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O

a b s t r a c t

Exfoliated nanocomposites formed by poly(3,4-ethylenedioxythiophene) and different
concentrations of non-modified montmorillonite (bentonite), which range from 1% to
10% w/w, have been prepared by anodic electropolymerization in aqueous solution. Anal-
yses of the electrochemical and electrical properties reveal that the electroactivity of the
nanocomposites is higher than that of the individual homopolymer, while the electrical
conductivity of the two systems is practically identical. On the other hand, the exfoliated
distribution of the clay in the polymeric matrix and the morphology of the prepared mate-
rials have been characterized using transmission electron microscopy, X-ray diffraction
and atomic force microscopy. The overall of the results represents a significant improve-
ment with respect to other nanocomposites constituted by conducting polymers and clays,
including those involving poly(3,4-ethylenedioxythiophene), and evidences the reliability
of the preparation procedure employed in this work.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of polymer–clay nanocomposites is a
field of increasing interest due to the important technolog-
ical applications of these materials. Thus, composite sys-
tems formed by organic polymers and clay minerals
structured at the nanoscale level, which usually present a
unique layered structure, rich intercalation chemistry and
availability at low cost, have been used to develop plastic
materials with advanced mechanical properties, molecular
barrier behavior, fire retardant abilities, enhanced thermal
stability, etc., compared to the individual polymeric mate-
rials [1–7].
. All rights reserved.

uja), carlos.aleman@
On the other hand, electrically conducting polymers
have also attracted much attention due to their many
promising technological applications, as for example
microelectronic devices, electroluminescence devices, cor-
rosion inhibitors, electrochemomechanical devices and
chemical sensors [8]. Among conducting polymers, polyan-
iline (PAni) and polypyrrole (PPy) are particularly attrac-
tive because of their simple synthesis, high conductivity
and excellent environment stability. As a consequence,
many PAni–clay [4,9–15] and PPy–clay [4,15–20] nano-
composites have been prepared and analyzed in the last
years. The main effect induced by the incorporation of
the clay was the improvement of the thermal stability,
which was found to be higher for the nanocomposites than
for the conducting polymers. Poly(3,4-ethylenedioxythio-
phene) (PEDOT), a polythiophene derivative with high
electrical conductivity, transparency, structural stability,
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suitable morphology and fast doping–undoping mecha-
nism [21,22], has also attracted much attention. This mate-
rial, which was originally described and is currently
commercialized by the Bayer company, exhibits higher
thermal and environmental stabilities, and easier process-
ability than common conducting polymers, including PAni
and PPy [8,21,22]. Consequently, it has been proposed for
several technological applications, e.g. as sensor for spe-
cific DNA nucleotidic sequences [23], molecular condenser
[24,25] and anticorrosive additive of conventional organic
coatings [26].

Some hybrid nanocomposites formed by the combina-
tion of PEDOT and various inorganic materials have been re-
ported in the last years, e.g. PEDOT–V2O5 [27], PEDOT–MoO3

[28], PEDOT–graphite oxide [29] and PEDOT–clay [30,31].
PEDOT–clay nanocomposites were based on montmorillon-
ite (MMT), a smectite group mineral clay that belongs to the
general family of 2:1 layered silicates [32]. Unfortunately,
PEDOT–MMT nanocomposites usually show an intercala-
tive structure [30], which is also frequently found in PAni–
MMT [32–35] and PPy–MMT [19,36–38], rather than the
more desirable exfoliated organization. Thus, complete
exfoliation of MMT layers in conducting polymers is a
challenging task that, sometimes, requires complex and
expensive strategies, e.g. modifications of MMT with inter-
calative agents [39] and pre-synthesis of a graft copolymer
[40]. In a very recent study, an exfoliated PEDOT–MMT
nanocomposite was obtained by in situ polymerization in
an aqueous suspension containing a MMT organically
modified with octadecylammonium [41]. Unfortunately,
the investigations devoted to fabricate conducting poly-
mer–clay nanocomposites using simple anodic electropoly-
merization methods, which are frequently used for the
preparation of individual conducting polymers, are very
scarce [42,43] and completely inexistent for PEDOT-con-
taining systems. Moreover, in spite of the excellent electro-
chemical and electrical properties of PEDOT [21,22,44], such
properties were never examined in its clay-containing
nanocomposites.

In this work, we report the preparation of exfoliated
PEDOT–MMT nanocomposites by electropolymerization
in aqueous solution. Furthermore, the physical, electro-
chemical and electrical properties of the fabricated nano-
composites have been determined and compared with
those obtained for PEDOT homopolymer prepared using
identical experimental conditions. The paper is organized
as follows. The Methods and experimental procedures are
reported in the next section. After this, the preparation
and electrochemical characteristics of PEDOT–MMT and
PEDOT are discussed. Next, the structural, electrical and
morphological characteristics of the prepared materials
are examined and compared. Finally, the last section sum-
marizes the conclusions of the work.

2. Methods

2.1. Materials

3,4-Ethylenedioxythiophene (EDOT) monomer and
MMT (bentonite) were purchased from Aldrich and used
as received. LiClO4 analytical reagent grade from Aldrich
was stored in an oven at 80 �C before use in the electro-
chemical trials.

2.2. Preparation

Both PEDOT and PEDOT–MMT nanocomposites were
prepared by chronoamperometry (CA) under a constant
potential of 1.10 V. Electrochemical experiments were per-
formed on an Ecochimie model VersaStat II potenciostat-
galvanostat using a three-electrode two-compartment cell
under nitrogen atmosphere (99.995% in purity) at 25 �C.
The anodic compartment was filled with 40 mL of a
10 mM monomer solution in distilled water containing
0.1 M LiClO4 as supporting electrolyte, while the cathodic
compartment contained 10 mL of the same electrolyte
solution without the monomer. Steel AISI 316 sheets of 4
cm2 area were employed as working and counter elec-
trodes. The reference electrode was an Ag|AgCl electrode
containing a KCl saturated aqueous solution (E� = 0.222 V
vs. standard hydrogen electrode at 25 �C), which was con-
nected to the working compartment through a salt bridge
containing the electrolyte solution. All the potentials (E)
given in this work refer to this electrode.

The amount of MMT in the monomer solution used to
prepare PEDOT–MMT nanocomposites ranged from 1% to
10% w/w (dry weight), these concentration values being re-
ferred to that of the EDOT monomer. As a typical proce-
dure, MMT was exfoliated in de-ionized water at neutral
pH, being sonicated for 10 min with an ultrasonic genera-
tor. The resulting solution was stirred for 1 day using a
magnetic stirrer. After this, a 10 mM EDOT solution in dis-
tilled water with 0.1 M LiClO4 was added to the above
exfoliated clay solution, and stirred for 20 h in a frozen
environment (ice).

2.3. Electrochemical characterization

The electroactivity, which indicates the ability to store
charge, and electrostability, which reflects the variation
of the electroactivity upon successive oxidation and reduc-
tion cycles, of both the PEDOT homopolymer and the PED-
OT–MMT nanocomposite were determined by cyclic
voltammetry (CV). According to this procedure, electroac-
tivity increases with the similarity between the anodic
and cathodic areas of the first control voltammogram,
while electrostability decreases with the oxidation and
reduction areas of successive control voltammograms. A
scan rate of 100 mV s�1 was used in all cases.

The thickness of the films (‘) was estimated according
to Schirmeisen and Beck [45] using the mass of polymer
deposited in the electrode, mpol, which was obtained using
the following relation:

mpol ¼ Q pol
m
Q

� �

where Qpol is the polymerization charge (in millicoulombs
per square centimeter) consumed in the generation of each
layer and ðmQÞ the current productivity, the latter being pre-
viously determined for PEDOT [27] (0.875 mg C�1).
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Fig. 1. Control voltammograms for the oxidation of a 10 mM of 3,4-
ethylenedioxythiophene (EDOT) solution in distilled water with 0.1 M
LiClO4. Solid and dashed curves correspond to solutions without MMT
and with 5% w/w of MMT, respectively. Voltammograms were recorded
using a 4 cm2 steel electrode. Initial and final potentials: �0.50 V; reversal
potential: 1.60 V. Scan rate: 100 mV s�1.
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Fig. 2. Chronoamperograms recorded for the oxidation of a 10 mM of 3,4-
ethylendioxythiophene (EDOT) solution in distilled water with 0.1 M
LiClO4 on a steel electrode by applying a constant potential of 1.10 V for a
polymerization time of 300 s. Solid and dashed curves correspond to
solutions without MMT and with 5% w/w of MMT, respectively.
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Although the latter value was obtained in acetonitrile, we
studied the kinetics for the oxidation–polymerization of
EDOT in aqueous solution to check that it can be rightly
applied in the current work. The volume of polymer depos-
ited in the electrode (Vpol) was obtained using the values of
mpol and the density previously reported for PEDOT
(1.665 g�cm�3) [44]. Accordingly, the thickness of each
layer was calculated considering the surface of polymeri-
zation (Spol), which is the surface of the electrode (4 cm2),
and Vpol.

2.4. Structural, morphological and electrical characterization

The structure and distribution of the clay in the PEDOT–
MMT nanocomposites were examined using a Phillips TEC-
NAI 10 transmission electron microscope at an accelerating
voltage of 100 kV. For this purpose, small strips of nano-
composite were removed from the electrode with a razor
blade and, according to the manufacturer protocol, embed-
ded in a low viscosity modified Spurr epoxy resin and cur-
ing at 60 �C for 24 h. Ultra-thin sections (less than 100 nm)
of these samples were cut at room temperature using a
Sorvall Porter–Blum microtome. Finally, the sections were
placed on carbon coated cooper grids. Bright field micro-
graphs were taken with an SIS Mega View II digital camera.

X-ray diffraction (XRD) spectra of PEDOT–MMT films
were recorded using a Bruker D8 Advance model to
40 kV and 40 mA (k = 1.5406 Å). The XRD patterns were ta-
ken at ambient laboratory temperature using 10 s/angular
step (1 angular step = 0.02�).

Topographic AFM images were obtained with a Molec-
ular Imaging PicoSPM using a NanoScope IV controller in
ambient conditions. The averaged RMS roughness (r) was
determined using the statistical application of the Nano-
scope software, which calculates the average considering
all the values recorded in the topographic image with
exception of the maximum and the minimum. Nanometric
measurements were conducted under ambient conditions
at �50% relative humidity and 20–22 �C. The system was
placed on an active vibration isolation table for minimum
acoustic disturbance (20 series, TMC, Peabody, MA, USA).

The electrical conductivities (r0) were determined
using the sheet-resistance method following a previously
described procedure [46].

3. Results and discussion

3.1. Preparation and electrochemical characterization

Fig. 1 (solid curve) shows the cyclic voltammogram
recorded for the anodic oxidation of EDOT in distilled
water with 0.1 M LiClO4. Two anodic peaks, O1 and O2,
were detected. The anodic potential of the first peak, Ea

p

(O1) = 1.38 V, is lower than that previously obtained under
identical experimental conditions with exception of the
acetonitrile solvent [Ea

p] (O1) = 1.53 V] [44], while the ano-
dic potential of the second peak O2 overlaps the oxidation
of the medium at a potential higher than 1.60 V. No reduc-
tion peak is seen in Fig. 1 because the oxidation of EDOT is
an irreversible process up to 1.60 V. Uniform, adherent and
insoluble PEDOT films grew on the working steel anode
when the monomer began to be oxidized from potentials
higher than 0.90 V.

The cyclic voltammograms of EDOT were used to deter-
mine the proper conditions of polymerization in an aque-
ous solution using LiClO4 as electrolyte. Potentials
comprised between 0.90 V and 1.30 V are suitable for this
purpose because the anodic current densities determined
from the chronoamperograms recorded at these potentials
are relatively high (data not shown), i.e. the molecular dif-
fusion of the monomer is high within this potential range.
A potential of 1.10 V, which is just in the middle of such
range, was chosen to generate both the PEDOT–MMT
nanocomposites and PEDOT homopolymer in this work.
Fig. 1 (dashed curve) presents the cyclic voltammogram re-
corded for the EDOT–MMT (5% w/w) solution using the
same experimental conditions. As can be seen, 1.10 V is
an optimal potential also in this case.

The electrogeneration of PEDOT–MMT and PEDOT films
was carried out at a fixed potential of 1.10 V using a
polymerization time of 300 s. The resulting films were
uniform, adherent, insoluble and homogeneous in all cases.
Fig. 2 compares the chronoamperograms obtained for the
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Fig. 4. Control voltammograms for 30 consecutive oxidation–reduction
cycles of PEDOT (a) and PEDOT–MMT (5% w/w) (b). The conditions used
to record the voltammograms were identical to those described in Fig. 3.
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oxidation of a 10 mM EDOT aqueous solution without and
with 5% w/w MMT (solid and dashed curves, respectively).
The current density stabilizes at 0.43 and 0.57 mA�cm�2 for
PEDOT homopolymer and PEDOT–MMT (5% w/w) nano-
composite, respectively, indicating that the flow of mono-
mer during the electrogeneration process increases upon
the addition of MMT. These values clearly reflect the
favourable interaction between the clay and the conduct-
ing polymer. On the other hand, it is worth noting that
these values are smaller than that previously reported for
PEDOT homopolymer using a constant potential of 1.40 V
and acetonitrile as solvent (1.82 mA�cm�2) [44], i.e. the
monomer concentration and the electrolyte were identical
to those employed in the current work. Thus, the effect of
the polymerization conditions on the diffusion of the
monomer seems to be higher than the addition of the exfo-
liated clay to the monomer solution.

Fig. 3 compares the control voltammograms of PEDOT
and PEDOT–MMT (5% w/w) recorded in the potential range
from �0.50 to 1.60 V. As can be seen, the electroactivity of
the nanocomposite is higher than that of the homopolymer
indicating that the addition of clay enhances the ability to
store charge of PEDOT. Similarly, the electroactivity of PED-
OT–MMT (1% w/w) and PEDOT–MMT (10% w/w) are higher
than that of PEDOT, the difference between the nanocom-
posite and the homopolymer increasing with the concentra-
tion of clay (data not shown). This effect must be attributed
to the favourable interaction between the MMT and the
polymeric matrix since both the nanocomposites and the
homopolymer were prepared using identical experimental
conditions. However, the electrochemical stability (electro-
stability) of the PEDOT–MMT nanocomposites is lower than
that of PEDOT homopolymer. This feature is illustrated in
Fig. 4, which shows the control voltammograms from
�0.50 V to 1.60 V for 30 consecutive oxidation–reduction
cycles of PEDOT and PEDOT–MMT (5% w/w) films. Thus,
the incorporation of MMT makes more difficult the access
and escape of the dopant ions along the oxidation and reduc-
tion processes, respectively. Table 1 compares the perfor-
mance of the nanocomposites with that of PEDOT
homopolymer in terms of electroactivity and electrostabili-
ty. Specifically, for PEDOT–MMT the cathodic and anodic
areas recorded along the 30th cycle indicated a loss of elec-
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m
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E / V vs. Ag|AgCl

Fig. 3. Control voltammograms for the oxidation of PEDOT homopolymer
(solid curve) and PEDOT–MMT (5% w/w) (dashed curve) films on 4 cm2

steel electrode in distilled water with 0.1 M LiClO4, at 100 mV�s�1 and
25 �C. Initial and final potentials: �0.50 V; reversal potential: 1.60 V.
trostability and electroactivity ranging from 22% to 38% and
from 7% to 18%, respectively, while for PEDOT homopolymer
the loss of electrostability and electroactivity after 30 cycles
were 25% and 3%, respectively.

3.2. Distribution of the MMT in the nanocomposites

Transmission electron microscopy (TEM) was used to
visualize the exfoliation of the clay in PEDOT–MMT nano-
composites. Thus, preparation of the TEM samples by
ultramicrotome allows to cut the nanocomposites perpen-
dicularly to the electrode surfaces and, therefore, to image
the distribution of the clay within the polymeric matrix
(intercalated or exfoliated). TEM micrographs of PEDOT–
MMT nanocomposites reveal that, independently of the
clay concentration, MMT is exfoliated into individual plate-
lets within the polymeric matrix. This is illustrated in Fig. 5
for the PEDOT–MMT (5% w/w) and PEDOT–MMT (10% w/
w) nanocomposites. These results confirm that the strategy
used to prepare PEDOT–MMT nanocomposites successfully
retains the exfoliated structure of the clay.

XRD patterns provide helpful information about the
d-spacing of the MMT, the homopolymer and the nanocom-
posites by following Bragg’s law at peak positions. It can be
seen from Fig. 6 that the XRD pattern of the MMT is clearly
different from those of the nanocomposites at low angles.
Strong diffraction peaks at 2h = 7.04� (d100) and 2h = 19.80�
are displayed for the MMT. These reflections are extin-
guished in the diffractograms of the nanocomposites (data
not shown for nanocomposites with 1% and 10% w/w of



Table 1
Loss of electroactivity and electrostability after 30 consecutive oxidation–
reduction cycles for PEDOT homopolymer and PEDOT–MMT nanocom-
posites.

# Material Loss of
electroactivity (%)

Loss of
electrostability (%)

PEDOT 25 3
PEDOT–MMT (1% w/w) 7 22
PEDOT–MMT (5% w/w) 11 34
PEDOT–MMT (10% w/w) 18 38

Fig. 5. TEM micrographs of (a) PEDOT–MMT (5% w/w) and (b) PEDOT–
MMT (10% w/w).
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Fig. 6. XRD patterns of MMT, PEDOT and PEDOT–MMT (5% w/w).
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MMT). Moreover, the broad peak detected in PEDOT–MMT
diffractograms at 2h = 6.52� was also found in the pattern
of PEDOT homopolymer (Fig. 6). These features confirm
the exfoliation of the MMT layers in the polymer matrix of
the nanocomposites supporting the images obtained by
TEM.

3.3. Electrical conductivity

Ther 0 values measured for the three PEDOT–MMT nano-
composites and the PEDOT homopolymer are displayed in
Table 2. It is worth noting that the r0 obtained in this work
for perchlorate-doped PEDOT is similar to that previously
reported for the polystyrene sulfonate-doped homopoly-
mer, i.e. 1–2 S�cm�1 [47]. On the other hand, inspection of
the r0 values determined for the PEDOT–MMT nanocom-
posites indicates that the incorporation of the clay does
not produce significant changes with respect to the homo-
polymer, being in all cases of the same order of magnitude.
Thus, although MMT typically acts as an inhibitor because
it is not electronically conductive material, the exfoliated
distribution achieved in this work minimizes this effect.
Interestingly, the r0 values listed in Table 2 for PEDOT–
MMT nanocomposites are significantly higher than those re-
cently reported for exfoliated PEDOT–MMT nanocompos-
ites doped with polystyrene sulfonate, i.e. r0 ranged from
5�10�7 to 8�10�2 S�cm�1 depending on the modifications
introduced in the clay to facilitate the exfoliation [31].

Fig. 7 represents the temporal evolution of r0 for PEDOT
homopolymer and PEDOT–MMT (5% w/w). As can be seen,
the incorporation of the clay produces a drastic reduction
of the electrical stability. Thus, the r0 of PEDOT–MMT
(5% w/w) becomes practically negligible after 17 days,
while that of the homopolymer decreased from 5.6 to 1.4
S�cm�1 after 35 days. The behaviour showed by PEDOT–
MMT (1% w/w) and PEDOT–MMT (10% w/w) indicates that
the loss of electrical stability increases with the concentra-
tion of clay.

3.4. Morphology

The average thickness determined for PEDOT and PED-
OT–MMT is included in Table 2. As it was expected, the
thickness of the film increases with the concentration of
MMT. The morphological analysis has been focused on PED-
OT and PEDOT–MMT (5% w/w), the latter being considered
as the most representative nanocomposite. Fig. 8a shows
an AFM image of the surface of PEDOT homopolymer, which
Table 2
Electrical conductivity (r0), average thickness (‘) and average RMS roughness
(r) of PEDOT homopolymer and PEDOT–MMT nanocomposites. In all cases
films were generated on a steel substrate by chronoamperometry using a
constant potential of 1.10 V and a polymerization time h = 300 s.

# r0 (S�cm1) ‘ (lm) r (nm)

PEDOT 5.5 0.84 153
PEDOT–MMT (1% w/w) 3.8 0.92 –
PEDOT–MMT (5% w/w) 2.7 1.02 112
PEDOT–MMT (10% w/w) 1.3 1.26 –
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Fig. 7. Temporal evolution of the electrical conductivity (r0, in S�cm�1)
for the PEDOT homopolymer (solid line) and PEDOT–MMT (5% w/w)
nanocomposite (dashed line).
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exhibits an irregular, agglomerated and heterogeneous sur-
face. However, the incorporation of MMT (5% w/w) produces
a drastic change in this morphology, which is illustrated by
the AFM image showed in Fig. 8b. Thus, the surface becomes
more homogeneous, the irregularities produced by agglom-
erations being less sharp. This flatten effect, which is also
evidenced by a significant reduction of the RMS roughness
(Table 2), i.e. r decreases from 153 nm to 112 nm upon the
incorporation of MMT (5% w/w), has been previously de-
scribed for other heterocyclic conducting polymers, e.g.
polypyrrole [48]. Thus, it was proposed that the presence
of the clay in the polymerization medium reduces the
molecular weight of the polymer [48].
Fig. 8. AFM images of PEDOT homopolymer (a) and PEDOT–MMT
(5% w/w) (b) films. Scale bar: 1 lm.
4. Conclusions

PEDOT–MMT nanocomposites have been prepared by
anodic electropolymerization under a constant potential of
1.10 V into a LiClO4 aqueous solution. Structural characteriza-
tion using TEM and XRD indicates that the clay is exfoliated in
the PEDOT matrix, which represents a significant improve-
ment with respect to the intercalative structure usually found
in conducting polymer–clay nanocomposites. Interestingly,
the electroactivity of PEDOT–MMT nanocomposites, which
increases with the concentration of clay, is higher than that
of individual PEDOT, whereas the electrostability is only
slightly lower for the former than for the latter. These results
indicate that PEDOT–MMT nanocomposites are potential
candidates for the fabrication of devices able to store charge.
Additionally, the electrical conductivities of the nanocom-
posites and the homopolymer are very similar. However,
the clay reduces significantly the electrical stability of the
conducting polymer. The overall of the results evidences that
anodic electropolymerization is a suitable procedure for the
fabrication of exfoliated conducting PEDOT–clay nanocom-
posites with reliable properties.The materials reported in this
work represent a significant improvement with respect to
PEDOT–MMT, PAni–MMT and PPy–MMT prepared without
previous modification of the clay. These nanocomposites usu-
ally present intercalative structures, the only advantage in-
duced by the clay being, in general, the improvement of the
thermal stability. Moreover, it should be emphasized that
the introduction of special chemical modifications in the
MMT, which is usually complicated and expensive, is not
required to succeed with the strategy reported in this work.
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