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bstract

The electrosynthesis of polypyrrole (PPy) has been achieved on aluminium in aqueous medium of malic acid by means of cyclic voltammetry,
otentiostatic and galvanostatic techniques. Scanning electron microscopy (SEM) and X-ray microanalysis by dispersion energy spectroscopy
EDS) applying on surfaces show that the PPy coating is developed from the metal surface through the cracks of the initial Al2O3 layer. Moreover,
he results reveal that the homogeneity of the film achieved increases with the time of electropolymerization.

A mechanism involving the participation of the supporting electrolyte and the pyrrole (Py) in distinct active sites was proposed based on the
inear sweep voltammetry. It is observed for all the applied electrochemical techniques that the pyrrole concentration has to be higher than 0.1 M
o allow the polypyrrole electrodeposition in acid medium.
Scanning electron microscopy, secondary electrons (SE) and backscattering electrons (BE), shows that the PPy coating obtained in galvanostatic
nd potentiostatic modes starts with small islands at weak applied potentials or current densities. The corrosion results in 3% NaCl medium show
hat the PPy coating decreases the corrosion behaviour of the aluminium. The bilayer Al2O3/PPy shows a capacitor with future applications.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Conventional aluminium electrolytic capacitors present some
isadvantages such as high impedance and thermal instabil-
ty, in addition to problems with the liquid electrolyte leak-
ges. To coop this situation, the researchers have improved the
evelopment of solid electrolytic capacitors based on MnO2
1,2], or complex salts of organic semiconductor and conduct-
ng polymers (CP) [3–9]. Polypyrrole is one of the most used
P as counter electrode on aluminium [2,6,9–11] and tantalum

5,12–16] capacitors considering their good adhesion to dielec-
ric films, higher conductivity and excellent stability.

The oxidation of pyrrole has been carried out by either

1) electropolymerization at a conductive substrate by the
pplication of an external current or potential, or (2) chemical
olymerization in solution by the use of a chemical oxidant. Pho-
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ochemical and enzyme-catalyzed polymerization routes have
een described but not yet enough developed. From among of all
hese processes the electropolymerization is only the technique
hat allows attaining an adherent coating on metallic surfaces.
his property is essential when they are used as solid electrolyte

n capacitors or as protective coatings on active metals such as
ron, copper, zinc, aluminium and their alloys [17–20].

The aluminium supports a thin, compact, passive film of
ydroxide and oxides that renders difficult the electropolymer-
zation process of Py on its surface. Some important results were
eanwhile obtained by several researches in organic and aque-

us media [20–27]. Hülser and Beck [28] have reported that the
luminium has to be pretreated by either a mechanical or an
nodic activation before the electropolymerization.

The PPy electrosynthesized on aluminium in aqueous
edium is a bilayer-film composed by a barrier-type Al2O3
nd an electronically conducting PPy film [23]. The formation
f Al2O3 proceeds at two interfaces, namely at the Al/Al2O3
nd at the Al2O3/PPy. The mechanism of this system is the fol-
owing: (1) the Al3+ is generated at Al/Al2O3 interface; (2) the

mailto:jipm@fe.up.pt
dx.doi.org/10.1016/j.jpowsour.2006.03.020
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The voltammograms of aluminium electrodes submitted to
successive potential scans between −1 and 2 V versus Ag/AgCl
in {0.2 M C4H6O5 + 0.5 M Py} medium with different pH at
100 mV s−1 are presented in Fig. 1. At pH 2 the current density
472 J.I. Martins et al. / Journal of P

btained cations migrate through growing Al2O3 layer toward
he solution, while oxide ions (O2−) migrate toward the alu-
inium electrode [29]. The initial Al2O3 layer contains cracks

n which its hydrophilic wall is likely attached to the hydrophilic
roups of supporting electrolyte. This compound forms a micelle
t the surface of the wall of the cracks producing a hydropho-
ic domain with a highly concentration of pyrrole. It is in these
racks that preferentially pyrrole is electropolymerized to form
lectronically conducting paths of PPy, which is extended from
he Al electrode to the surface of the Al2O3 layer.

In this work we investigate the electrodeposition of polypyr-
ole on oxidizable aluminium in aqueous medium with malic
cid [30,31] as supporting electrolyte using several electro-
hemical techniques. The coated electrodes have been tested to
orrosion in sodium chloride medium and as solid electrolytic
apacitor

. Experimental

Pyrrole monomer (Aldrich) was distilled under nitrogen,
alic acid, HCl, NaOH and NaCl (>99%) were purchased from
erck and used as received, and water was distilled twice before

se.
The electrochemical experiments were performed in a one-

ompartment cell with three electrodes connected to Autolab
odel PGSTAT20 potentiostat/galvanostat with pilot integration

ontrolled by GPES 4.4 software. The working electrode rod
1 cm diameter) or sheet (area 2 cm × 2 cm, thickness 0.4 cm)
as aluminium 99%. The electrodes were wet mechanically
olished successively with 200, 600 and 1000 or 4000 abrasive
aper, and rinsed in water before each electrochemical exper-
ment. Following this pretreatment the electrode was immedi-
tely transferred to the electrochemical cell. A stainless-steel
late was used as auxiliary electrode. All the potentials were
easured versus an Ag/AgCl (0.1 M KCl) reference electrode.
Scanning electron microscopy micrographs were obtained

n a JEOL JSM-6301F instrument. The microscope chamber
as maintained at a pressure between 4 and 10 Pa. The dis-

ance between the sample and the objective lens was remained
t 15 mm (working distance). The SEM filament was operated
t variable current and a voltage of 15 kV using magnifications
00× and 3000×. The X-ray microanalysis was obtained with
he Noran–Voyager equipment.

Electrochemical corrosion measurements were performed at
oom temperature in 3% NaCl solution. The galvanostatic alu-
inium dissolution of the naked and PPy-coated electrodes (AA

nalysis of the cationic species in the solution) was performed
n the range of 4–10 mA cm−2 applied current densities.

The equivalent parallel resistance (R) and capacity (Cs),
ogether with the leakage current (Lc) of the solid capacitor were

easured with a RCL meter (FLUKE PM 6306) and leakage cur-
ent tester by applying 1 V using a DC power supply (FREAK
P-9615) and a multimeter (KEITHLEY 2000), respectively.

he electric contact area (0.07 cm2) on the PPy layer has been
ade by thermal evaporation of aluminium. Before the capacity
easurements the samples were annealed at 50 ◦C during 1 h

nder vacuum.
F
P

ources 160 (2006) 1471–1479

. Results and discussion

.1. Py electropolymerization

.1.1. Cyclic voltammetry
A previous study on the mechanical pretreatment of the elec-

rodes surfaces in acid medium shows that only with the 4000
mery paper finishing was possible to obtain uniform PPy films.
o, in all the trials this mechanical procedure has been used.
ig. 1. Cyclic voltammograms of PPy growth on Al in {0.2 M C4H6O5 + 0.5 M
y} medium: (a) pH 2; (b) pH 7 and (c) pH 12. Scan rate, 100 mV s−1.
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Table 1
Study of the electropolymerization of pyrrole on aluminium electrodes in aqueous malic medium using the voltamperometric technique

Malic acid (M) Pyrrole (M) Scan rate (mV s−1) j (mA cm−2) of first scan at
E = 2 V vs. Ag/AgCl

PPy characteristics
after the 10th scan

0.1 0.5 100 0.8 Thin coating
0.2 0.5 100 1.7 Good coating
0.4 0.5 100 3.1 Good coating
0.8 0.5 100 5.5 Good coating
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.2 0.1 100

.2 0.3 100

.2 0.8 100

f the oxidation wave increases with each scan indicating the
uild-up of a conducting electroactive polymer. No film on Al
ccurred at pH 7 and 12, which can be explained by the behaviour
f the support electrode: in neutral pH solution is developed
n insoluble and thick film that limits the reactivity of the Al
lectrode, while at pH 12 the solubility of the aluminium oxide
ncreases as a result of the formation of aluminates [32]. At pH
there is also instability of the aluminium oxide but not enough

o inhibit the Py electropolymerization.
Potentiodynamic polarization curves were performed to

etermine the mechanism and kinetics of the anodic polymeriza-
ion of pyrrole on aluminium electrodes, which mainly details
re summarized in Table 1. The current density of the oxidation
ave is proportional to the monomer concentration, CPy, which

ollow the equation:

∂log jp

∂CPy

)
E=2 V

≈ 1 (1)

nd it is also proportional to the concentration of the supporting
lectrolyte according with the equation:

∂log jp

∂CSE

)
E=2 V

≈ 1 (2)

Based on the experimental results and in the mechanism pro-
osed in the literature [33–35] the following steps are suggested
o explain the initial electropolymerization of pyrrole:

al− + Z ↔ Mal−Zads (3)

y + Z′ ↔ PyZ′
ads (4)

al−Zads + PyZ′
ads → Mal−Pyads

• + e (5)

al−Pyads
• + Mal−Pyads

• → PPy + 2Mal− + 2H+ (6)

Py + Mal− → Mal−PPy• + e (7)

al−PPy• + Mal−Py• → PPPy + 2Mal− + 2H+ (8)

According to the mechanism proposed by Naio et al. [23] it
s possible to say that malate ion (Mal−) and Py are adsorbed in
istinct active sites Z and Z′, respectively, in the Al2O3 and Al
urfaces. Taking into account the malate structure we admit that
ts interaction with the substrate happen in only one active site.

ow, the theoretical treatment of the kinetic processes of pyrrole

lectropolymerization can be performed making the following
ssumptions: (1) the rate-limiting step is Eq. (5); (2) the adsorp-
ion of Py and Mal− on their active sites remains in equilibrium

o
o
A
t

0.7 No coating
0.9 Thin coating
2.5 Good coating

uring the electrode reaction. The reaction rate should be then
iven by the following expression:

= kθ1θ2 (9)

∝ R (10)

Using the Langmuir adsorption equation to express the frac-
ion of the area occupied by the pyrrole and malate ions [36]:

1 = K1[Mal−]

1 + K1[Mal−]
(11)

2 = K2[Py]

1 + K2[Py]
(12)

Put Eqs. (11) and (12) in Eq. (9), the Eq. (10) can be expressed
s:

= k3

(
K1[Mal−]

1 + K1[Mal−]

) (
K2[Py]

1 + K2[Py]

)
(13)

r

= k
[Py][Mal−]

1 + K1[Mal−] + K2[Py] + K1K2[Py][Mal−]
(14)

ith k = k3K1K2.
Thus, the current or reaction rate will be proportional to

he concentrations of the supporting electrolyte and the pyrrole
onomer. Considering that equilibrium adsorption constants of
alate ions and pyrrole, respectively, K1 and K2, are not much

arges, which turns possible to neglect their terms in the denom-
nator of Eq. (14), this equation becomes

= k[Py][Mal−] (15)

ith k = 15.3 mA cm−2 M−2 obtained from experimental param-
ter fitting.

The Eq. (15) is in full agreement with the experimental poten-
iodynamic results. So, it is reasonable to say that the current or
eaction rate is first order with respect to both reactants: the
alate ion and the pyrrole.
The Fig. 2 shows that the current density of the oxidation wave

f pyrrole decreases with the scan rate. Taking into account to
ame conditions the voltammograms on Al in solutions with-

ut pyrrole, Fig. 3, the plateau established after the aluminium
xidation, about −0.7 V versus Ag/AgCl, is associated with the
l2O3 formation. From the observed values of current density at

he plateau, we can say for potentials higher than the monomer
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Fig. 4. Chronopotentiometric curves of pyrrole electropolymerization on Al in
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ig. 2. Linear sweep voltammograms on Al electrode in{0.2 M C4H6O5 + 0.5 M
y} medium at pH 2 with different scan rate: (a) 10 mV s−1; (b) 20 mV s−1; (c)
0 mV s−1; (d) 100 mV s−1.

xidation that the current density is mainly associated with the
yrrole electropolymerization. According to the proposed mech-
nism, this behaviour may be explained by an increase of the
ctive sites of pyrrole inside the cracks of aluminium oxide,
here is developed the nucleation and growing of polypyrrole,
ith the decrease of the scan rate. The adherence tests performed
n the produced PPy films comes to confirm the theoretical anal-
sis, since its values increase significantly with the decay in the
can rate. Indeed, we know from the coatings behaviour that
ncreasing the attached points on the metal surface increases the
dherence.

.1.2. Galvanostatic deposition
PPy can also be formed at a constant current density equal or

igher than 1 mA cm−2 in {0.2 M C4H6O5 + 0.5 M Py} medium
t pH 2. Fig. 4 shows that potential linearly increases up to attain
maximum value indicating the formation of a barrier-type
l2O3 layer on Al. The time to establish this layer reduces with

he applied current density. After then occurs a breakdown of

he dielectric and the potential exponentially decays to a plateau
ointing out the development of a conducting coating. In the case
f the applied current density of 4 mA cm−2 it seems to be yet a

ig. 3. Cyclic voltammograms (first scan) on Al electrode in 0.2 M C4H6O5

edium at pH 2 with different scan rate: (a) 10 mV s−1; (b) 20 mV s−1; (c)
0 mV s−1; (d) 100 mV s−1.
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0.2 M C4H6O5 + 0.5 M Py} medium at pH 2 with different applied current
ensities: (a) 1 mA cm−2; (b) 2 mA cm−2; (c) 3 mA cm−2; (d) 4 mA cm−2 and
e) 5 mA cm−2.

hange in the oxide layer of aluminium since the potential does
ot reach a plateau. It is important to stress that for 5 mA cm−2

f the applied current we couldn’t obtain the Py electropolymer-
zation because it has been attained the maximum potential of
ur equipment.

To ratify the mechanism of Al2O3/PPy formation, the tran-
itions of the surface morphology was observed by SE and BE
n the case of the applied current density of 3 mA cm−2. In the
nitial stage (Q = 50 mC cm−2), Fig. 5A, it is possible to observe
Py nuclei of 2 �m of diameter and few PPy islands of 8 �m
f diameter. The X-ray analysis by EDS, Fig. 6A, confirms the
resence of carbon in the dark zones of the micrograph obtained
y backscattering electrons, which is associated to the organic
olymer. In the sequent stage (Q = 125 mC cm−2), Fig. 5B, the
uclei are now of 5 �m and PPy islands grow up to about 15 �m
n diameter and begins to coalesce with one another, which is
onfirmed by EDS considering the increases of carbon peak in
he dark zone, Fig. 6B. This suggests that conducting paths may
xist under the PPy nuclei through Al2O3 layer [23]. After the
assage of 250 mC cm−2 charge in the system, the nuclei are
f 10 �m in diameter and about 35% of the electrode surface is
overed with PPy, Fig. 5C. In the last stage (Q = 1.5 C cm−2),
ig. 5D, the PPy coalesce to form a uniform film. Meanwhile,

he film is not totally compact, since the EDS analysis of global
urface, Fig. 6D, shows yet the presence of aluminium.

These results are in agreement with the already descript
echanism of the bilayer Al2O3/PPy. For larger time of elec-

ropolymerization the PPy islands agglutinate to develop a uni-
orm and compact PPy film while the conducting path may
ecome insulating.

Increasing the malic concentration decreases the time to
ttain the peak potential as also its value (Fig. 7). Indeed, the
ffects of complexation and to form a micelle promoting by
he malate ions at the surface justify this behaviour. The effect

f the PPy concentration on the galvanostatic process comes
o ratify it (Fig. 8). It is remarked that with the 0.1 M Py con-
entration our system has been blocked, as a consequence of
he attained potential due to the compactness and thickness of
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Fig. 5. SEM micrographs of the surface of aluminium electrode passed charge (Q) at (A) 50 mC cm−2, (B) 125 mC cm−2, (C) 250 mC cm−2, and (D) 1.5 C cm−2,
in {0.2 M C4H6O5 + 0.5 M Py} medium by applying a current density of 3 mA cm−2 at pH 2.
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ig. 6. EDS analysis of the surface of aluminium electrode passed charge (Q)
0.2 M C4H6O5 + 0.5 M Py} medium by applying a current density of 3 mA cm

he barrier oxide, and consequently it was not achieved a PPy
oating.

.1.3. Potentiostatic deposition
In the case of potentiostatic mode only at potential higher
han or equal to 2 V versus Ag/AgCl was obtained the Py elec-
ropolymerization in {0.2 M C4H6O5 + 0.5 M Py}medium at pH
. The chronoamperometric curves (Fig. 9) show a decrease in
urrent density, and then the nucleation and a growth of PPy on

c
t

a

) 50 mC cm−2, (B) 125 mC cm−2, (C) 250 mC cm−2, and (D) 1.5 C cm−2, in
pH 2.

lectrode surface take place. After this stage the current density
ncreases, which is probably due to the growth of either indepen-
ent nuclei or independent nuclei and simultaneous increases in
umber of nuclei. Since j increases approximately as t2 it is
ossible to admit that the nucleation is progressive. Finally, the

urves stretch out to a plateau, as a result of the competition of
wo opposing effects: growth of independent nuclei and overlap.

Figs. 10 and 11 show the influence of the Py and malic
cid concentrations on the electropolymerization of pyrrole. It
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Fig. 7. Effect of the malic acid concentration in the galvanostatic electropoly-
merization of pyrrole on Al in 0.5 M Py medium at pH 2 by applying a current
density of 3 mA cm−2: (a) 0.1 M; (b) 0.2 M; (c) 0.4 M; (d) 0.8 M.

Fig. 8. Effect of the pyrrole concentration in the galvanostatic electropolymer-
ization of pyrrole on Al in 0.2 M C4H6O5 medium at pH 2 by applying a current
density of 3 mA cm−2: (a) 0.1 M; (b) 0.3 M; (c) 0.5 M; (d) 0.8 M.

Fig. 9. Chronoamperometric curves of pyrrole electropolymerization on Al in
{0.2 M C4H6O5 + 0.5 M Py} medium at pH 2: (a) 0.7 V; (b) 1.4 V; (c) 2 V and
(d) 4 V.
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ig. 10. Effect of the malic acid concentration in the potentiostatic electropoly-
erization of pyrrole in 0.5 M Py medium at pH 2 on Al by applying a potential

f 4 V vs. Ag/AgCl: (a) 0.1 M; (b) 0.4 M; (c) 0.8 M.

s important to underline that it is necessary to have a Py con-
entration higher than 0.1 M to carry out the electrodeposition
f PPy for all the applied electrochemical methods.

.2. Corrosion performance

.2.1. Linear polarization in 3% NaCl
The coated electrodes have been obtained galvanostatically at

mA cm−2 during 10 min in {0.2 M C4H6O5 + 0.5 M pyrrole}
edium and pH 2. The corrosion resistance of these coating

amples and the aluminium was estimated by applying dif-
erent current densities in 3% NaCl medium (Fig. 12) during
min. The obtained results give the possibility to deduce the

ollowing: (1) the bare Al electrode corrosion is higher than
he PPy/Al-coated; (2) considering the potential at which the

oating has been developed (Fig. 4), the PPy is partially overox-
dized that increases the resistance of the bilayer (Al2O3/PPy)
tructure on aluminium and therefore a better behaviour against
orrosion.

ig. 11. Effect of the pyrrole concentration in the potentiostatic electropolymer-
zation of pyrrole in 0.2 M C4H6O5 medium at pH 2 on aluminium electrodes
y applying a potential of 4 V vs. Ag/AgCl: (a) 0.1 M; (b) 0.3 M; (c) 0.8 M.
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Table 2
Effect of conditions of pyrrole electropolymerization during 20 min on the capacity (Cs) and current leakage (Lc) determined at 120 Hz

Sample Cs (�F cm−2) R (k�) Lc (�A cm−2)

7 j = 1 mA cm−2; 0.2 M malic + 0.5 M Py 0.76 14 57
8 j = 3 mA cm−2; 0.2 M malic + 0.5 M Py 0.94 11 14
9 j = 4 mA cm−2; 0.2 M malic + 0.5 M Py 0.54 17 75

10 j = 3 mA cm−2; 0.1 M malic + 0.5 M Py 0.60 48 7.1
13 j = 3 mA cm−2; 0.8 M malic + 0.5 M Py
12 V = 4 V vs. Ag/AgCl; 0.4 M malic + 0.5 M Py
14 V = 4 V vs. Ag/AgCl; 0.8 M malic + 0.5 M Py
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[
[11] Y. Kudoh, S. Tsuciya, T. Kojima, M. Fukuyama, S. Yoshimura, Synth. Met.
ig. 12. Evolution of the Al concentration in solution with the applied current
ensity in 3% NaCl during 5 min: (�) Al bare, (�) PPy-coated Al.

.3. Capacitive characteristics of PPy/Al2O3/Al

The Al2O3 barrier layer established on the aluminium anodiz-
ng is proportional to the potential, i.e., 14 Å V−1 [37]. In the case
f the bilayer PPy/Al2O3 as discussed above, the cut-off poten-
ial (break down potential) define practically the thickness of
he Al2O3 barrier layer [6]. Indeed, after the beginning of the Py
lectropolymerization the potential or current density stabilize
t a plateau indicating a constant dielectric thickness.

It is known that the capacitance C can be connected with
he barrier layer thickness e by the relation: C = εrεoS/e, where
o = 8.85 × 10−14 F cm−1 is the dielectric constant in vacuum,
r = 10 the relative constant for alumina and S (cm2) is the elec-
rode surface [38]. From the capacitive characteristics at 120 Hz
f the produced capacitors, Table 2, in aqueous media of malic
cid 0.2 M and Py 0.5 M, it is observed that the capacitance
ncreases from 0.76 to 0.94 �F cm−2 in the range of current
ensity from 1 to 3 mA cm−2 for the galvanostatic method.
onsidering the relation between C and e we believe that the
ompactness of the Al2O3 dielectric increases with the applied
urrent density. This statement is in agreement with the decrease
f the leakage current data and the increase of the capacitance
alues. The results obtained for the applied current density of

mA cm−2 are in agreement with the observed evolution of the
otential with the time, i.e., it was not obtained a plateau. It
s evident that there is an alteration in the structure of the alu-

[

[

1.14 15 114
1.07 10 85
1.21 12 57

inium oxide. The influence of the malic acid concentration on
he capacitive characteristics can be deduced from the analysis
f the results of the capacitors 8, 10 and 13. It is obvious from
he curves in Fig. 7 that the capacitance increases with the con-
entration conversely to the leakage current. This last behaviour
s explained by the proposed mechanism for PPy growth on
luminium. Indeed, for conducting PPy coatings the established
endrites inside the Al2O3 structure are responsible for the larger
eakage currents, which agree well with the observed potential
n the curve d of Fig. 7.

In the case of the pontentiostatic method at 4 V versus
g/AgCl, the capacitance increases with the concentration of

he supporting electrolyte and the leakage current decreases.

. Conclusions

Polypyrrole can be grown on aluminium surfaces in aqueous
edium of Py concentration higher than 0.1 M using malic acid

s supporting electrolyte under cyclic, galvanostatic or potentio-
tatic conditions. The mechanism concerned with pyrrole elec-
ropolymerization is consistent with a bilayer-film composed by
barrier-type Al2O3 and an electronically conducting PPy layer.

t is possible, by changing the electropolimerization parame-
ers and bath composition, to obtain adherent and homogeneous
lms that can be used as protective coatings against corrosion
r as counter electrode in solid-state capacitors.
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1227135, 2005.
31] J.I. Martins, M. Bazzaoui, T.C. Reis, E.A. Bazzaoui, L. Martins, Synth.

Met. 129 (2002) 221.
32] M. Pourbaix, Atlas d’équilibres électrochimiques, Gauthier-Villars &
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