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Abstract

In this work, new composite electrodes were developed, optimized and characterized for possible, future use in batteries and/or super-capacitors.
These composite electrodes were prepared from chemically synthesized polypyrrole (Ppy), graphite carbon and Teflon and their physico-chemical
performances were tested using different techniques. Their conductivity and porosity were investigated under various conditions. Their macroporous
structure was also studied by the BET method. Two distinct electrochemical reactions were found to take place at these electrodes, including a
redox reaction with insertion and expulsion of anions, and a capacitive reaction at the electrode/electrolyte interface. The specific capacity,
experimentally obtained with an electrode containing 40 wt% of Ppy (99.6 mAh g~!), was larger than the theoretical one, due to double-layer
effects at the Ppy/electrolyte interface. The double-layer capacitance at the electrode/electrolyte interface of the composite electrodes, investigated

by electrochemical impedance spectroscopy, was found to represent at most 0.1% of the total electrode capacitance.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

As a consequence of numerous, potential applications, the
research efforts on conductive polymers have considerably
increased in recent years. For instance, polypyrrole (Ppy) is cur-
rently considered as one of the most promising materials for the
development of advanced batteries, due to its good conductivity
and stability. One of the most interesting characteristics of these
conductive polymers is their capacity to store electrical charge,
which can be recovered upon demand. This makes them good
candidates as components of advanced rechargeable batteries
or super-capacitors [1-4]. These batteries can operate when the
ions interchange easily between the electrolytic solution and
the electrodes [5]. In fact, the ions direction depends on both
the electrode nature (anode or cathode) and the electrochemical
reaction (charge or discharge) [6].
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Different materials have been proposed to build these elec-
trodes. Generally, in order to increase the charge, to lower the
electrode weight and to make easier the anions interchange,
these materials have to be conductive and porous. The use of
carbon paste electrodes in electrochemical studies has already
been described in other studies [7-9]. The combination of car-
bon (graphite) and a conductive polymer such as Ppy also
should be an effective way to obtain a good composite electrode,
fulfilling the above-requested conditions. The fabrication of a
Ppy/graphite composite electrode, with interesting capacitance
and conductivity properties, has been reported by electrochemi-
cal polymerization of pyrrole (py) on the surface of graphite fiber
[10,11]. In order to increase the active surface of the electrode
substrate, some authors have simultaneously electrodeposited
Ppy and carbon nanotubes [12,13]. However, electropolymeriza-
tion seems to be less efficient than chemical polymerization for
the production of important masses of composite electrodes and
for the preparation of relatively thick polymer films. Recently,
Park et al. [14] have built Ppy/graphite electrodes with a rather
high specific capacitance by chemical polymerization of py on
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the surface of a porous graphite fiber matrix, using an elegant,
sequential dipping method.

In the present work, we have developed a new type of large
surface composite electrodes, made of graphite carbon and
chemically synthesized Ppy in percentages up to 70 wt%. Since
these composite electrodes can be used as an active matter in bat-
teries or super-capacitors, we have decided to precisely evaluate
their relevant physico-chemical and electrochemical properties
by means of cyclic voltammetry (CV), chronopotentiometry,
electrochemical impedance spectroscopy (EIS) and other tech-
niques.

2. Experimental

Ppy was synthesized by oxidizing pyrrole in water with ferric
perchlorate Fe(ClO4)3, according to the procedure of Mermil-
liod et al. [15]. An amount of pyrrole corresponding to a 0.3 M
concentration was mixed with distilled water. The resulting
emulsion was cooled down at 0°C. A 0.7 M Fe(Cl04)3-9H,0O
(Aldrich) aqueous solution was also prepared, degassed and
cooled. When the latter solution and the pyrrole emulsion were
admitted to contact, a black precipitate of Ppy immediately
appeared. The mixture was kept at 0 °C and continuously stirred
for about 1 h, then rinsed with water and thoroughly spun-dry.
Afterwards, it was washed with dry acetonitrile and dried in a
glove box.

For the preparation of composite electrodes, the Ppy pow-
der was mixed with graphite carbon and a small quantity of
Teflon as binder, and the obtained Ppy/graphite composite mate-
rial was homogenized and then pressed to obtain pellets. These
pellets were prepared by pressing the composite material (100
or 200 mg) under pressures going from 0.5 to 2.0 tonnes cm™2,
using a KBr tablet mould in a Carver Laboratory press model
S/N 3392-69. The prepared pellets which had a 1 cm? area and
about 1 mm thickness were inserted into a working electrode,
with an inox collector, as described in Fig. 1.

All electrochemical measurements were carried outina 0.3 M
NaClO4 aqueous solution, using a standard three-electrode cell,
controlled by an EG&G potentiostat 362. The electrochemical
cell was constituted of a platinum grid as counter-electrode, a sat-
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Fig. 1. Schematic view of the composite electrode.
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Fig. 2. The electrochemical cell.

urated calomel electrode as reference electrode, and a composite
electrode as working electrode (Fig. 2).

The electrical conductivity of the Ppy/graphite composite
material was determined at room temperature (298 K) by a four-
probe method, with a constant courant value of 1 WA, and the
porosity was evaluated after immersion of the material during
48h into a 0.3 M NaClO4 aqueous solution.

For the BET measurements, the N> adsorption—desorption
isotherms were collected on a Micromeritics ASAP 2010
analyzer. Prior BET analysis, the samples were degassed (pres-
sure < 1 Pa) at 423 K during 12 h. The surface areas, pore volume
and size were evaluated by means of the BET method.

The scanning electron microscopy (SEM) photos of the sur-
face of composite material pellets were made on a S 440
model Leica instrument equipped with a tungsten filament,
using a four-sector detector for secondary and retro-diffused
electrons.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using a frequency response analyzer
(Solartron 1250) and a potentiostat (Solartron 1286), controlled
by the FRA™ software. The applied ac signal was 10 mV. Quasi
steady-state polarization curves were obtained under potentio-
static control. Starting from +600 mV/SCE, the potential was
decreased by step of 50mV down to —800 mV/SCE. At every
step, after waiting for 10 mn, the current was determined before
and after the electrode impedance to be measured between
62kHz and 4 mHz.

3. Results and discussion

3.1. Effect of the pressure on the conductivity of
Ppy/graphite pellets

The pressure dependence of the conductivity of Ppy/graphite
pellets was examined in the range of 0.5-2tonnescm™2 for
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composite electrodes containing 10 wt% of Ppy. We found that
the conductivity strongly increased with pressure from about
0.70 to 1.45Scm™!, until a pressure value of approximately
1.7 tonnes cm 2, and then reached a plateau region, remaining
constant between 1.7 and 2.0 tonnes cm™2. For this reason, a
value of 2.0 tonnes cm™2 was retained for pressing the pellets
throughout this work.

3.2. Effect of Ppy concentration on the electrical
conductivity

The effect of varying the Ppy concentration in the compos-
ite electrode on the electrical conductivity was investigated.
We observed that the surface conductivity rapidly diminished
from about 1.5 to 0.7Scm™!, when the Ppy weight fraction
increased from 10 to 50 wt%. This significant decrease of the
composite electrode conductivity, occurring at the higher Ppy
percentages, can be explained by the conductivity of Ppy pellets
(0.028 S cm™!) much smaller than that of graphite (2.10S cm™!)
[16].

3.3. Porosity of Ppy/graphite composite electrodes

Porosity was defined as the amount of electrolyte retained
in the composite electrode after a 48 h immersion time in a
0.3 M NaClO4 aqueous solution. The amount of electrolyte (u),
expressed in mgg~!, was evaluated by subtracting the pellet
initial weight (M,) before immersion from the immersed pellet
weight (M) and dividing by M.

(M — M) x 1077
= e

ey

In Fig. 3, it can be seen that the pellet porosity continuously
increased from about 70 to 380 mg g~! with the Ppy concentra-
tion in the range 0-50 wt%. This phenomenon is probably due
to the Ppy particular porous structure [17].
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Fig. 3. Curve of the composite pellet porosity () vs. the Ppy wt percentage. The
porosity was measured after immersing the pellets in a 0.3 M NaClO4 aqueous
solution during 48 h.

It was also confirmed by comparing the SEM micrographs of
pure graphite and of composite pellets containing Ppy concentra-
tions of 10 and 40 wt% (Fig. 4). The surface morphology of pure
graphite and composite pellets containing only 10% of Ppy was
characterized by the very apparent presence of graphite layers in
both materials (Fig. 4a and b). But, the Ppy globules located on
graphite strips became much more numerous when the Ppy con-
centration was increased from 10 to 40% (Fig. 4b and c¢). Such a
morphology, which corresponds to a relatively well-developed
Ppy/graphite composite surface, seems very promising for the
application of composite electrodes to the development of bat-
teries and supercapacitors.

Moreover, the porous structure of Ppy powder and of pellets
(composite electrodes) containing 0, 20 and 40 wt% of Ppy was
also studied by the BET method. The BET surface area values
were relatively close, ranging between 3.8 and 7.0m? g~!. The
BET measurements of pore volume and size showed that, in
fact, the material is constituted of particles which are in close
contact, but do not possess any intrinsic microporosity. This sug-
gests that the interfacial processes would occur according to two
time scales: these taking place at the free surface of the parti-
cles would be relatively fast, whereas those implying a diffusion
phenomenon inside the particles would have a very slow rate.
In these conditions, our porosity measurements based on water
retention represent the simplest and most convenient, experi-
mental approach to determine the electrode porosity properties.

3.4. Electrochemical activity of Ppy/graphite composite
electrodes

As already pointed out, one of the aims of this work was
to electrochemically characterize the Ppy/graphite composite
electrodes. Also, it is worthwhile to mention that the experimen-
tal data reported here concerned essentially half-cell systems.
For the sake of clarity, the results of both electrochemical tech-
niques (cyclic voltammetry and chronopotentiometry) used for
characterization of the composite electrodes are discussed sep-
arately in the following parts, but they can be considered as
complementary.

3.4.1. Cyclic voltammetry

The cyclic voltammograms (CVs) of a Ppy/graphite com-
posite electrode (10 wt% in Ppy) were investigated in a 0.3 M
NaClO4 aqueous solution at various scanning rates ranging
from 0.1 to 2.0mVs! (Fig. 5). As can be seen, the oxi-
dation and reduction peaks of the CVs are well defined, but
broad and asymmetric, the separation between the peak poten-
tials being relatively large (AE, ~1.0V) and also depending
on the scan rate. It has been suggested that the electrochem-
ical charging/discharging process, i.e. the CV behavior of a
redox composite electrode, might be influenced by the ohmic
resistance [18,19]. The inset of Fig. 5 shows that the current
densities of anodic and cathodic peaks linearly vary with the
square root of the potential scan rate, which indicates that the
redox reaction is controlled by the diffusion of anions through
the porous composite electrode. Moreover, careful observation
of the CV curves revealed the presence of high capacitive current
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Fig. 4. SEM photos of: a graphite pellet (a) and composite pellets containing (b) 10 wt% of Ppy and (c) 40 wt% of Ppy.

values that are remaining even after the redox reaction has taken
place.

The capacity values, calculated from the voltammograms of
Fig. 5 — obtained for a composite electrode containing 10 wt%
in Ppy — were relatively high, reaching, about 6 and 2 F, respec-
tively, in the anodic and the cathodic domains, corresponding to
a mean value of 20 Fg~! of electrode mass or 40 Fcm™3, the
composite density being close to 2 gcm™3. With respect to the
only Ppy active mass, the mean capacity value is 0.2Fmg™!,
which compares favorably to the literature data reported for a
pure Ppy electrode [15]. Such a behavior can be attributed to a
pseudo-capacitance charging process, which would be occurring
in the doped state [10,20]. Indeed, it appears that the oxidation
current intensity value is higher than the reduction current one.

Moreover, the cyclic voltammogram of a pure graphite pel-
let was recorded. Our calculations of capacity, based on this
voltammogram, led to a double-layer capacity value of 1.2 Fg~!
of graphite, which corresponds, respectively, to a double-layer
capacity graphite contribution of only about 5.4 and 0.9%,
respectively, for composite electrode with 10 and 40 wt% Ppy
content. Another interesting feature is that the redox peak sur-
face of CVs was found to significantly increase with the Ppy
amount, varying from 10 to 30% in the composite electrodes.
In these conditions, the CVs (recorded at a 1 mV s~! scan rate)
also presented redox peaks with the same type of asymmetry

and broadness at all Ppy concentrations under study. In addition,
the capacitive current as well as the capacity values, increased
linearly with the Ppy amount, a slope of 0.47 Fcm™2 per per-
centage of Ppy being calculated for the anodic branch of the CVs
(Fig. 6). This confirms that the double-layer capacity graphite
contribution to the capacitive charge storage process can be
considered as negligible relative to that of Ppy. Clearly, the
total charging/discharging capacities depended on two simul-
taneous processes, including the faradic reaction (Eq. (2)) and
the capacitive reaction occurring in the chemically synthesized
Ppy structure.

[Pyl, + xyA~ < [Py A, 7]+ xye™ )

where A~ is the anion, x the degree of polymerization
(10<x<1000) [21] and y is the charge of one pyrrole repeti-
tive unit (corresponding to the doping level with y=0.33 in the
case of chemical synthesis [15]).

3.4.2. Chronopotentiometry

The effect of the Ppy percentage on the discharging capacity
was examined by recording the chronopotentiometric curves in
composite electrodes, containing various Ppy concentrations in
the range 10-70% (Fig. 7). Using an applied current density
value of 1 mA cm™2, the aspect of these curves was comparable
to that of a typical capacitor [22].
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Fig. 5. Cyclic voltammograms of a Ppy (10 wt%)/graphite composite electrode
in a 0.3 M NaClO4 aqueous solution, recorded at different potential scan rates.
The inset shows a linear plot of the anodic and cathodic peak current intensity
vs. the scan rate square root. The scan rate values are, respectively: Curve a:
01mVs ! b:02mVs ! c:05mVs ! d: 1.0mVs ! e: 20mVs.

The resulting massic capacities Q (calculated from the
chronopotentiometric curves of Fig. 7a and b) were plotted
against the Ppy concentration (Fig. 8). As can be seen, the
curve exhibited a Q maximum value of 99.6mAhg~! of Ppy
for a 40 wt% Ppy. When the Ppy concentration exceeded this
value, the massic capacity dramatically decreased, which can be
explained by the resistance effect resulting from the densifica-
tion of Ppy globules located on the graphite strips. In agreement
with literature data [15], a significant discrepancy was found
between the Ppy massic capacity theoretical (for a doping level
of 0.33) and experimental values, which were, respectively, 88
and 99.6mAhg~! of Ppy. In the absence of overdoping, this
observation strongly supports the hypothesis that the measured
total charge partly corresponds to the faradic charging process
and an associated capacitance effect possibly due to a ionic
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Fig. 6. Curve of the electrode capacitance vs. the Ppy wt percentage, estimated
from the anodic part of the corresponding voltammograms.

displacement in the polymeric material, according to Eq. (3).

Oc= 0r+ Oc 3

where @ is the total massic capacity, Qs the faradic massic
capacity and Q. is the interfacial capacitive contribution arising
from both Ppy/electrolyte and graphite/electrolyte interfaces.
Assuming that the Of maximum value corresponds to the faradic
capacity theoretical value (88 mAh g~ 1), it becomes clear that Q.
would represent approximately 11% of the total massic capacity.
In addition, as shown in the following section, the EIS measure-
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Fig. 7. Chronopotentiometric curves of Ppy/graphite composite electrodes in
a 0.3M NaClO4 aqueous solution, obtained at wt percentages of Ppy varying
from: (a) 10-25% and (b) 30-60%.
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ments also indicate that the capacitive contribution of graphite
is negligible relative to that of the polymer.

3.4.3. Polarization curves and impedance measurements

In this EIS study, the Ppy content of the composite elec-
trode was 40%, with a corresponding porosity of 320mgg~".
Its electrical resistivity was 1.4 € cm. Quasi-stationnary polar-
ization curves are depicted in Fig. 9, obtained for a composite
pellet containing 40 wt% of Ppy. Curves (1) and (2) correspond,
respectively, to the current values recorded before and after
impedance measurements. In the case of the anodic branch, the
dc current was practically time independent. For the cathodic
branch, a net decrease of the current was observed after the time
elapsed for recording an impedance spectrum (about 35 min).
The time dependence was practically identical, whatever was
the cathodic potential value. Also, it is worthwhile to note that,
after an impedance measurement sequence, the fact of changing
the applied potential by 50 mV yielded a very quick increase of
the cathodic current from the values of curve (1) towards those
of curve (2).
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Fig. 9. Polarization curves obtained for a composite pellet containing 40 wt%
of Ppy, (1) before and (2) after recording an impedance spectrum.
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Fig. 10. Complex plane impedance plots obtained at various potentials: (a)
+450 mV, (b) +100 mV and (c¢) —450 mV/SCE.

Some examples of electrochemical impedance spectra
obtained at +450, +100 and —450 mV are given in Fig. 10a—c, in
the Nyquist representation. Two capacitive contributions can be
roughly identified over the entire potential domain under study.
The main, more or less flattened loop represents the impedance
response at mid- and high-frequencies, above about 1 Hz, with
a maximum of its imaginary component at a frequency value
close to 10 Hz in all cases. The high-frequency behaviour was
characterized by a constant phase angle, which points out the
porous character of the electrodes (transmission line behaviour).
This angle value was equal to 45° (Fig. 10a and b), except at
a large cathodic potential value (Fig. 10c), where it was only
22.5°, suggesting that, in the latter case, some additional dif-
fusion phenomenon takes place in the porous material. In the
low frequency domain, below 1 Hz, we observed a capacitive
contribution which can be related to a diffusion process. The
impedance values were larger in the anodic domain (Fig. 10a)
than in the cathodic one (Fig. 10b and c), in agreement with the
very different dc current values in each domain. It is important
to note that, in the case of our composite electrodes, the low fre-
quency limit of the Nyquist diagram, which is characterized by
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a vertical line corresponding to the large pseudo-capacitance (a
few Farads) of the electrode, was not reached. To reach this limit,
it would be necessary to perform measurements at frequencies
well below 1 mHz.

In a first approach, a quantitative analysis of these electro-
chemical impedance spectra can be carried out on the basis of an
idealised, one-dimensional cylindrical pore model and a finite
transmission line electrical model [23,24]. An analytical expres-
sion of the electrode impedance can be found in [24]. It has been
tested experimentally for well-defined porous textures [25] as
well as for particles of irregular shape [26], and can be used to
estimate the average pore morphology. The impedance Z(jw) is
a complex function of several variables formally written as:

Z(J(L)) = Re + f(l’ r, nv IOS’ pm, RW? CW? aW’ va va Olb,
Vi, 6, ) @)

where [, r and n are, respectively, the length, radius and sur-
face density of pores, ps the electrolyte resistivity and pn, the
material resistivity, R, and C\, are, respectively, the transfer
resistance and the double-layer capacity along the pore wall,
at the graphite/Ppy/electrolyte interface. Ry, and Cy, are, respec-
tively, the transfer resistance and the double-layer capacity at
the bottom of the pore, i.e. at the rear contact/electrolyte/Ppy
interface, ay, and oy the dispersion coefficients, accounting for
the flattening of the capacitive loops, R, the electrolyte resis-
tance, V), the volume of electrolyte able to find a place between
the graphite and the Ppy particles, and evaluated from porosity
measurements and 6 is the fraction of total surface area with-
out emergent pores. The full expression of Z(jw) is given in
Appendix A.

The information concerning the porous electrode, i.e. the val-
ues of all the parameters involved in the expression of Z(jw), has
been derived through a non-linear curve fitting of Eq. (4) to ac
impedance data in the frequency range 1 Hz—60 kHz. The fitting
was conducted by using a non-linear least squares simplex pro-
cedure, assuming an accuracy of 1% on the impedance modulus.
The fitting quality was appreciated by a dimensionless factor o,
defined as the standard deviation of the difference between the
calculated and experimental values reduced to the experimental
error. A good fitting quality would correspond to a o factor value
close to or less than unity.

An example of fitted curves is given in Fig. 11 for the data
recorded at +100 mV. A satisfactory agreement between experi-
mental and calculated data is obtained, indicating that the actual
porous, composite electrode behaves well as an ideal cylindrical
pore electrode. The values of the fitted parameters are gathered
in Table 1. A V}, value of 0.0625 cm? was deduced from poros-
ity experiments, and the oy, value was fixed at 0.9. Calculations
show that a good fit can only be obtained by considering that /
is of the order of magnitude of the actual electrode thickness.
Moreover, the Ry and Cy, values (Table 1) show that the total
impedance is dominated by the interfacial impedance at the
pore wall. From the calculated surface density value of pores
n=44x10°cm™2, it is possible to obtain the average pore
radius and the active surface area of the composite electrode
which are, respectively, 1.8 pm and 700 cm?. The calculated
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Fig. 11. Comparison of experimental and fitted data according to Eq. (4) in the
Bode representation of the real (R) and imaginary (Im) parts: (a) +450 mV, (b)
+100mYV and (c) —450 mV/SCE.

double-layer capacity at the interface graphite/Ppy/electrolyte
being 17 wWF cm~2, the total capacity reaches a value of 11.9 mF,
or0.06 F g~ ! with respect to the electrode mass. The latter capac-
ity value represents less than 0.1% of that obtained from the
voltammograms (80 Fg~! of electrode mass for the 40% Ppy
containing electrode). This very low double-layer capacitance
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Table 1

Sources 170 (2007) 441-449

Fitted parameters obtained according to Eq. (4), and corresponding to the impedance spectrum recorded at +100 mV/SCE for a composite electrode containing 40%

of Ppy in contact with a 0.3 M NaClO4 aqueous solution

Co* (WFem™2)  R® (Qem?)  ay® M(em) Vot (em®)  pmf (Qem)  Go* (WFem™2) Ry (Qem?)  a®  psf (Qem)  Re2 (Qem?)  ab (em™2)

17 1940 09 0.14 0.0625 1 00 5 1 34 46 4.4 % 10°
% Cy(Cp), double-layer capacity along the pore wall (at the bottom of the pore).
b Rw(Rp), transfer resistance along the pore wall (at the bottom of the pore).
¢ ay(ap), dispersion coefficient of the wall impedance (of the bottom impedance).
47, length of pores.
¢ Vp, volume of the pores.
' pm(ps), material (electrolyte) resistivity.
2 R., electrolyte resistance.
h

n, surface density of pores.

value, estimated by impedance measurements at high frequen-
cies, reflects relatively fast charge relaxation effects, occurring
essentially at the electrode surface.

In the cathodic domain, an additional diffusion phenomenon
has to be taken into account to explain the 22.5° phase angle
value observed at high frequencies. According to literature, this
phenomenon could arise from the diffusion of C1O4~ ions, very
closely trapped in the Ppy polymer chains [27]. For instance, the
electrochemical impedance spectrum recorded at —450 mV was
well described using Eq. (4), by taking an «y, value of 0.5, and a
quality factor value of 0.2. These results suggest that, in all cases,
the composite electrode can be described by the cylindrical pore
model.

This model can also be applied to the anodic domain. By fix-
ing the / and n values reported in Table 1, it is possible to obtain
a good fit of the experimental impedance spectrum recorded
at +450 mV. The main feature is that the transfer resistance is
very large (a few MS2). These results show that the composite
electrode is poorly active in the anodic domain. Since Ppy is
a p-type semi-conducting polymer in the oxidized state, it can
be assumed that the composite electrode becomes electrochem-
ically inactive because of a saturation of the polymer structure
by the anions.

From the standpoint of EIS analysis, and considering
the frequency range under study and the respective time
scales of the processes taking place at the graphite/electrolyte
and Ppy/electrolyte interfaces, only the effects of double-
layer charging at the graphite/electrolyte interface have been
observed. Therefore, the profile of the impedance diagrams can
be related to the macroporous structure of the composite elec-
trode.

4. Conclusion

In the present work, we have been able to build large
size composite electrodes, containing chemically synthesized
polypyrrole powder and graphite carbon in various percent-
ages, and we have characterized in detail their morphological
and electrochemical characteristics. We have demonstrated that
our method of preparation of the composite pellets provided a
material with satisfactory conductivity and porosity values. It
is worthwhile to stress that such physico-chemical properties
are highly favorable for applications to batteries and super-
capacitors. Also, our morphology study revealed the presence

of two distinct pore systems in the composite pellets, includ-
ing micropores, derived from the Ppy peculiar, porous structure
and macropores due to the spaces located between the graphite
strips.

Using the cyclic voltammetry method, we have shown
the existence of a capacitance effect, characteristic of the
polypyrrole oxidized state. The latter result was confirmed
by chronopotentiometric experiments which indicated that the
capacitive effect contribution represented about 11% of the total
massic capacity in the composite electrodes. Moreover, this phe-
nomenon might explain the massic capacity high value obtained
in charge—discharge tests.

The electrochemical impedance spectrometry measurements,
performed within a wide potential range, indicated that it was
possible to describe the composite electrodes by the cylindrical
pore model. In the frequency range under study, when taking into
account the relative time scales of the processes at the graphite
(fast) and Ppy (slow) interfaces, only the effects of double-layer
charge at the electrode/electrolyte interface are observable. It
was concluded that the capacitive contribution of graphite was
at the most 1% of the total electrode capacitance. In contrast,
the CV study has shown that these composite electrodes possess
high massic capacity values of approximately several hundreds
of Fg~! of Ppy mass, corresponding to the electrical charges
stored in Ppy. At high cathodic potential values, the impedance
measurements allow one to establish a relationship between
the decrease of double-layer capacity and the rearrangement of
charges, implying the diffusion of ClO4~ anions close to the
polymer chains in the composite electrodes.

Overall, our work strongly suggests that a composite
electrode, prepared by our method and containing chemi-
cally synthesized polypyrrole powder and graphite carbon in
appropriate percentages, could be used as one half-cell in a
super-capacitor, after thorough optimization of the composite
material porosity.
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Appendix A

The impedance analysis of the composite electrodes is based
on a one-dimensional cylindrical pore model and a finite trans-
mission line electrical model. The involved parameters are
defined in the text and in the caption of Table 1. The compos-
ite electrode is modelled as the parallel combination of parallel
cylindrical pores, of length /, radius r and surface density n.
The electrode resistance Ry, and solution resistance R per pore
length unit are, respectively, given by Egs. (A1) and (A2):

R, = 2" (AD)
0

Ry =2 (A2)
r

where 6 is the volume fraction occupied by the composite mate-
rial, with resistivity py, and ps is the electrolyte resistivity. 6 is
calculated from the pore volume V/, as:

4 Vo
wlD?

where D is the electrode diameter. The pore density #n is then
deduced from 6 by considering the pore surface occupancy:

6=1 (A3)

1 —6=nnr? (Ad)

The interfacial impedance of the pore wall per unit of length
is given by Eq. (A5):

Ry

Zy = A5
YT 1 4 (jRw Cww)™ 127 (A5)
and that of the pore bottom by Eq. (A6):
Ry
Zy (A6)

" [+ (RyCow)*™ ]2
where Cy, and Cy, are the double-layer capacitances, respectively,
along the wall and at the bottom of the pore. The impedance of
a pore Z, is given by Eq. (A7):
_ RmRJl
P R+ Ry
2RmRs + (R2, + R2) cosh(l/A) + A8R? sinh(l/A)
(Rm + R)[8 cosh(l/1) + A~ sinh(l/A)]

(A7)
where A is the penetration depth:
Z
A=y — (A8)
R + R
and § corresponds to:
R R
§ = Rm + Rs (A9)

Zy

The n pores are assumed to be in parallel, and the final porous
electrode impedance Zp per surface unit is given by:

ZP
Zp=22 (A10)
n

The complete impedance expression to be compared
to experimental data in the frequency range 62kHz-1Hz
reads:

Z(jw) = Re + Zp (Al1)
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