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Abstract. The effect of different nanoparticles on the geometrical percolation transition of multi-wall carbon nanotubes
(CNT) in polypropylene (PP) composites was studied. Our results show that the electrical conductivity of PP/CNT compos-
ites (around 2 vol%) can be tuned depending on the characteristic of the third component. Non-conductive layered silica
fillers disrupt the CNT percolated network reducing the electrical conductivity of the composite. Spherical nanoparticles
otherwise, either copper metal or silica-based, decrease the percolation threshold down to 0.5 vol% of CNT. These results
cannot be explained by previous theories about the effect of a second particle on the electrical behaviour of polymer/CNT
composites such as the interparticle bridging or the excluded volume. The effect of annealing in the melt was further ana-
lyzed and our results show that depending on the concentration and the type of filler, the electrical conductivity of the com-

posites can be increased several orders of magnitude.
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1. Introduction

The production of electrical conductive plastic mate-
rials seems to be one of the most important applica-
tions of polymer/carbon nanotube (CNT) composites
in commodity materials such as polyolefins. The rea-
son is the extremely low amount of filler needed to
obtain the geometrical percolation threshold in these
systems as compared with other nano or microfillers
[1]. Motivated by the good results in this field,
researchers have tried to decrease further the percola-
tion transition by adding to polymer/CNT compos-
ites a third component, such as another polymer or a
second particle [2—4]. A larger confinement of CNT
has been reported as the driving force for the
decrease in the percolation threshold in these hybrid
composite materials [2, 3, 5].
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By adding clay particles into epoxy/single wall car-
bon nanotube (SWCNT) composites, Liu and Grun-
lan [4] found that the electrical conductivity perco-
lation threshold of CNT can be reduced by a factor
of five. SWCNTs appear to have an affinity for clay
causing a more exfoliated and a better networked
state in the composites explaining partially the
results [4]. The excluded volume created by the
micron-scale clay clusters forming a segregated
network of nanotubes can also explain these con-
ductivity improvements [4]. In PP/CNT composites,
the addition of micro-particles of CaCOj; results in a
significant reduction in the electrical resistivity that
was explained by the concept of effective concen-
tration similar to the excluded volume theory [5].
After incorporation of the inert micro-filler into the
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composite, CaCO; will hold up certain space
increasing the effective concentration of CNT (vol-
ume percentage) and in this way the probability of
connecting with each other. Similar results were
reported by the same authors using other fillers (e.g.
talc and wollastonite) and polymer matrices (e.g.
polyoxymethylene and polyamide) [5]. This theory
is further supported by the results from Kotaki ez al.
[6] in epoxy/clay/vapour grown carbon fiber hybrid
composite materials. Despite the above mentioned
results, a higher electrical percolation threshold in
PP/clay/CNT hybrid composite materials than in
PP/CNT composites has been reported [7]. The dis-
ruption of the interconnecting conduction paths
from the CNT because of the clay was stated as the
reason for this drop in the conductivity.

An interesting novel hybrid composite material
based on PP/CNT composites was developed by
Liang et al. [8]. The addition of small amount of sil-
ver metal nanoparticles promoted significantly the
electrical properties of the resulting material [8].
The mechanism proposed for this improvement was
the anchoring of Ag particles among CNT clusters
facilitating the electron transfer through the carbon
filler. In this way, CNT act as bridges for individual
silver particles, or vice versa, yielding high electri-
cal conductivities and decreasing the percolation
threshold. This model is supported by the results of
Balik and coworkers [2, 3] studying hybrid com-
posite materials composed of blend matrices with
carbon fiber and graphite particles. In particular,
carbon fiber can bridge distant and unconnected
graphite particles increasing the overall conductiv-
ity of the system. However, the above mentioned
authors did not perform experiments with non-con-
ductive particles of similar characteristics. There-
fore, the need of a second conductive particle has
not been proved in this context.

The above mentioned shows that the effect of a
third component on the electrical performance of
polymer/CNT composites, forming a hybrid com-
posite material, is not completely understood justi-
fying further investigations. In this article, we ana-
lyze how the type of particle can tune the geometri-
cal electrical percolation of polypropylene/CNT
composites. In particular, layered-clay, spherical
copper metal, and spherical silica particles of differ-
ent diameters were studied. Our results show that
the final conductivity of the hybrid composite mate-

rial depends on the particle aspect ratio and that
models such as excluded volume and interparticle
bridge are not able to explain the whole experimen-
tal evidence. The effect of annealing in the melt on
the conductivity of the samples was further studied.

2. Experimental

A commercial grade polypropylene from Petroquim
S.A. (Chile) (PH1310) with a melt flow rate
(230°C/2.16 kg) of 13 g/10 min (Norm ASTM D-
1238/95) was used as matrix. The multiwalled car-
bon nanotubes (MWCNT) were kindly supplied by
Bayer Material Science AG (Germany) (Baytubes
C150P). Based on the datasheet information pro-
vided by Bayer, they are characterized by a purity
higher than 95 wt%, number of walls between 2 and
15, an outer mean diameter of 13—16 nm, an inner
mean diameter of 4 nm, length between 1 and
>10 um, and a bulk density around 150 kg/m>. The
montmorillonite clay filler is a Cloisite 15A from
Southern Clay Product Inc. (USA) with a cation
exchange capacity (CEC) of 125 [meq/100 g of
clay]. The copper nanoparticles (CuNP) with an
average particle size of 5 nm as measured by high
resolution transmission electron microscopy (TEM)
were supplied by Versus Co. Ltd. (Chile).

Spherical silica nanoparticles of 100 nm were syn-
thesized by the sol-gel method using a two-stage
mixed semi-batch method, as previously reported
[9]. In the first stage, Solutions A and B were pre-
pared. For Solution A, 0.5 M of thetraethylortosili-
cate (TEOS) was dissolved in 22 mL of ethanol
whereas in Solution B, 0.2 M of aqueous ammonia
solution was added to 23 mL of ethanol and 2 mL of
water. Solution B was then added dropwise to Solu-
tion A. The resulting mixture was allowed to react
for 60 minutes at 40°C under a N, atmosphere. In
the second stage, Solutions A and B were again pre-
pared and added to the reactor containing the solu-
tion and the particles prepared in the first stage. The
solutions were separated by centrifugation
(10.000 rpm, 20 minutes) and washed three times
with ethanol. For the 10 nm spherical particles a
similar procedure was carried out but adding 23 mL
of ethanol and 55 mL of TEOS in Solution A and
23.5 mL of ethanol, 54 mL of water and 2.2 mL of
ammonia for Solution B. The nanoparticles were
then calcined for 4 hours at 450°C and dried for
6 hours at 100°C.
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The composites and the master batch for clay filler
were prepared by using a Brabender Plasticorder
(Brabender, Germnay) internal mixer at 190°C and
a speed of 110 rpm. For PP/CNT composites, pre-
determined amounts of the nanofiller, antioxidant
and neat polymer were mixed under nitrogen
atmosphere in order to obtain the composites with
filler content ranges from 0.5 to 4 vol%. First, a half
of polymer pellets (around 1 cm size) with the
antioxidant (powder) were added to the mixer oper-
ated at 75 rpm. After 3 minutes approximately for
melt the polymer, the filler was added during 2 min-
utes. Finally, the rest of polymer pellets was added
and the speed of the mixer was raised a 110 rpm for
10 minutes. Therefore, the total mixing time was
around 16 minutes. For the hybrid materials, first
the polymer was added to the mixer followed by the
proper amount of CNT as above explained and
afterwards, the desired amount of the second nano-
particle to prepare hybrid materials was added. In
this case, the total time for the mixing was around
20 minutes. To analyse the effect of mixing time on
the electrical behaviour of PP/CNT composites,
several times were tested in the mixer but not effect
was detected in the electrical behaviour. For PP/
CNT/clay hybrid composites a commercial poly-
propylene grafted with maleic anhydride (Polybond
3200, Chemtura, USA) was further used as compat-
ibilizer. In this case, a master batch containing a
mixture of silica layered particles and the compati-
bilizer with a weight ratio of 1:3 was prepared
under the same conditions as explained above.

o

a)

Transmission electron microscopy (TEM) images
were made in a Philips (The Nteherlands) model
CM 100 at 80 kV. Ultrathin sections of about 70 nm
were obtained by cutting the samples with an Ultra-
cut Reichert-Jung (Germany) microtome equipped
with a Diatome diamond knife. For the electric
resistivity, different meghommeters (Megger BM11
with a highest voltage of 1200 V and AEMC 1060
with a highest voltage of 5000 V) were used depend-
ing on the conductivity of the samples. With this
set-up the standard two-points method was used.
These values were compared with those coming
from a commercial four-points methods (Jandel
RM3-AR, Multiheight Probe’), and not relevant
differences were detected. For each electrical value
displayed in this contribution, at least three samples
were prepared and four measurements for each one
were carried out. In general, differences around one
order of magnitude were detected in the non-perco-
lated samples having low conductivity values
(~107 S/cm). For percolated samples otherwise the
experimental error for conductivities was less than
50%. For annealing tests, the samples were putted
in a hot-press at 190°C for 30 minutes without pres-
sure. For these tests, samples of 50 10 mm? and a
thickness of 1 mm were used.

3. Results and discussion

3.1. Polypropylene/CNT composites

Figure 1a displays a representative image of a com-
posite of polypropylene with 2.4 vol% of multi
walled carbon nanotubes (CNT). The CNT aggre-

Figure 1. Representative TEM images of some samples studied: a) polypropylene/CNT composites with 2.4 vol% of filler;
b) polypropylene with 2.4 vol% of CNT and 5.5 vol% of clay; and c¢) polypropylene with 2.4 vol% of CNT and

10 vol% of copper nanoparticles (CuNP)
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Figure 2. Effect of clay particles on the electrical conduc-
tivity of polypropylene/CNT composites

gate forming secondary structures with sizes around
400 nm that are well distributed into the polymer
matrix. Together with these agglomerates, isolated
CNT can also be found as reported previously [10,
11]. In the in-set of Figure la, there is an image at
larger magnification showing the characteristic mor-
phology of isolated CNT by regular resolution TEM.
The lateral wall of the tubes are clearly observed
because the higher electron density (the (002) lat-
tice image) whereas the top/bottom part of the tubes
cannot be detected appearing as transparent.
Although it is not observed by our TEM images, the
secondary structures can be continuously intercon-
nected through the polymer by means of isolated
CNTs forming a network. This hypothesis is con-
firmed observing Figure 2 where the electrical con-
ductivity is plotted against the CNT concentration.
At concentrations higher than 2 vol% a drastic
increase in the conductivity of the composites is
displayed because of the presence of a continue
conduction path of CNT through the polymer matrix
[1, 12]. Based on this information, a set of hybrid
composite materials containing different concentra-
tions of CNT and either copper metal or silica
nanoparticles, were prepared and characterized in
order to discuss the effect of a second nanoparticle
on the electrical behaviour of PP/CNT composites.

3.2. Layered particles

There are several articles confirming that high
aspect ratio particles, such as layered clays, increase
the electrical conductivity of PP/CNT composites.
However, our results show that well dispersed lay-
ered fillers do not raise the conductivity as observed

in Figure 2. Moreover, with 5.5 vol% of clay, the
layered filler drastically reduces the conductivity of
the composites showing a disruption of the CNT
network. The restrictions that layered fillers cause
on the CNT network can be further observed by
TEM images as displayed in Figure 1b. In this fig-
ure, clay appears as dense layered particles contrary
to CNT where the lateral walls are only observed as
discussed previously. Therefore, a reduction in the
volume available for CNT dispersion due to the
clays is not the only effect of these layered fillers.
High aspect ratio clay particles can also hinder the
interconnection between CNT acting as a wall
between them. In this way, based on our results and
those from previous literature, we can say that
depending on the concentration of clay and its dis-
persion, two processes compete having opposite
consequences: 1) decrease in the free volume
available for CNT dispersion increasing the electri-
cal conductivity, as reported previously; and 2) dis-
ruption of the CNT network decreasing the conduc-
tivity, as our results support.

3.3. Conductive spherical particles

Motivated by the recent results obtained by Liang et
al. [8] and Balik and coworkers [2, 3] showing that
a conductive second nanoparticle can increase the
electrical conductivity of polymer/CNT compos-
ites, we added copper metal nanoparticles (CuNP)
to PP/CNT composites. Figure 1¢ show a represen-
tative image of this hybrid composite material where
the black-spot represent the CuNP. If the dispersion
of these CuNP in the hybrid composite material is
compared with that from PP/CuNP composite [13],
a drastic decrease in the agglomeration level is
observed when CNT are presented. In particular,
Figure 1c display well dispersed individual CuNP
instead of agglomerated structure as in PP/CuNP
composites [13]. Our results could be explained
based on the conclusion of Liu et al. [4] regarding the
larger affinity of CNT to clay particles improving
its dispersion. In this way, CuNP could have larger
affinity to CNT than with PP producing a better dis-
persion of the inorganic filler in the hybrid compos-
ite material. The latter is supported by the recent
publications about in-situ synthesis of CuNP onto
CNT [14, 15].

Figure 3 shows that by adding spherical conductive
particles the overall conductivity of the composite
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Figure 3. Effect of copper metal nanoparticles on the elec-
trical conductivity of polypropylene/CNT com-
posites

is increased and the percolation threshold is reduced
by a factor of two. Moreover, the conductivity
depends on the amount of CuNP in the material. An
interesting characteristic of these novel hybrid
materials is that the electrical conductivity when
they are percolated is similar to those obtained from
the composites with CNT.

3.4. Non-conductive spherical particles

Based on our results and previous articles, metal
particles acting as bridge between CNT, or vice
versa, is a plausible mechanism to explain the
enhanced electrical conductivity in this kind of
hybrid composite materials. However, the addition
of non-conductive fillers to PP/CNT composites as
similar as CuNP is the only way to confirm this
bridge-theory. In this context, two silica particles of
10 and 100 nm were synthesized by the sol-gel
method. Particles of 10 nm represent the isolated
CuNP whereas those of 100 nm are prepared as sec-
ondary structures of CuNP in PP matrices are of this
order of magnitude in size [13].

Figure 4 shows the results of adding 10 vol% of
non-conductive silica particles to PP/CNT compos-
ites where it is also displayed the results from
hybrid composite materials prepared with CuNP.
Results from Figure 4 clearly show that non-con-
ductive fillers are able to increase drastically the
conductivity of the composite reducing the percola-
tion threshold by a factor of two. The effect of these
non-conductive filler is size-dependent as 10 nm
particles render larger enhancements to the electri-
cal conductivity than 100 nm particles. Noteworthy,
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Figure 4. Effect of adding 10 vol% of different nanoparti-
cles to the electrical conductivity of polypropy-
lene/CNT composites

the improvement in conduction by these fillers is
similar to that caused by CuNP ruling out the
hypothesis that conductive particles can act as a
bridge between CNT or vice versa. A plausible
mechanism explaining these findings is the increased
effective concentration of CNT in the polymer
matrix as spherical particles can reduce the avail-
able volume for filler dispersion as discussed previ-
ously for other fillers.

Therefore, based on the information displayed in
Figure 2, 3 and 4, we can conclude that the effect of
a second nanoparticle on the electrical conductivity
of PP/CNT composites can be explained by two
complementary and competitive mechanisms: 1) the
excluded volume theory and 2) the disruption of
the CNT network by the filler. Layered clay fillers
disrupt the geometrical percolation of the compos-
ite reducing the conductivity whereas spherical par-
ticles reduce the free volume for CNT dispersion
increasing the effective concentration and the elec-
trical conductivity of the composite.

3.5. Annealing effect

It is well known that the conductivity of polymer/
CNT composites can be increased by annealing at
temperatures higher than the melting temperature of
the matrix [16, 17]. These changes in conductivity
are related with the non-equilibrium state of CNT in
high viscous matrices under these quiescent condi-
tions [18] driven by either the entropic forces of self-
organization [19] or the high attractive interparticle
potential [20-22] overcoming its limited Brownian
motion. These processes together with the filler re-

643



Palza et al. — eXPRESS Polymer Letters Vol.6, No.§ (2012) 639—646

—
(=]
(=3
wl
WO

o [S/m)

104 'O

m- pre-annealed sample
3 —~O— after annealing
10710 T T T T T T T T
0 1 2 3 4
CNT [vol%]

] QQQQ s B

Figure 5. Effect of annealing (30 minutes at 190°C) on the
electrical conductivity of polypropylene/CNT
composites

arrangements due to relaxation of polymer chains at
high temperatures, can form conductive agglomer-
ates from the initially dispersed CNT [16, 22-24].
Independent of the mechanism, under annealing the
mean distance between CNT, or its clusters, decreases
causing enhanced conductivities [17]. This hypoth-
esis regarding agglomeration of CNT under anneal-
ing, although at higher pressure, has been recently
observed by TEM images [11].

Figure 5 displays the effect of annealing on the
electrical behaviour of PP/CNT composites. As dis-
cussed above, at high temperatures the composites
increase the electrical conductivity due to a re-
arrangement of CNT decreasing its mean distance
[17]. Although this tendency is well known in poly-
mer/CNT composites, the effect of a second nano-
particle on this behaviour has not been reported.
Regarding layered particles as second filler, our
results (not shown) indicate that there is no a signif-
icant effect of annealing on the conductivities of
PP/CNT composites and changes in the same range
as the experimental error are mainly measured.
However, when spherical particles are used, more
interesting results are observed as the effect will
depend on the particle size and its concentration.
Figure 6 displays the effect of annealing on the
electrical conductivity of PP/CNT/CuNP hybrid
composite materials where the data from non-
annealed samples are also displayed for comparison.
Similar to PP/CNT composites, annealing process is
able to increase the conductivity of the samples but
the final effect depends on the amount of the second
filler. At low CuNP concentration, a softly increase
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Figure 6. Effect of annealing (30 minutes at 190°C) on the
electrical conductivity of polypropylene/CNT/
copper nanoparticle (CuNP) hybrid composite
materials. Square: 1,1 vol% of CuNP; circle:
4,1 vol% of CuNP; and triangle: 10 vol% of
CuNP. Black symbols represent pre-annealed
samples whereas white symbols represent the
annealed samples.

(in the range of the experimental error) is mainly
observed independent of the amount of CNT. These
increases are lower than those obtained from PP/
CNT meaning that similar to layered fillers, low
CuNP content reduces or hinders the re-arrangement
processes of CNT.

The effect of annealing in PP/CNT/silica nanoparti-
cle hybrid composites is displayed in Figure 7. Our
results indicate that the annealing effect depends on
the size of the second filler as samples with parti-
cles of 10 nm do not show any effect whereas sam-

10" 4
10 .
s m-—8"0
1 o
= 10° § /7 . @
© 107 4 a7 ®
3 o
107 o ‘m;
; T
10°° _‘ - O
'!
107" = r T
0 1 2 3
CNT [vol2]

Figure 7. Effect of annealing (30 minutes at 190°C) on the
electrical conductivity of polypropylene/CNT
hybrid composite materials with 10 vol% of silica
nanoparticles. Square: 10 nm particles and circle:
100 nm particles. Black symbols represent pre-
annealed samples whereas white symbols repre-
sent the annealed samples.
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ples with particles of 100 nm display strong
increases in conductivities. Regarding samples with
10 nm particles, there are two plausible theories
about the lack of annealing effect: 1) nanoparticles
hinder the re-arrangement of CNT similar to that
discussed in the case of CuNP and clay; and 2) the
presence of a second nanoparticle already improves
the conductivity of the pre-annealed sample and
therefore to increase even more the conductivity is
not possible. The latter is based on the fact that
these hybrid composite materials have the highest
conductivities when compared with the other sam-
ples. On the other hand, the difference observed
between samples with CuNP and samples with sil-
ica nanoparticles of 10 nm can be related with the
agglomeration processes in the former system as
reported previously [13].

4. Conclusions

The effect of a second nanoparticle on the electrical
behaviour of polypropylene/CNT materials was
studied. Our results show that the final conductivity
of the hybrid composite depends on the characteris-
tic of the second filler. In particular, layered fillers
disrupt the geometrical percolation decreasing the
conductivity of the sample whereas nano-spheres
could reduce the available volume for CNT disper-
sion decreasing the electrical percolation threshold.
Furthermore, conductive CuNP and non-conductive
silica nanoparticles have the same effect ruling out
the bridge theory as reported previously. Regarding
annealing effect, polypropylene/CNT composites
and hybrid composite materials with high amount
of the second filler show relevant increases in the
electrical conductivity with time. However, layered
fillers and low concentration of spherical nanoparti-
cles hinder the re-arrangement of CNT avoiding the
annealing effect at high temperatures.
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