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Abstract: Pure polypyrrole (PPy), PPy/Al,O; and PPy/SiO, nanocomposites synthesized galvanostatically using different polymerization
charges. Electrochemical impedance measurements of pure polypyrrole revealed that the film thickness affected the impedance responses.
The characteristic frequencies vs. film thickness that obtained using Cole-Cole plots showed that electrodeposition mechanism changed
from 3D to 1D after nuclei overlapping for pure PPy. Analysis of the nanocomposites impedance spectrums revealed no changes during the
film growth, i.e. deposition continues 3D even after nuclei overlapping. Scanning electron microscopy (SEM) confirmed the impedance
results and showed that the morphology of the thick pure PPy film is 1D, while the deposition of the nanocomposites was 3D with compact

and very fine structure.
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1. INTRODUCTION

Conductive polymers such as polypyrrole, polyaniline and poly-
thiophene are important classes of polymers [1-4], since ionic
substances could be incorporated into and released from them
easily and repeatedly.

Both electron and ion transport within these polymers occur
during doping (conducting) and undoping (nonconducting) pro-
cesses. These mass and charge transport processes are fundamental
to many applications [5-8] and thus, intensive researches were
focused on the switching process in conducting polymers. It is
often found that ion transport is slower than the electron transport
and therefore, it limits the switching rate. The rate controlling
factor for low-frequency processes depends mainly on the chemi-
cal diffusion coefficient (D) and the diffusion length (/) [9]. When
the diffusion is limiting process these two parameters determine
the rate of doping through following equation:
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There are a few problems with the use of potential step tech-
niques to measure ion diffusion coefficients in polymer films [15].
As known, impedance spectroscopy is a common method to deter-
mine ®4 experimentally [9].

On the other hand, the morphology of the electrochemically
synthesized conducting polymers depends on deposition condi-
tions [10]. In all, when the film thickness of the polymer is less
than 100 nm, ordered and homogeneous structures are developed
[9]. After growing of this homogeneous structure, porous film will
be formed which is depending on the deposition rate and the used
counterion [9].

Meanwhile, in order to achieve a new function of PPy, one of
the most efficient methods is to prepare PPy-based composite
films where new chemical components, such as nanoparticles of
Fe,O; [11] and Pd [12] or nanostructure clays [13, 14], are intro-
duced. Compact morphology of the PPy nanocomposites will
shows different physical and chemical properties respect to the
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Figure 1. (a) Complex plane impedance plots for pure PPy, PPy/Al,O5 and PPy/SiO, nanocomposites and (b) complex capacitance plots.

pure PPy [19]. Therefore, PPy nanocomposites structure and
growth model are very important for their properties.

In this paper, the influence of electrode structure on the kinetics
of diffusion process in the pure PPy and PPy nanocomposites was
studied by analyzing the capacitive response observed at low fre-
quencies.

2. EXPERIMENTAL

Alumina and silica nanoparticles were obtained from Sigma-
Aldrich, US. The other chemical reagents used in this work were
purchased from MERCK, Germany. Polypyrrole films were elec-
tropolymerized galvanostatically (0.2 mA cm™) onto Pt sheet using
0.1 M pyrrole and 0.1 M LiClOy in aqueous solution. As Bull et al.
[16] reported, thickness growth rate is approximately 2 pm C™ cm?,
different films were grown from ~20 nm up to ~300 nm. The ob-
tained films transferred to an aqueous solution of 0.1 M LiClO, for
electrochemical impedance tests. The polymeric films deposited
onto the Pt were the working electrodes. Pt rod and Ag/AgCl elec-
trode were used as counter and reference electrodes. The electro-
chemical impedance measurements performed in the frequency
range from 100 kHz down to 0.1 mHz, using an ac voltage of 10
mV rms at different dc potentials. All electrochemical synthesis

and EIS investigations were performed using Autolab PGSTAT30
equipment with frequency analyzer module. Surface morphology of
the coatings, were investigated by scanning electron microscopy
(SEM, Philips XL30).

3. RESULTS AND DISCUSSION

The Nyquist plots for pure PPy/ Clo; , PPy/Al,O5, and
PPy/SiO, nanocomposites at 0.2 V vs. Ag/AgCl are presented in
Fig. 1a. The real axis intercept at high frequency is independent of
the electrode material for all cases. This intercept coincides with
the uncompensated resistance of the bulk electrolyte solution
(R=90Q2). Therefore, it can be concluded that the ionic or the elec-
tronic resistance of the polymer is very small with respect to the
solution resistance. Therefore, charge transfer in all films is fast
when they are oxidized. The redox reaction starts at
polymer/solution interface at high frequencies and with decreasing
the frequency, Warburg line with slope about 45° revealed in the
impedance spectrum. So, the redox reaction layer grows into the
polymer from the polymer/solution interface. At lower frequencies,
an almost vertical line was revealed in the spectrum, i.e. the redox
reaction layer includes the polymeric film and the polymer-coated
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Figure 2. Characteristic frequency of the diffusion process
fa=w/2x (Eq. (1)) calculated from the capacitance plots at 0.2 V
vs. Ag/AgCl under variation of the polymerization charge.

electrode behaves like a simple capacitor. Such spectrum can be
modeled with a finite transmission line circuit [17, 18]. The ionic
resistances of the coatings can be obtained using following equa-
tion:

R,, =3(R,, - R,) 2)

where R, is the real axis intercept of the vertical line at low
frequency region of the spectrum. Then, the ionic conductivity of
the film (0;,,) is calculated from the Eq. (3):

d
o-ion =
A

ion

)

where A is the electrode surface and d is the film thickness.

These results are presented in Table 1 for pure PPy and the nano-
composites for thickness of about 100 nm. As it can be seen in the
Table 1, the ionic resistance and ionic conductivity of the nanocom-

posites are the same as the pure PPy since ClO; was used as dop-
ing anion in all experiments.

As reported in the literature [17, 18] it is useful to describe the
low-frequency wing of the spectra in terms of capacitance plots.
This procedure was performed for coated electrodes at various
polymerization charges and results are observed at Fig. 1b for pure
PPy and the nanocomposites. Two separated patterns are observed

Table 1. Low frequency resistance, ionic resistance and ionic con-
ductivity of the pure PPy and the PPy nanocomposites (film thick-
ness (d) = 100 nm, electrode surface (4) =1 cm?).

Ri(©) Rion () Gion (G Q' cm™)
Pure PPy 87 1085 9.217
PPy/Al,O4 95 1095 9.132
PPy/SiO, 93 1091 9.166
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Figure 3. SEM results of the polymeric films deposited using 280
mCem’; (a) pure PPy, (b) PPy/Al,O; and (c) PPy/SiO, nanocom-
posite.

for low polymerization charges of pure PPy; an ~45°-inclined line
at high frequencies and a single semicircle at intermediate and low
frequency. On the other hand, for high polymerization charges, the
relaxational behavior dominates the whole plot. For nanocompo-
sites, no considerable changes were observed in the Cole-Cole plots
at various polymerization charges and the behavior of the high
polymerized nanocomposites is the same as the low polymerization
charges.
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The characteristic frequency of diffusion wy ( fa= o ) can be

found from the maximum point of the imaginary part of the capaci-
tance [18]. Fig. 2 shows dependence of characteristic frequency to
polymerization charge Q for pure PPy and the nanocomposites. In
log-log plane, the dependency of the diffusion characteristic fre-

quency to the film thickness is linear with relation of f7 <L .
This dependency is much stronger for thin pure PPy and nanocom-
posites with a calculated y exponent near to one. With comparison
of these results with Eq. (1), it is obvious that /~L. In contrast, with
increasing the polymerization charge and therefore thickness of the
pure PPy, the dependency of the f4 with the thickness of the film is
weaker and so /<<L. As discussed in [17], with initiation of grow-
ing the porous structure of the films, the growth mechanism is
changed from 3D to 1D for pure PPy. At transient point (80 mC
cm™), with growing and encountering nucleus, the porous structure
is deposited and after nuclei overlapping, the growth continues
perpendicular to the macroscopic interface [17].

In contrast to the pure PPy, there is no transition point at the
Cole-Cole plots of the nanocomposite. Therefore, it can be con-
cluded that the nanocomposite growth occurred in 3D after over-
lapping the nuclei. It is demonstrated previously that [19] the addi-
tion of the nanoparticles leads to a catalytic effect and formed an
electroxidation pathway for the polymerization of the PPy. Further-
more, adsorption of the nanoparticles on the surface inhibited 1D
growth.

SEM images of pure PPy and the nanocomposites presented in
Fig. 3, confirmed the above results about the nucleation and growth
mechanisms which are found from Cole-Cole plots. While, Garcia-
Belmonte [9] reported that the thick PPy films are more porous
than the thinner one, only PPy and nanocomposites synthesized at
high polymerization charges are presented here. Fig. 3a showed
that the pure PPy structure is porous and 1D growth of the PPy is
so clear. But, the SEM results of the morphology of the nanocom-
posites at Fig. 3b and 3c revealed that the nanocomposite growth is
3D and a compact morphology is obtained.

4. CONCLUSION

Electrochemical impedance spectroscopy of pure PPy and PPy
nanocomposites were used in order to investigate the slow ionic
diffusion of the counterion into the films with use of Cole-Cole
plots. The behavior was significantly different for thick pure PPy
films which were synthesized at higher polymerization charge
which contained a drastic change in the dependency of the charac-
teristic frequency to the film thickness at about 80 nm. Increasing
of the film thickness for pure PPy, results in the growth mechanism
change from 3D to 1D and also rough and porous morphology
formation. In contrast, the electrode morphology is compact and
homogeneous and deposition continued its 3D structure during the
electropolymerization of the pyrrole in the presence of alumina and
silica nanoparticles.
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