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Abstract A simple and versatile method for the prepa-
ration of conductive composites based on core—shell
polyaniline (PANI) one-dimensional nanoclay distributed
in poly(ethylene-vinyl acetate) (EVA) latex with high
colloidal stability is demonstrated. The morphological and
electrical properties of the composites were investigated.
The nanostructures were synthesized from PANI-coated
sepiolite nanorods via in situ oxidative polymerization after
the surface modification of the sepiolite with ammonium
and anilinium salts. Two forms of PANI nanoclay, powder
and paste, have shown a much different percolation
threshold and significantly different morphologies due to
their dispersion ability in EVA matrix. At the same PANI
content, the conductivity of the blends with paste is much
higher than that of blends with powder PANI nanoclay.
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Introduction

It is widely accepted that the conductivity of insulating
polymers with conductive fillers is a result of the development
of a network of touching filler particles. Many percolation
models have been developed to define the critical filler
volume fraction, at which a network is formed in conductive
polymer compounds. The most prominent one was created by
Kirkpatrick [1] and Zallen [2], in which the required
minimum filler volume fraction to form a continuous
network of touching particles is 16 vol.%.

For years, further studies have shown that the key factors
to achieve high conductivity in polymer-based composites
are primarily the conductivity and dimension of fillers,
followed by the filler dispersion, i.e., an effective filler
dispersion to achieve high conductivity [3—5]. For example,
depending on carbon nanotubes (CNT) quality, conductivity,
dimension, and dispersion, the percolation threshold of CNT
in polymers was varied from CNT volume fraction 0.1 vol.%
to 10 wt.% [6-8].

Recently, various nanoscale applications, e.g., low
percolation threshold of conductivity, have motivated the
synthesis of one-dimensional conducting nanomaterials
such as nanofibers, nanotubes, and nanorods [9]. The
template polymerization of conducting polymers is one of
the most facile ways to obtain nanoscaled materials [10—13].
One-dimensional polyaniline (PANI) nanotubes/fibers were
well prepared with different templates, such as metal oxide
[14, 15], gold and other metals [16, 17], CNTs [18-21], and
other nanomaterials [22-25].

For instance, Sainz et al. [ 18] polymerized PANI onto CNT
resulting in a soluble CNT/PANI composite that displayed
higher thermal and electrical properties. The thickness of the
PANI layer on CNT could be conveniently tuned by the
feeding amount of the monomer and polymerization con-
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ditions [26, 27]. Moreover, the high aspect ratio of PANI/
single-wall CNT enables percolation into a conducting
network at extremely low nanotube concentrations [28].

In other cases, Yu et al. synthesized uniform PANI-
sodium alginate nanofibers template-guided by alginate.
The biopolymer-PANI nanofibers with uniform diameters
varying from 40 to 100 nm were obtained by changing the
ratio of aniline to alginate [29].

However, to well disperse these nanoconducting particles
into polymer matrix is one of the most difficult challenges
for high-conducting composites. Well dispersion of nano-
partilces was achieved either by high affinity or by good
miscibility in the following cases. Hu et al. [30] prepared
binary conductive polymer composites with percolation
thresholds as low as 0.2 vol.% through blending carbon
black and polyurethane latex.

For PANI, Goh et al. [31] had found that poly(vinyl acetate)
(PVAc) can be miscible with p-phenolsulfonic acid-doped
PANI. Blends containing 50 wt.% or less of PANI-PSA were
miscible with PVAc. Barra et al. [32] also studied the
conducting blends of ethylene-vinyl acetate (EVA) copoly-
mers and PANI doped with dodecylbenzenesulfonic acid
(DBSA). The percolation threshold point and morphology were
closely related to methods of polymerization and blending.

With these in mind, in this article, we first prepared PANI
nanorods with one-dimensional natural clay, sepiolite, as
templates, then chose poly EVA latex to disperse the
nanoparticles (as shown in Scheme 1) based on the following
two reasons: the high affinity of doped PANI to water with
surfactants (latex) and the good miscibility of PANI to PVAc.
The resultant conducting materials show a low percolation
threshold and high colloidal stability due to the well
dispersion of nanoparticles.

Experimental

Materials

Sepiolite nanoclay was provided by Tolsa, Madrid, Spain,
as a fine white powder. Poly(vinyl acetate-ethylene) (EVA,
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Celvolit® 1602) aqueous latex (55 wt.% solid content,
Tg=12 °C) was supplied by Celvolit. Aniline (Sinopharm
Chemical Reagent, Shanghai, China) was freshly distilled
under pressure before use. Concentrated hydrochloric
acid, dimethyl dioctadecylammonium bromide (DODAB),
ammonium persulfate (APS), and DBSA were received
from Sinopharm Chemical Reagent and used without
further purification.

Polymerization and blending

The nanoscaled sepiolite was pretreated with the ammonium
salt DODAB in a flask under magnetic stirring as follows:
DODAB (0.2 g) was added into 300 ml water and 2.0 g
sepiolite was dispersed into the mixture in ultrasonic bath for
2 h. Then, different weight ratios of aniline and DBSA (at a
stoichiometric ratio) to sepiolite were added into the suspen-
sion, the mixture was stirred for 12 h under magnetic stirring,
and the suspension was redispersed in ultrasonic bath for
another 2 h. The above prepared homogenous milky
dispersion was cooled (0 °C) with mechanical stirring in an
ultrasonic bath, and a solution of APS oxidant was added
dropwise to initiate polymerization. The polymerization
reaction was stopped after the dispersion became dark green,
indicative of the formation of emeraldine salt with nanoclay.
The stable dispersion, containing PANI-DBSA-clay particles,
excess DBSA, DODAB, and water, was subsequently treated
by two different ways. The first method was to add methanol
to the dispersion in order to precipitate the doped PANI
composites. The precipitate was filtered, washed with
deionized water, and dried under vacuum at 60 °C overnight.
The dry product was pulverized into fine powder. The second
method was to concentrate the dispersion by filtering the
product, at the same time washing it with deionized water for
several times until the pH value changed to 7. The resultant
product is a dark-green, paste-like PANI-DBSA-clay
dispersion (about 10 wt.% concentration).

The PANI nanoclay, either in paste or in powder state,
was blended with EVA latex directly by mechanical stirring
at 200 rpm for 2 h. For the powder form of PANI nanoclay,
another 2 h of dispersion in an ultrasonic bath was

Composutes .

EVA marix

emulsion

Scheme 1 Schematic representation of template polymerization of PANI on sepiolite and the formation of conductive nanocomposites via latex

blending
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performed. The resultant green mixture was sealed and
preserved at room temperature.

Characterization

For transmission electron microscopy (TEM) study of the
structure of sepiolite, a drop of diluted (0.01 wt.%)
DODAB-treated clay in water was put on the carbon-
coated copper grids, the water was evaporated, and the
samples were imaged at 12-kV accelerating voltage by a
TEM-100CX apparatus, manufactured by JEOL, Tokyo,
Japan. The structures of PANI nanoclay and their blends

- t-‘
DET: SE Detector | -
DATE: 01119/07 2pm
Device: TS5136MM

SEM MAG: 30.00 kx
HY. 30.0kY
VAC: Hivac

Vega @Tescan HYV: 30.0 kY
Fudan Unhersity Image  VAC: HiVac

with EVA latex were observed under a scanning electron
microscope (SEM) (Tescan TS 5163 MM) at 20-kV
accelerating voltage. The samples were observed directly
without coating them with a gold layer due to their high
conductivity. Infrared spectra were recorded on a Nicolet
NEXUS 470 Fourier transform infrared spectrometer using
samples in KBr pellets. X-ray diffraction experiments were
performed with a Philips (Andover, MA, USA) X’pert
MPD Pro X-ray diffractometer. Thermal decompositions
were performed from room temperature to 700 °C on
powdered samples with masses between 8 and 15 mg using
a Mettler-Toledo TGA-50 thermogravimetric analyzer at a

SEM MAG: 30,00 ke
HY. 200KV
VAC HiVac

DET: SE Detector
DATE: D5/24/06
Device: TS5136MM

Vena @Tescan
Digital Microscopy Imaging
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Fig. 1 Morphologies of sepiolite and PANI nanoclay. a TEM imagine of sepiolite in water; b SEM image of PANI nanoclay with aniline/DSBA—
sepiolite = 1:3; ¢ SEM image of PANI nanoclay with aniline/DSBA-sepiolite = 2:1; d magnification of the rod-like PANI nanoclay
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Fig. 2 TGA thermograms of sepiolite and PANI in different ratios

heating rate of 10 °C/min in a nitrogen atmosphere. The
electrical conductivity of films (up to 1077 S/cm) was
measured using the “four-probe technique” (ASTM D
991-89). The electrical conductivity of less conductive
films was measured using the “two-electrode technique”
(DIN 53596). Samples for the latter technique were coated
with a silver paint to reduce the sample—electrode contact
resistance.

Results and discussion

Sepiolite is a type of natural fibrillar silicate clay, and its
fibrillar single crystal is the smallest structure unit with a
length of 500-2,000 nm and a diameter of 10-25 nm. As
shown in Fig. la, in a good solvent, such as water, the
grafted ammonium salt and surfactant layer acts as a steric
stabilizer that gives the particle steeply repulsive interac-
tions. As a result, individual rod-like clay particles could be
observed in the TEM images; however, the particle has
larger specific surface area, so that aggregated particles of
two or three rods together were also found.

For the preparation of core—shell PANI nanoclay, the
weight ratio of aniline/DBSA to sepiolite was varied from
1:3 to 3:1 during synthesis. The similar infrared spectrum
of neat PANI/DBSA and PANI nanoclay with different
ratios of sepiolite demonstrated the well polymerization of
aniline with sepiolite. Two absorption bands at 1,585 and
1,498 cm™' were observed corresponding to quinoid and
benzenoid ring deformations, respectively, which is in good
agreement with the characteristic bands of emeraldine salt
reported in the literature [33]. The C-N stretching of the
secondary aromatic amine and aromatic C—H out-of-plane
bending modes are also observed at 1,305 and 829 cm_l,
respectively. TGA curves of the neat sepiolite, PANI, and
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PANI nanoclay composite particles prepared with different
ratios of sepiolite correspond well with IR results (as shown
in Fig. 2).

With the increase in weight percentage of aniline/DBSA,
the conductivity of the resultant PANI-coated sepiolite is
found to increase from 0.02 S/cm for aniline/DBSA to
sepiolite=1:3 to 0.1 S/cm for aniline/DBSA to sepiolite=
1:2, and it almost attains the maximum value of 0.2 S/cm
when the weight ratio of aniline/DBSA to sepiolite is 2:1.
With further increases in the weight percentage of aniline/
DBSA, the conductivity of the PANI nanoclay changes
little. The conductivity of the PANI nanoclay was found to
increase and reached the level of PANI with the ratio
increase of aniline/DBSA to sepiolite. Hence, it may be said
that particles of sepiolite are well coated with PANI. For
low weight percentages of aniline/DBSA, the coating of
PANI on all sepiolite particles may not be proper because
the relative proportion of aniline to sepiolite is decreased.
Therefore, the formation of a conducting path through the
aggregation of conducting particles is disturbed, leading to
the decrease in conductivity.

The morphologies of the core—shell PANI-nanoclay
particles were observed in the SEM images (Fig. 1b—d).
The particles prepared in different contents of sepiolite are
similar in general forms. This suggests that the ratio of
sepiolite to aniline/DBSA has few effects on the general
morphologies of the particles. However, with the increase
of the aniline/DBSA ratio, the diameter of the PANI-
nanoclay rod grows quickly, as shown in Fig. lc.

The sepiolite fibrillar single crystals have a diameter of
about 10 nm, as shown in Fig. la, and their lengths were
different due to processing conditions. All the sepiolite
needles were well encapsulated with thick PANI shells, and
the resultant core—shell particles keep the needle-like
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Fig. 3 X-ray diffraction patterns of sepiolite and PANI in different
states
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Fig. 4 Electrical conductivity and morphologies of EVA/PANI nano-
clay as a function of PANI nanoclay content in both powder and paste
forms. a Electrical conductivity; b SEM images of PANI nanoclay

structure. However, comparing the diameter of core—shell
particles with that of the initial sepiolite, one would find
that the average diameter has increased several times during
PANI polymerization. With the initial aggregations of
sepiolite needles in Fig. la, it can be deduced that this
increment in diameter also resulted from the conglutination
of the sepiolite fibrillar single crystals through their surface
PANI shells.

From high-magnified PANI-nanoclay particles in
Fig. 1d, rough PANI was observed to precipitate on the
surface of sepiolite. The X-ray diffraction patterns show the
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dispersed in EVA matrix via paste; ¢ SEM images of PANI nanoclay
dispersed in EVA matrix via powder; d magnified image of ¢

crystalline structure of sepiolite and neat PANI in Fig. 3.
After PANI polymerized onto the surface of sepiolite, it
also assembled some orientation from sepiolite as the peaks
at about 26.5 and 35 °C clearly indicate this kind of
structure duplication.

Based on the above results, in the following composites
with EVA, the PANI-coated sepiolite used was prepared by
maintaining the aniline/DBSA-to-sepiolite weight ratio at
2:1, and the product is designated as PANI nanoclay. As
EVA latex has high affinity for nanoparticles from emulsion
disperser and good miscibility with PANI due to the poly
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(vinyl acetate) components, with another advantage of low
pH value, which would not dedope PANI during blending,
the conductive composites would be anticipated to have a
low percolation threshold.

In an effort to investigate the parameters that influence
the dispersion of particles and electrical properties of the
EVA/PANI-nanoclay blends, samples were prepared by
blending EVA latex with either powder or paste PANI
nanoclay. It is found that powder PANI nanoclay cannot be
well dispersed in the EVA latex even after ultrasonic
mixing. The volume resistivity measurements of such
blends (Fig. 4a) containing 4 wt.% powder PANI nanoclay
show that they are almost insulators (conductivity<10~'° S/
cm), in contrast with the blends with the same amounts of
paste PANI nanoclay at about 10™® S/cm. The mixture of
EVA latex with PANI nanoclay (paste) is a green colloid
with an excellent dispersion, as the latex can be preserved
for 6 months without any signs of deterioration. The X-ray
diffraction patterns of EVA-PANI nanoclay (paste) shown
in Fig. 3 demonstrate the well dispersion of PANI nanoclay
into EVA; the disappearance of peaks at 25, 26.5, and 35 °C
indicates that PANI has partially dissolved into EVA matrix.

The different morphologies are compared in Fig. 4. For
the 4 wt.% powder blend (Fig. 4c), the poor dispersion of
PANI nanoclay leads to the creation of agglomerates
(Fig. 4d), which are bundles of PANI-nanoclay rods
together mostly surrounded by the insulating matrix and
unable to come into contact with each other. On the other
hand, the use of paste PANI nanoclay promotes the
dispersion of the conductive nanofiber in the matrix
(Fig. 4b), resulting in the formation of a very fine network.
Thus, the quality of PANI nanoclay dispersion is closely
related to the final electrical properties of the blends. The
formation of a PANI-nanoclay network in the EVA matrix
leads to enhanced electrical properties.

In summary, we have developed a facile way to disperse
nanoscaled PANI into polymer matrix through the method
described in Scheme 1. By using one-dimensional nanoclay
as template, PANI was successfully polymerized onto the
nanoclay surface to form well dispersed conductive nano-
rod into aqueous medium. During the polymerization
process, the PANI-nanoclay rod grows both in diameter
and length, which also comes from the aggregations of
sepiolite nanorods. Through blending with latex form
polymers, nanoconductive composites were obtained with
high colloidal stability due to the high affinity of PANI to
water and emulsion disperser and good miscibility of EVA
with PANI. During the drying process, water evaporated
from the latex and pushed nanorods to connect with each
other due to volume shrinkages. As a result, a well
dispersed EVA-PANI-nanoclay conductive composite was
obtained with a low percolation threshold and high
conductivity. We could anticipate that this kind of method
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would both increase the conductivity of PANI-based
materials and economize the cost of PANI manufacturing.

Conclusions

The well dispersed one-dimensional nanostructures were
synthesized from PANI-coated sepiolite nanofibers via in
situ oxidative polymerization after the surface modification
of the sepiolite with ammonium and anilinium salts. With
the increase of the aniline to sepiolite ratio, the conductivity
of resultant PANI nanoclay can reach the same level of neat
PANI. When blending with EVA latex, the paste form of
PANI nanoclay shows a low percolation threshold for
conductivity and high colloidal stability due to its well
dispersion in EVA matrix.
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