(7) The magnitude of the percolation theory scaling law exponent t could not be
related to any other parameter extracted from the articles. We believe that no
reliable geometrical information about the CNT network can be extracted from
most of the experimentally determined values of t.
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threshold.

Acronyms: ADA (aminododecanoic acid), AHA (aminohexanoic acid), AIBN (azoisobutyronitrile), APTS
(aminopropyltriethoxy silane), ASTAA (alkoxysilane terminated amide acid), BKC (benzalkonium chloride),
e (entangled), GA (gum arabic), MEK (methyl ethyl ketone), ne (non-entangled), OP (polyoxyethylene
octyl phenyl ether), PSHT (poly 3-hexylthiophene), P3OT (poly 3-octylthiophene), PA-6 (polyamide-6),
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(sodium dodecyl! sulfate), SPPA (sulfonated polyphenylacetylene), UPR (unsaturated polyester resin), VE
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Matrix Filler State Treatment d/l Solution Dispersion ®c (wit%] t Oomax [S/m] Ref.

ASTAA SW%’;‘CL (lljrlei)\?()@), e HCI - C4HINO sonicated, stirred 0.035 © @ 01 (I)E;W,[O/ [39]

Epoxy MWCNT (CVD) ne i 200 : heat sheared 00021 18 g 01 51 3wt°/ [13]

Epoxy MWCNT (CVD) ne : 340 : heat sheared 0.0025 1.2 @253\20/ [6]

Epoxy MWCNT (CVD) ne i 1000 : heat sheared 00025 - o g 'EJW [40]

Epoxy MWCNT (CVD) ne : 860 : heat sheared 00039 17 g 0251' 4wt°/ [13]
SWCNT (Laser), e sonicated, 2E-2

Epoxy Rice Univ. e purified 400 C6H80 cured without 0.005 2.7 @ 0.1 Wi% [7]
SWCNT (HiPco®), - sonicated, 1E-5

Epoxy Carbon Nanotech. © purified 150 CEHBO cured without 0.009 3.1 @ 0.04 wt% [71

Epoxy SWF%E]JSH?\/SG”’ e purified 400 C6H80 sonicated, cured with 0.01 1.6 @ g Er-a/ﬁ/ [7]
MWCNT (CVD), i i stirred, heat sheared 4E-1

Epoxy Nanocyl e 1000 (slowly) 0.011 1.7 @ 1 wi% [8]

Epoxy %i\lrg(’)\lr;rr\(jl;z(t:g? e purified 150 C6H80 sonicated, cured with 0.023 3.2 @ g E_ino/ [7]
MWCNT (CVD), i i stirred, heat sheared 3E-1

Epoxy Nanocyl e 1000 (medium) 0.024 1.7 @ 1 wit% [8]

Epoxy H';AF\)/;/SO’\:]TC(;ZBQS e - 100 C2H60 sonicated, stirred 0.03 - @ OSF 5-1wt°/ [41]

Epoxy MWﬁggogc):/?/D), e 1000 - calendered, stirred 0.03 - @ (1)%_3,,[0/ [42]
MWCNT (CVD), HNO3, centrifuged, . 1E-1

Epoxy ljin Nanotech. C3HB0 1000 OP sonicated 0.034 1.7 @ 2 Wi% [43]

Epoxy Carﬁxcsl\(l)-lru’ggrr?s)’lnc - - - C3H60 sonicated, stirred 0.04 1.7 @153\,1,[0/ [44]

Epoxy S‘I'Vr\wlc?n’:la-ll:c,(gv\\{aDrz - - 1000 - calendered, stirred 0.04 - @ (1)5_3,,[% [42]
MWCNT (CVD), H202/NH40H, . 1E+0

Epoxy ljin Nanotech. ©  centrifuged, C3HeO 000 Sl sonicated 0042 18  Gowe 143
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EPOXY  Thomas Swan : - Saon ont sheared 005 - Goswy MO
09 i anto chomiavoaman_ %0 OO sacimiimpes 0012 @0 8
Epoxy MWﬁgr;l'ogl\/D), ) 1000 ) stirred, r(wfeae;tt)sheared 0.08 20 o (‘)“23/'[ o 18]
Epoxy SWCNT (CVD) HCl : H20 stirred 0.08 © e giﬁn% [46]
Epoxy SW%’;‘; (Sri:ip\fO@)’ HCI - - sonicated 0.1 - - [47]
Epoxy NanoN(IDVe\llr(t;Jgr-wr Tech. i 100 i stirred 0.1 1.8 @ 01. F 2_2wt% [29]
Epoxy DW(I\:ll:rTo(c(;YD)’ - 1000 - calendered, stirred 0.15 @ (1).%'3”% [42]
oy SOV 0] - R
Epoxy MwﬁgJogsyD)’ NH2-functionalized - - calendered, stirred 0.25 T @ (?El-a/t% [42]
Epoxy DW(I\DII:rTo(c(;IVD)’ NH2-functionalized - - calendered, stirred 0.25 T @ 8.%-3vt% [42]
Epoxy Ivlll},i\quNNa-lr—u()(t:e\(/:E_) ’ uv/03 1000 C3H60 sonicated 0.27 - @21E\_A?t% 1481
oy SO T e ot e
Epoxy SWCNT (CVD) : : C2H60 sonicated, stirred 0.3 14 o ;%at/ [50]
£ o Nanotech ' 1000 stirred 04 - i U8
Epoxy MWCNT (CVD) i 400 CH40 stirred 0.5 : @SE;V?% [12]
Epoxy SWCAJB;EC(F’]\FC), - 1000 - manually mixed 0.6 - @ 115'\,2“% [51]
Epoxy ol (SVD), i 100 C3H60 stirred 06 29 4 o, 52
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5E+0

Epoxy MWCNT (CVD) - - > 500 CH40 stirred, hot pressed 0.7 - @ 4 Wi% [53]
SWCNT (Arc), i . . 1E-1

Epoxy Carbon Solutions Inc. e HNO3 C3H6O sonicated, stirred 1 2.4 @ 7.5 Wt% [44]

Epoxy MWCNT (CVD) e i 80 CH40 stirred, filtrated 15 : @13E\-I\Clst°/ [12]

Epoxy MWCNT (CVD) i HNO3 20 C3HB0 sonicated, stirred 3.5 : @18E\',fto/ [54]
MWCNT (Arc), i i . i 1E-3

Epoxy Aldrich e 100 manually mixed 4 @ 16 Wi% [51]

Epoxy MWCNT (CVD) i i >20  C3H60 sonicated, stirred 5 © e ggfv o 155]

Epoxy MWCNT (CVD) i HNO3 20 ?2%?8{ sonicated, stirred 5 : @18E\',ft% [54]
MWCNT (CVD), i i i calendered, i 3E-2

Epoxy Arkema © vacuum stirred <05 @ 2 wit% [56]
P(BuA) i . . i . i 5E+0

latex SWCNT (Arc) e PVA-functionalized H20 sonicated 0.27 @ 1 Wt% [57]
MWCNT (CVD), i sonicated, CH40 5E-1

P3HT Nanocyl e <100 CHCI3 (coagulation) 0.1 17 @20 wio [58]
SWCNT (Arc), . sonicated, 5E-2

P30T CarbolLex e HCI, centrifuged 100 CHCI3 spincoated 4 2.0 @ 35 wt% [59]
SWCNT (Arc), i sonicated, 1E-3

P30T CarboLex © 100 CHCI3 spincoated 1 2.0 @ 35 wt% [59]
i MWCNT (CVD), i < H20, sonicated, dried, i 3E-2

PA-6 Nanocyl © 1000 Na-AHA extruded, hot pressed 25 @ 4 wit% [60]
i MWCNT (CVD), i i i i 1E+1

PA-6 Hyperion Catalysis © extruded / @ 16 wt% [61]
SWCNT (HiPco®), i i i . 3E+3

PANI Carbon Nanotech. e sonicated 0.3 2.1 @ 15 wt% [18]
SWCNT (HiPco®), i i . 3E+2

PANI Carbon Nanotech. e C8H10 sonicated 0.3 2.1 @ 20 W% [18]
SWCNT (Laser), i i , 3E+2

PANI Carbon Nanotech. e C8H10 sonicated 0.3 2.1 @ 20 W% [18]
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MWCNT,

1E+3

PANI Conyuan Biochem. - - 500 - blended, compressed 4 - @ 80 Wi [62]
Technology °
C6H12, : 5E+1
PAT MWCNT (CVD) ne HNO3, CHCI3 >200 ol sonicated 12 26  @aswe 169
SWCNT (HiPco®), . . 1E-8
PBT Carbon Nanotech. e oxidized - - sonicated, extruded 0.2 - @ 0.2 wi% [64]
PC ‘?’;Valvrﬁm';'f;‘if@ e  PEE-functionalized - CHCI3 shaken, sonicated 0.1 28 @553\;?% [65]
SWCNT (HiPco®), 1E-1
PC Carbon Nanotech. © i i i extruded 0.3 i @ 1 wit% [66]
C6H80, . .
PC SWCNT (Arc) e . . CHCI3, sonicated, filrated, 0.5 . ., 67]
C2HE0 ot presse @ 17 wt%
C6H80, . .
PC SWCNT (HiPco®) e : : CHCI3, sonicated, filrated, 05 : e 167]
C2HBO ot presse @ 1 wit%
PC SWCNT (HiPco®) e : : : extruded 0.5 : @12E\',Jt°/ [67]
MWCNT (CVD), 5E+0
PC Hyperion Catalysis e - 1000 - extruded 1 3.8 @ 3 W% [68]
MWCNT (CVD), 2E+0
PC Hyperion Catalysis e - >100 - extruded 1.44 2.1 @ 5 wit% [69]
1E-1
PC SWCNT (Arc) e - - - extruded 1.9 - @ 10 wt% [67]
PC SWCNT (Arc) e - - CHCI3 sonicated, extruded 1.9 - @14Ev-v1t°/ [67]
1E-1
PC SWCNT (Arc) e - - - extruded 2.5 - @ 7 Wi% [66]
1E-4
PC MWCNT (CVD) e HCl 1000 ; extruded 5 - w70
MWCNT (CVD), 1E+1
PC Hyperion Catalysis i >100 i extruded 1-2 @ 15 Wt% [71]
SWCNT (HiPco®), annealed, SOCI2, 1E-1
PC Carbon Nanotech. © centrifuged i i extruded i @ 1 wit% [66]

21



PC SWCNT (Arc) e a””f:r']frﬂ’ugg ol i i extruded 5 i @17E\',Jt% [66]
PCL ool (00, e purified . C7H8, ADA sonicated 009 15 @13E\',\f’t% [72]
PCL hflmCNNaL(()?e\éE.)’ e - 1000 - sonicated, stirred 1.5 - @15 :/Lv1t% [73]
PCL N|I|}/i\r/10NNaTm(fe\</:E.)’ e HNO3, filtrated 1000 : sonicated, stirred 4 : @E;‘V(t’% [73]
ugl\EA’w MWCNT (CVD) ne i 100 H20, SDS Sonicﬁg‘f‘;’r gsr;’ergixed’ 0.045 26 @51Ejv1t% [74]
ity MWCNT (CVD) i NaOH, HCl > 100 : stirred, hot pressed 007 21 g o2 175
W Garbolex e : - osHgo NGRS CNECY 009 23 N 74
fitvi MWCNT (CVD) : NaOH, HCl > 100 : stirred 014 18 4 e e 175
USI\EA’W MWCNT (CVD) ne i 100 C6H80 Soni‘f‘g‘fg’r gsr;’ergixed’ 019 27 @1 1E;v2t/ [74]
W Garbolex e : - caHgo  SOMERS YA CC 025 22 G, 74
ity MWCNT (CVD) ne : 5000 : dry mixed, hot pressed ~ 0.28 2.7 @1:5;\,1% [74]
UIZ)II\E/IW Sr\wli\é %’\ga(ﬁer;: ’ e - - - dry mixed, hot pressed 0.6 2.2 @SSE\-/\?t% [74]
UII-DIII\E/IW SY(\)/V?_ZLSAJ)C’ e - - - dry mixed, hot pressed 1.1 2.3 @53E\-,Jt% [74]
UI—PHI\E/IW SV\(/;(;’:& L(eAch), e - - - dry mixed, hot pressed 1.2 2.2 @53E\-Aﬁ% [74]
" MWCNT (CVD) e ?g{;’:g’e% o : ball milled, hot pressed 2 : @9;%’“\&% [76]
HD  cabonNanoweoh  ° purifed - He0.sDs SO e 4 @ewe 7]
o VD). : HCl > 100 : extruded 75 A R
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PLED Shgr\:!hC;Tl\E(a:r:i)?e),ch. e - 100 C8H10 sonicated, melt mixed 15 @ gg'\?’to . [79]
Pe0 Ml : o0 HRO.GA S e ed 045 13 - [e0
PEO MWCNT (CVD) i HNO3 : C3H80 stirred 15-50 - g . 18]
PET SV(\;(;RJ)‘(I;L(QLC), e - 1000 - extruded, hot pressed 0.7 - @12E\_:t% [82]
PET Sh'\é'xzhcgﬂ\}g%?e)éh_ e HCl 1000 86'3'356 sonicated 0.9 2.2 @SQE\'AiO . [83]
PFA  ghowaDerko KK - anneal >80 -  oator biado. 8 @ewe B4
P| SWF%(’:‘J&?VS_G”’ e i >300  CBH8O sonicated, stirred 005 15 @11E\',;‘t% [85]
P| H'\fr\)’gffo’\:ré;\;&’is e : 1000 C4HINO sonicated, stirred 0.3 16 @ ;i*\jvt% [86]
P| “’évgr?mzn(ggg]) : Hignot%m;\lea& 100 C4HINO sonicated 9.5 A fgv?\’lt . [87]
PMMA MWCNT (CVD) ne : : C8H1804 stirred, spincoated 0084 18 g ‘ng\fM [88]
PMMA ',\\IAZYSLN;b : : 1000 0(23%3882’ sonicated 0.12 A ?Esjm/ [89]
PMMA %‘;\’rg(')\fr\(j';:;‘fg? e soci2 : CHCI3 stirred 017 22 g 11%+V3't° . 17
PMMA %‘;Vrg(';‘rj[\(j';r'f;‘t’gc@g e i : CHCI3 stirred 017 13 4 21%+v3t° . [17)
PMMA N|I|}/i\r/10NNaTm(fe\</:E.)’ e : : C7HS8 sonicated, stirred 0.2 23 o 11%+V§t% [21]
PMMA SWCNT (Arc) e : : C7HS8 sonicated 033 2.1 @58'5;\,10/0 [90]
PMMA SW%'}'CL (S:]Fi’\f"@)’ e Hg’ng;:é)’ 45 C6H8O S&@ZZL‘TgiioHS? 0.37 @52E\',\i% [14]

hot pressed
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sonicated, H20

PMMA SW%’}‘CL (Sr']f\f"@)’ e HCl : C6H80 (coagulation), 039 23 @12E"5;°/ [16]
' hot pressed °
S sonicated, 1E-1
PMMA SWCNT (Arc) e HNO3 1000 C6H80 wet-stretched, 0.5 - @ 7 wt% [91]
hot pressed (parallel)
S sonicated, 1E-5
PMMA SWCNT (Arc) e HNO3 1000 C6H80 wet-stretched, 0.5 - @ 7 wt% [91]
hot pressed (perp.)
MWCNT, C6HB80, C2HF302, C2HF302, . i 8E-2
PMMA Aldrich - centrifugated 100 “c4m80 sonicated 0.65 @15wn (10
SWCNT (Arc), i i sonicated, centrifuged, 1E-1
PMMA Carbolex © H20, SDS hot pressed 0.7 2.0 @ 1.5 wt% [92]
SWCNT (HiPco®) HCI, CH40 sonicated, H2Q 1E-2
PMMA Rice Univ ’ e an,nealed ’ - C6H80 (coagulation), 1.3 - @ 2 Wi% [93]
' hot pressed
SWCNT (HiPco®), i . i 5E+1
PMMA Aldrich e SOCI2 CHCI3 shaken, sonicated <0.1 @ 0.5 Wt% [94]
PmMPV MWCNT (Arc) e i : C7H8 sonicated 0.06 14 @1 4E\'A?t% [95]
PmMPV MWCNT (Arc) e i 5 25 C7H8 sonicated 7.5 © e gg'\?vt% [96]
PmMPV MWCNT (Arc) e i : C7H8 sonicated, spincoated 8 : @%'éﬁ% 3]
PP MWCNT (CVD) ne - 1000 - extruded 0.07 - - [97]
. 1E-1
PP MWCNT (CVD) - - - - sonicated, extruded 0.4 @ 0.07 Wt% [98]
MWCNT .
’ ) ) ) i extruded (high shear), 2E+0
PP Nanostr. and Amorph. hot pressed 0.44 @ 9 Wi% [99]
Mat. Inc.
MWCNT (CVD), H2S04/HNOS, i 2E-1
PP ljin Nanotech. e filtrated 1000 extruded, hot pressed 1.5 @ 5 Wi% [100]
5E-1
PP MWCNT (CVD) - HF, HCI - - extruded, hot pressed 2 @ 10 Wt% [101]
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MWCNT,

extruded (low shear),

1E-4

PP Nanostr. and Amorph. - - - - 2.62 - o [99]
Mat. Inc. hot pressed @ 2.6 wt%
PPV SWCNT (Laser) e : : : sonicated 18 2.0 1E+3 [102]
) ’ @ 64 wt%

SWCNT (HiPco®), i . . i . 7E+0

PS Carbon Nanotech. e PEE-functionalized CHCI3 shaken, sonicated 0.05 1.5 @ 7 W% [65]

PS MWCNT (CVD), e - <60 C6H80 sonicated, stirred 0.16 - - [103]

Arkema

SWCNT (Arc), . . 1E-3

PS Carbol.ex e annealed - C6H4CI2 sonicated, stirred 0.27 2.0 @ 1 Wt% [104]
SWCNT (Arc), i i sonicated, centrifuged, 1E+0

PS Carbolex © H20, SDS hot pressed 0.28 16 @ 1.5 wt% [92]
SWCNT (Arc), i i . . 3E-6

PS Carbolex e C6H4CI2 sonicated, stirred 0.44 3.6 @ 2 Wi% [104]

PS MWCNT (CVD) ne - 1000 - extruded 0.45 - - [97]
MWCNT (CVD), . 1E-2

PS ljin Nanotech. e HNO3, HCI - - sonicated 0.8 - @ 2 W% [105]
SWCNT (Arc), i i sonicated, centrifuged, i i 1E-6

PS Carbolex © H20, GA hot pressed @ 3 wit% [92]
. sonicated, 1E+4

PS BMWCNT (Arc) e C3H60, filtrated - C7H8 hot pressed <12 - @ 25 wit% [106]
. sonicated, 3E+2

PS MWCNT (Arc) e C3H60, filtrated - C7H8 hot pressed <12 - @ 25 wit% [106]

H20, AIBN, . . )
PS-~ SWCNT (CoMoCAT®), HF, filtrated 2000 C5H8, SDBS, ~ Sonicated, stired 0.2 7.3 184 o7
Latex Soutwest Nanotech. C16H34 (miniemulsion) @ 3 wit%

PS- SWCNT (CoMoCAT®), . H20, AIBN, sonicated, stirred 5E-5

Latex Soutwest Nanotech. © HF, filtrated 2000 C5H8, SDBS (macroemulsion) 0.2 7.6 @ 3 wit% [107]
PS- . 1E+1

Latex MWCNT (CVD) e HNO3 >100 H20, SDBS sonicated 0.36 1.7 @ 6 W% [108]
PS- sonicated, freeze dried, 1E-1

Latex MWCNT (CVD) e HNO3 >100 H20, SDBS hot pressed 0.9 3.9 @ 6 W% [108]
PS- SWCNT (Arc), i sonicated, centrifuged, 5E-3

Latex Carbolex © 1000 H20, SDS hot pressed 1.5 4.9 @ 5 wit% [109]
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e MWGCNT (CVD) . - Hzo,sps  Soneated certriuged, 25 - @i 100
PU N|I|}/i\r/1CNNaTn<(fe\éE.)’ oxidized 1000 MEK,BKC ~ Someated stired, 0.018 15 @88'5;\20/0 [111]
PU Appm%'\ge’nce i ~100  C4H8O stirred 1 31 @ 21'?\30 . [19]
PVA Ahwah'\rfevzc':l"\erclz_f’m. Inc. stfi(ﬁ:la{tl—gc\jloa i CEHBO S%Tieietltggbisntri:;d, 0.2 i @15E :/rv1t% [112]

oo e, T e I w1 gk
T e mmem e 5 o,

PVDF Carbi‘r’]VNC;\'antech. H2S04 (oo C6HBO spincoated 0.02 A 0?’55'4wt% [116]

PVDF MWGCNT : : C6H8O hf)‘i”;‘r’:;zga 3.2 0.9 @24E\',$o . [117]

SPPA MWCNT : : : sonicated 35 A gg-\jvﬁ . [118]

. 1E-1
UPR MWCNT (CVD) annealed - - m:‘;rr‘]'gt"i‘éﬁ?él g <1 - %Jr ;ﬁtef) [119]
. 5E-3

UPR MWCNT (CVD) annealed - - mz‘;?]'gﬁ‘éi?él g <1 - @zp1e rv;t;’/o [119]
VE MWCNT (CVD) NaOH, HCI, K2MnO4 - : sonicated, stirred <05 : @42E\'Ai% [120]

vMQ MWCNT APTS-functionalized 500 : hot pressed 2.4 2.9 @45E\',\j‘t% [121]
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