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Abstract We have been exploring the idea of using the
heterogeneous porosity of inorganic (sol-gel silica) and
organic (poly(vinylidene fluoride)) films as a template
for the preparation of polyaniline composites. The large
size pore distribution (~2.5-800 nm) in both template
matrices results in a part of the polyaniline growing
more ordered than in films synthesized without spatial
restriction. Small-angle X-ray scattering and scanning
electron microscopy experiments were done to determine
the extreme values of the pore diameters. Using other
experimental techniques, including cyclic voltammetry,
UV-Vis-NIR spectroscopy, electrochemical impedance
and chronopotentiometry, we concluded that the elec-
trochemical properties of polyaniline, such as oxidation
and reduction charges, diffusion coefficient and charge-
discharge capacity, are improved in these composites.
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Introduction

Polymeric systems are a field of increased scientific and
technical interest, offering the opportunity to obtain a
broad variety of promising new materials, with a wide
range of properties and applications. The properties of
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these polymers are strongly dependent on their micro-
structure and morphology, which are determined by
their synthesis conditions [1, 2, 3, 4].

Polyaniline (PAni) is one of the most investigated and
commercialized conducting polymers [5]. The great in-
terest in this material stems from its ability to be rapidly
and reversibly cycled between the conductive and insu-
lating states, associated with good stability, facility of
preparation and the low cost of the monomer [6, 7, 8].
Although much progress has been made in the under-
standing of its conduction mechanism, a detailed mi-
croscopic picture of the transport process has not yet
been established [9]. Charge transport of PAni and other
conductive polymeric films is an intricate subject since
their structure and morphology are very complex. The
charge transport mechanisms along a single molecule or
a chain of a variety of conductive polymers are so far
quite well understood. In general, the models are based
on a periodic arrangement of monomers with a random
distribution of defects along the backbone [10, 11]. The
most important consideration from a chemical view-
point is that better conductivity and electrochemical
properties are obtained when the polymers are prepared
with enhanced molecular and supermolecular order and,
consequently, containing fewer conjugation-interrupting
defects, such as sp>-hybridized carbons or twists and
kinks in the polymer chain [12, 13, 14].

Among the different strategies to synthesize more
ordered materials reported in the literature, template
synthesis is an elegant approach [15]. This technique
consists of including metallic or organic constituents
(guests) inside the void spaces of host materials. These
void spaces act as a template that determines the shape,
size and, in many cases, the orientation of the produced
particle. When the host matrix is not dissolute, a com-
posite is obtained.

There is a huge range of host materials ([16] and
references therein). Since 1985, Martin and co-workers
[17, 18, 19] have wused commercial membranes
(Nuclepore, Poretics and Whatman) as templates to
prepare nanofibrils composed of metals, semiconductors



and conducting polymers. Until now, concerning the
deposition of conducting polymers, most of their work
has focused on the chemical synthesis of polypyrrole,
polyaniline and polymethylthiophene [20].

In this work, we report the use of template synthesis
to prepare conducting polymer composites by the elec-
trochemical polymerization of aniline in the heteroge-
neous void spaces of inorganic (sol-gel silica) and
organic (poly(vinylidene fluoride), PVDF) porous films.
Composites with conjugated polymers are interesting
because of the perceived potential for combining prop-
erties that are difficult to attain separately from the in-
dividual components. We analyzed the electrochemical
behavior of PAni/silica and PAni/PVDF by comparing
with PAni films prepared under the same conditions.

Experimental

Synthesis of sol-gel films

Stock sol-gel solutions were prepared by mixing 4.5 mL of tetra-
ethyl orthosilicate (TEOS, Merck) with 4.5 mL of 1,1,3,3-tetra-
methyl-1,3-diethoxydisiloxane (TMDES, Hiils America), 9.0 mL of
methanol and 0.3 mL of 0.15 mol L' HCI. The mixture was stir-
red at room temperature (25 °C) for about 1 h; then it was spin-
coated (3000 rpm) on glass plates coated with indium-tin oxide
(ITO) and dried at room temperature. This resulted in the evapo-
ration of the methanol, leaving behind a thin sol-gel film (2.3 pm
thickness).

Preparation of PVDF membranes

Solutions of PVDF (Aldrich) (8% (w/w)) in dimethylacetamide
(DMA, Merck) were spin-coated (3000 rpm) at room temperature
on ITO glass. Phase separation was promoted by immediate im-
mersion in a non-solvent bath (isopropanol). The thickness of the
porous film was found to be about 2.5 um.

Template synthesis of PAni

The polymerization of PAni inside the porous films was carried out
in potentiodynamic mode by cycling the potential from 0.10 to
0.80 V vs. Ag/AgCl, using a three-clectrode setup. The working
electrode consisted of an ITO glass coated with silica or PVDF
film, while a platinum plate served as an auxiliary electrode.
The electrolyte consisted of 1.0 mol L' HCI and 1.0 mol L'
NaCl containing 0.1 mol L' of distilled aniline. The polyani-
line mass was calculated from the deposition charge [21]
(Qoxidation = 1.05 mC cm’z) and was 0.507 pg.

Synthesis of PAni

The polymerization of PAni was carried out under the same con-
ditions described above, directly on the ITO substrate.

Electrochemical characterization

Cyclic voltammetry, electrochemical impedance spectroscopy and
chronopotentiometry measurements were made in a three-electrode
one-compartment cell using 1.0 mol L' HCI and 1.0 mol L'
NaCl as the electrolyte. An Ag/AgCl electrode was used as the
reference, the counter electrode was a Pt plate and the working
electrode was an ITO plate, modified with the composite or PAni
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film. The voltammograms and chronopotentiometric data were
obtained by an AUTOLAB-PGSTAT20 potentiostat.

Impedance spectra were recorded by a Solartron 1255 HF fre-
quency response analyzer coupled with a PAR 273a potentiostat,
both interfaced with a personal computer. An a.c. amplitude of
10 mV was applied and data were collected in the frequency range
10°-10 % Hz, taking 10 points per decade. The electrode potential
(E) was varied in steps of 25 mV in the potential range from 0.35 to
0.65 V, which corresponds to the conducting state of polyaniline.
Before each frequency sweep the electrode was prepolarized at E
for about 1 h. The impedance data were analyzed by Boukamp’s
fitting program [22, 23].

Scanning electron microscopy

The SEM data were obtained using a JEOL JSM T-300 micro-
scope, after coating the samples films with gold by sputtering.

UV-Vis-NIR spectroscopy

The UV-Vis-NIR measurements were carried out using a CARY
5G (Varian) spectrophotometer. The background signal emanating
from native template matrix films were corrected from the UV-Vis-
NIR diffuse reflectance spectra of the respective composites films.

Small-angle X-ray scattering

SAXS measurements were carried out at LNLS-Laboratorio
Nacional de Luz Sincrotron (Campinas, Brazil), using their syn-
chrotron radiation facilities (1=1.729 A). The raw data were cor-
rected for decay of beam intensity, detector sensitivity, background
and parasitic scattering which originated from the Mylar windows.

Results and discussion

The color of the porous films was changed from trans-
parent (silica) and white (PVDF) to green after com-
posite formation. This is the typical color of the
half-oxidized, emeraldine form of PAni and indicates
that a polymer was formed inside the void spaces of the
template matrices. The scanning electron micrographs in
Fig. 1 show a larger porous size distribution and strong
changes in the surface morphology between the host
matrices and the respective composites.

Although all films present porous morphologies, we
observe an evident diminution of pore sizes in the
composites as a function of PAni polymerization.
Complex electrochemical processes operate during the
diffusion of aniline into the template matrices, but we
believe that the monomers are anchoring on the under-
lying ITO surface (substrate) and the polymer is pref-
erentially deposited as thin layers on the pore wall
(PVDF film) or along the walls of globular particles
(silica film). This runs through the entire thickness of
both template matrices and it must be noted that the
polymer forms a continuous conducting network within
the composite films.

Figure 2 shows the cyclic voltammograms of poly-
aniline film and composites in 1.0 mol L™ HCI solution
containing 1.0 mol L' NaCl at 5 mV s '. Cycles were
repeated ca. five times to obtain a steady-state voltam-
mogram. The voltammetric peaks correspond to the
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Fig. 1 Scanning electron mi-
crographs of a PVDF, b PAni/
PVDF, c sol-gel silica and

d PAni/silica films
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Fig. 2 Steady-state cyclic voltammograms of polyaniline film and
composiltes in 1.0 M HCI solution containing 1.0 M NaCl at
SmV s

changes in the oxidation state of the polyaniline that can
be related to the ratio between the amine and imine
content in the film [24]. The first anodic process, which
appears close to 0.2 V, is associated with the oxidation
of the leucoemeraldine to emeraldine [25]; the third ox-
idation process (at about 0.79 V) is related to the oxi-
dation of the emeraldine to pernigraniline. During the
reverse scan, the backward reactions exhibited reversible
redox processes in the potential range analyzed.

The cyclic voltammograms included an additional
middle peak between the two main sets of peaks, as-

signed to defects in the linear polymer structure (cross-
linking) [6, 26]. The cross-linking reactions give rise to
an interruption in the delocalization of both the charge
and electrons along the polymer chain [27]. Then, the
intermediate peak can be correlated to a decrease of the
conductivity and an increase in the number of residual
spins in the polymer upon potential cycling [28, 29, 30].
The intermediate redox couple in the cyclic voltammo-
gram is strong with PAni and particularly weak with
PAni/PVDF films. Its absence in the PAni/silica vol-
tammogram indicated that the spatial restraint in the
sol-gel silica matrix is sufficient to induce the formation
of more ordered polyaniline chains in this composite.
After a large number of voltammetric cycles with PAni/
silica films the redox peaks became less defined; how-
ever, there is no formation of an intermediate redox
couple.

From the analysis of voltammograms we can also
observe that the redox charge is more intense in the
order: PAni <PAni/silica <PAni/PVDF. The film po-
rosity increases in the same order, indicating that the
swelling of the composite bulk by the electrolyte solution
should be also considered. The higher bulk interaction
of the film with the electrolyte solution results in the
intensification of the redox processes.

Diffuse reflectance spectra of PAni and composites
films (Fig. 3) show two distinct bands: one centered at
~380 nm and another at ~800 nm. According to Xia
and co-workers [31], these bands can be described to the
polaron-n* transition and n-polaron transition. Note
that the more significant difference between the spectra is
an increasing absorption tail extended towards the NIR
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Fig. 3 UV-Vis-NIR spectra for polyaniline film and composites

region, observed only in the composites. This extended
“free carrier tail” corresponds to a decrease in the band
gap, which is a direct consequence of an increase in the
conjugation length [32]. Since no NIR absorption tail is
observed with PAni film, it can be concluded that pola-
rons (the dominant charge carriers in polyaniline) are
more localized than in the composite films.

The different behavior observed between bulk poly-
aniline and its composites could be related to spatial
restrictions imposed by the template matrices. Never-
theless, the pore sizes of matrices observed in the scan-
ning electron micrographs (Fig. 1) are not sufficiently
small to provide partial order in the polymer chains [33,
34]. In fact, one can suppose that a certain order can be
induced by smaller pores, which are not observed in
these micrographs.

To confirm this hypothesis, small-angle X-ray scat-
tering (SAXS) measurements were performed to inves-
tigate the porosity of the template matrices. This
technique is useful to investigate the structure of mate-
rials on a scale from about 0.5 to 200 nm [35]. In scat-
tering experiments, one measures the scattered-intensity
profile (/) of the sample as a function of the scattering
vector, ¢. If a two-phase model (solid matrix and pores)
is assumed, the porosity can be determined by electronic
density variations [36, 37]. In the low ¢ region, the radius
of gyration R, can be calculated and provides informa-
tion about the mean size of the scattering particles (pores
in our samples) and the degree of overlap and interac-
tion between the scattering structures [38].

In Fig. 4 the Guinier plots (In 7 versus ¢°) are slightly
concave, which can be expected for physical systems
consisting of a large number of scatterers (pores of
several sizes). Since in all these cases the Guinier regions
are almost linear on the scale used, the radius of gyra-
tion and the size of the primary building scatter unit (rg)
can be estimated using a linear fit of the Guinier region.
The results are summarized in Table 1.

Based on the results, structural information for the
matrices and composite films can be envisaged as fol-
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Fig. 4 Guinier region of the SAXS spectra for polyaniline film and
composites

Table 1 Experimental microstructural parameters for template
matrices and respective composites

Sample Silica PAni/silica PVDF PAni/PVDF
R, (A) 26 21 24 18
Ry (A) 6 6 8 7

lows: the primary pore size (1) is defined by the smaller
porosity of the template matrices and it remains the
same size after the PAni synthesis, eventually contrib-
uting to a large proportion of the ultra-micropores in
both matrices. The secondary pore structures (R,), on
the other hand, present a size decrease after the PAni
growth but were not completely occupied in the syn-
thesis conditions.

These data show that template-synthesized polyani-
lines have more ordered polymer chains than the cor-
responding material obtained by conventional synthesis
owing to the presence of pores with diameters >25 A in
the matrices.

Impedance spectroscopy was used to investigate the
charge transport characteristics of polyaniline compos-
ites. This is one of the most powerful techniques that has
been applied to study conducting polymer film coated
electrodes [39, 40, 41, 42]. As a result of the porous
nature of the electrodes and the structural changes that
accompany polyaniline redox processes, separation of
the faradaic and non-faradaic contributions to the cur-
rent was difficult. Figure 5 shows the change of the
composites impedance spectra in a potential interval
between the redox peaks (I and III in voltammogram,
Fig. 2), within which the electronic conductivity of PAni
is high and the faradaic processes in the composite
electrode are not expressive.

The impedance responses of the PAni/silica system
(Fig. 5a) at all potentials consist of three distinct re-
gions. (1) A semicircle at higher frequency related to the
charge transfer process, which was electrically described
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Fig. 5 Complex plane plots of successive impedance measurements
of a PAni/silica and b PAni/PVDF, in the potential range between
the two oxidation peaks of polyaniline (£=0.350-0.650 V vs. Ag/
AgCl). The electrode potential was varied in steps of 25 mV in
1.0 mol L' HCI/1.0 mol L' NaCl electrolyte

by a resistance in parallel with a capacitor related to
charge transfer and a electrode/polymer double layer,
respectively. It also contains contributions from the
bathing electrolyte. (2) A 45° line in the complex-plane
impedance plot defining a Warburg region of semi-infi-
nite diffusion of species in the polymer. (3) At the limit
of low frequencies, the impedance becomes capacitive
and of magnitude. A nearly vertical line defines the re-
gion of finite diffusion that was represented electrically
by a capacitor [42].

In the first and last potentials the same behavior was
observed with the PAni/PVDF composite, however, in
the potential range from 0.375 to 0.575 V, no high-
frequency semicircle was detectable (Fig. 5b). Only
diffusion-controlled characteristics were observed in
this potential range, probably owing to the higher po-
rosity of PAni/PVDF that facilitated the ionic transfer
process.

H-

Fig. 6 Equivalent circuit for composites films, where R. is
electrolyte resistance, Qg is double-layer capacitance, Q. is
Warburg impedance, R, is charge transfer resistance and Q,
is limit capacitance
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Fig. 7 Plot of
potential

diffusion coefficient as a function of applied

These spectra data were fitted using the non-linear
least-squares fit routines [22, 23], where all parameters in
the equivalent circuit model were adjusted simulta-
neously (Fig. 6).

In the case of the PAni/PVDF composite, the double-
layer capacitance (Qg4;) was not determined because the
ionic diffusion processes were already observed at higher
frequencies.

Analysis of the Warburg and low-frequency regions
of the impedance spectra resulted in values for the limit
capacitance (Q;) and diffusion coefficient (D), assuming
that the electronic charge is much more mobile than the
ions because the polyaniline was in its conductive form
[43]. O; values of about 10 and 160 mF cm 2 corre-
spond to the charge storage capacity of the PAni/PVDF
and PAni/silica films, respectively. In the conducting
potential range analyzed, the limit capacitance was
nearly independent of the electrode potential for both
cases.

The diffusion coefficients (Fig. 7) were calculated
using the equivalent circuits show in Fig. 6 and Eq. 1
(described in [42]):

t=B*/3=12/3D (1)
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Fig. 8 a Chronopotentiometry and b charge-discharge curves of
PAni film and PAni/silica composite in 1.0 M HCI solution
containing 1.0 M NaCl; current density 1 pA cm >

where B is a hyperbolic function, determined by data
fitting, and / is the film thickness.

It is notable in Fig. 7 that the ion diffusion process
for PAni/silica is practically constant (4x10® cm?s ™)
from the 0.400 to 0.625 V potential range investigated
and higher than PAni/PVDF. The PAni/PVDF diffusion
values decrease when this composite is oxidized. This
variation can be related to a structural change in the film
that is stronger in the composite with smaller spatial
restriction and therefore with the polymeric chain less
ordered. In both cases the diffusion coefficients deter-
mined are higher than the values reported in the litera-
ture for electrochemical polyaniline [42].

As PAni/silica shows a high storage capacitance ob-
served by EIS, its charge-discharge behavior was inves-
tigated through chronopotentiometric experiments
(Fig. 8a, b) carried out under a constant current density
(1 pA cm ). Figure 8a shows the preliminary results of
the chronopotentiometric experiments, which were ob-
tained for the second cycle. In these experiments we
employed the maximum and minimum cut-off potentials
of 0.8 V and 0.0 V, respectively. Taking these results,
charge-discharge curves could be calculated (Fig. 8b).
The charge determined for PAni/silica is significantly
higher than for PAni film, 3.9 and 1.4 mC cm?, re-
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spectively. The composite delivered approximately 60%
discharge capacity, while the PAni electrode showed
50%.

Conclusions

Based on these results, we conclude that it is possible to
enhance the molecular order of polyaniline chains in
composites by using sol-gel silica and PVDF membranes
as templates. Owing to a larger pore size distribution in
both template matrices, the polymer forms a continuous
conducting network within the composite films, but
porous morphologies are still observed. The porous
structure of the composites permits a higher swelling of
the polyaniline by the electrolyte solution and the for-
mation of parallel ionic and electronic conduction paths,
which also contribute to improve the electrochemical
properties of these materials. Their use in devices for
charge storage is now under investigation, for a better
understanding of the synthesis-structure-properties re-
lationships in these composites.
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