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Abstract

Cyclic voltammetry has been used to investigate the role of the anions and the solution pH on the redox properties of polypyrrole electrosyn-
thesised onto aluminium in alkaline solutions. The polymer film was characterised by SEM and IR spectroscopy. Moreover, the influence
of the cathodic potential on the redox process was analysed for films formed in acid and alkaline solutions. The electrochemical response
was compared with that obtained on vitreous carbon electrode. The differences in the shape and evolution of the voltammograms during
cycling have been explained by a different participation of the ions. The best redox activity of the polymer is obtaingd oluR@ the
fact that this anion could limit the anodic dissolution of Al. The other anions analysed cannot be incorporated into the polymer matrix. As a
consequence, the transport of OFccurs, which provokes a significative Al dissolution. It is expected that thie idhs generated during
the electrodissolution are incorporated into the polymer in order to equilibrate the charge of the film.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction electropolymerisation at pH 12. Further increase in pH re-
sults in a suppression of the polymerisation process due to
In the last years, a great interest has been paid to the electhe high rate of Al dissolution. The best quality films are
trodeposition of conducting polymers onto active metals due produced potentiostatically at pH 12 in the potential range
principally to their use as anti-corrosion coatifigs Several 0.70-1.10V. Deposition starts after the oxidation and passi-
authors have reported significant results in the synthesis ofvation of Al occur. The passive film has many defects and the
polypyrrole (PPy) onto reactive metals such ag2410]. In nucleation of the polymer starts at these sites. There is evi-
a previous publication the possibility of obtaining conductive dence to suggest that the passive film is less protective than
and adherent PPy films on Al in NO-containing solution the one formed at acid pH, and, consequently, a greater num-
of pH 12 has been demonstrati8]. The influence of pH ber of defects are available for polymer nucleation at pH 12
on the electropolymerisation of Py onto Al electrodes was [8]. The films can be cycled in acid solution without loosing
explained considering that the passive layer formed might its redox behaviour.
be able to inhibit the dissolution of the metal without block- On the other hand, PPy films have been prepared on vitre-
ing the access of the monomer and its further oxidation. No ous carbon in alkaline solutiofitl]. The films show variable
film formation was observed in neutral and weakly alkaline ion-exchange properties, which depend strongly on the na-
solutions because the oxide passivates the electrode and hinture of the counter-anion and solution pH. During the redox
ders the process of polymerisation. As the solution pH is process the transport of anions like pifOor CI~ is dom-
raised, the oxide layer become less protective allowing the inant, although the exchange of OHalso occurs. Cation
transport also takes place to compensate the incomplete re-
 Corresponding author. Tel.: +54 291 4595182; fax: +54 201 4505182, |€ase of N@™ or CI™. In the case of Sg¥~, the exchange of
E-mail addressssaidman@criba.edu.ar (S.B. Saidman). OH~ exclusively occurs during the redox process. In this pa-
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per the electrodeposition of PPy coatings on Al fromy30
solution was investigated.

A reduction process at very negative potentials was asso-
ciated with the transport of the cations for PPy films formed R
onto vitreous carbofi 1]. With this in mind, the voltammetric 035 ; S,
behaviour of PPy formed onto Al was examined by extending ' . !
the voltage in the cathodic region.

Another objective of the present work was to get a better
knowledge of the properties of PPy electrosynthesised on
Al in alkaline solutions. In this sense, the earlier work was g
extended by analysing the role of pH and anions on the redox=
process.

The influence of the Al oxide on the electropolymerisation
process and on the redox response of the formed film was
analysed by comparing the results obtained with Al and with
vitreous carbon.

The films were also characterised by SEM and IR spec-
troscopy.

-035 | '~

1 1 | 1

Aluminium (99.999%, Aldrich Chemical Company) and EIV
vitreous carbion (The Electrosynthesis Co.) r%ds embedded InFig. 1. Stabilised cyclic voltammograms of PPy on Al (full line) and vitreous
aTeﬂon. holder with an exposed area of 0'.07 overe used carbon electrode (discontinuous line) in 0.1 M §Q pH 12 solution at
as working electrodes. Before each experiment, the electrodep.os v s1. The film was made potentiostaticall € 0.90V,t = 30s) in
was polished successively with 200, 600 and 1000 emery0.1M NG;~, pH 12 solution containing 0.5M Py.
paper, then degreased with acetone and washed with triply-

distilled water. Following this pretreatment, the electrode was NO3~, pH 12 solution containing 0.5 M Pig. 1shows the

immediately transferred to the electrochemical cell. All the o6y hehaviour of the films synthesised on both vitreous car-
potentials were measgred against a saturated calomel elecgn and Al. The consumed charge during deposition was 37.0
trode (SCE) and a platinum sheet was used as a counter elecyq 77 5 mc for Al and vitreous carbon, respectively. This

trode. The cell was a 20 ciMetrohm measuring cell and  itterence can be explained by the presence of the oxide film

measurements were done in a purified nitrogen gas saturated, +he case of Al In both cases the inserted{N@nions are

atmosphere at 2%C. expelled from the film at the beginning of its reductjdn].
Solutions of different salts as NaN(Na SOz, Na&xC204 The observed redox peaks in th6.5-0.3 V range are associ-

(sodium oxalate), NaC4CO, (sodium acetate) and acids,  a1eq with the exchange of NO. A positive shift of the peak

HNOs and HSO were used. All chemicals were reagent  ,antials can be observed for the PPy-covered Al electrode
grade and solutions were freshly made in twice distilled wa- ¢ompared with those obtained for vitreous carbon. Moreover,
ter. The pH of the solutions was adjusted by addition of o separation between the peak potentials is smaller when
NaOH. Pyrrole was purchased from Acros Organics and it he g hstrate is vitreous carbon, indicating that in this case is
was freshly distilled under reduced pressure before use.  ggjer to oxidise and reduce the film. This difference might

Electrochemical measurements were done using a linearye gxpjained considering the additional resistance of the Al
voltage sweep generator PAR model 175, a potentiostat- . iqe film.

galvanostat PAR model 173 and HP 400%# recorder. Another important difference in the behaviour of both sub-

Scanning electronic microscopy pictures were taken with a ¢t ates is the absence of the more cathodic pe@kas V) in
Jeol 100. Infrared spectra were recorded with a Nicolet NeXUs {ha case of Al. This peak is absent in acid media but it can be

FTIR spectrophotometer, using the KBr pellet technique.  gpserved in neutral and alkaline solutions, where its charge

is pH independenfl1]. While a dependence on the cation
was found, the shape and potential of the peak are practically
independent of the anion. Thus, this peak was attributed to
3.1. Redox behaviour of PPy with various electrolyte the compensation of the polymer charges by Niasertion
anions when the film is formed on vitreous carbon. This result sug-
gests that transport of Nadoes not contribute to the redox
Electroactive films were prepared by electropolymerisa- process when the substrate is Al. The integrated charge un-
tion of Py at a constant potential of 0.90V for 30sin 0.1 M der oxidation and reduction waves associated with the redox

3. Results and discussion
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process of the polymer are very similar. Thus, the coulom-
bic efficiency is ca. 100%. In the case of Al, these charges
were obtained by the difference between the total current on
the cyclic voltammogram and the current obtained with an
uncovered electrode. A possible explanation of the absence
of the peak related to the Nainsertion when the film is ¢
formed on Al is that the AY" (or AI(OH)4™) ions gener-
ated during dissolution are also able to contribute to the ion
exchange process and then, the'Nens are no longer nec-
essary to conserve the electroneutrality of the film when the
PPy is reduced to its neutral state. Aluminium ions generated
by the electrochemical oxidation can also be involved in a
film-formation process resulting in ADs, or in a dissolu-
tion process resulting in soluble species which migrate into
the bulk of the solutiof5]. The AR+ ions would be expelled
from the polymer during the oxidation process of the film.

Information of the morphology of the polymer formed on
Al substrate in N@solution can be obtained from the scan-
ning electron microscopy technique as featuredrig. 2
SEM image of a film deposited at 0.90V shows a globular
structure with the formation of aggregates, similar to that ob-
tained in acid medif¥]. Itis interesting to note that in alkaline
media a closely packed globular morphology is observed in
contrast with the film synthesised in acid solution where the
globules are more spaced.

The polymer generated on Al in the oxidised state was also
analysed using IR spectroscopy. The film was scraped off the
electrode, ground to a fine powder and analysed as KBr pel- | l |
lets. No attempt has been made to assign all the peaks, butitis 2000 1500 1000 500
worthwhile to note the presence of a strong and sharp band at
1386 cnm! and a weak band at 834 crh(Fig. 3a) attributed
to stretching vibrations of the N§D anions,v3(NO3~) and
v4(NO37), respectivel)({12]. Thus, this result shows a clear Fig. 3. Infrared spectra of (a) PPy deposited on Al at 0.90 Vin 0.1 MNO
sign of the presence of NO as a dopant. No peak at ca. PH 12 solution containing 0.5M Py; (b) the film formed in (a) maintained
1700 cnt! attributed to a €O structure is observed, indicat- 8 —1.00Vin 0.1M NG~ pH 12 solution for 15min; (c) the film formed
ing that the formed polymer is notirreversibly degraded. The In (&) maintained at 1.20Vin 0.1M D, pH 12 solution for 15 min.
peak at 1630 cm! should be assigned te<C bond stretching

Transmittance

Wavenumbers/cni |

of the pyrrole ring. The bands at 1165 and 1029 ¢morre-
spond to G-H bonds deformations and the band at 1120tm
can be assigned to the breathing vibration of the pyrrole ring.
The intensity of the peak at 1386 cihdiminishes and the
band at 834 cm! disappears when the PPy film is electro-
chemically reducedHjg. 3b). Despite its weaker intensity,
the presence of the first band in the spectrum of the reduced
form indicates an incomplete release of NQas was previ-
ously suggestefl.1]. The IR spectrum shows the absence of
the absorption bands at 1630 and 1120¢énThis result can
be attributed to the different electronic configuration on the
pyrrole ring between the oxidised and reduced forms. The
bands at 1165 and 1029 chremain almost unchanged be-
cause the €H bonds are slightly affected during reduction
p A SR o of the pyrrole ring.
4725 19. When the PPy-covered Al electrode was cycledina 0.1 M
NO3~ solution, pH 12, anirreversible oxidation current peak
Fig. 2. SEM micrograph of PPy-coated Al. The film was formed at 0.90v appeared at ca. 1.20[8]. The IR spectrum of a film poly-
in 0.1 M NO3;~, pH 12 solution containing 0.5 M Py. merised from 0.1 M N@~ pH 12 solution containing 0.5M
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Fig. 4. Cyclic voltammograms in 0.01 M NaOH solution at 0.05V.5(a) \ . I (®)
PPy-coated Al electrode (b) bare Al and (c) PPy-coated vitreous carbon 20.8 04 0.0 0.4
electrode (stabilisedE curve). The PPy films were made potentiostatically
(E=0.90V,t=30s)in 0.1M NQ™, pH 12 solution containing 0.5M Py. E/V

The cycle numbers are indicated. Initial potential: 0.30 V.
Fig. 5. Cyclic voltammograms of PPy-coated Al electrode in (a) 0.1M

Py and maintained at 1.20V in a monomer-free solution for CH:COO™. pH 12 solution and (b) 0.1M £,2", pH 12 at 0.05 V™.
15min is shown irFig. 3. As compared to the spectrum of e film was made potentiostaticallg € 0.90 V,t = 30s) in 0.LM NQ~,

7 pH 12 solution containing 0.5 M Py. The cycle numbers are indicated.
the polymer shown iffrig. 3a, there are only weak changes,
except that a new peak arises at 1734 énwhich is as-
cribed to the formation of the carbonyl group. This result 0.01 M NaOH are obtained at potentials more negative than
confirms the polymer was degraded. The intensity of the those occurringin 0.1 M N, pH 12. It was postulated that
peak at 1630cm! is reduced upon polymer degradation. the incorporation of OH is enhanced under these experi-
The presence of the NO-absorption band indicate thatonly = mental conditions. Then, the transport of Olthrough the
some pyrrole rings in the PPy chain were degraded after thisPPy film results in considerable changes when passing from
overoxidation time, originating a partial removal of doping vitreous carbon to Al. In the case of Al the transport of OH

anions. in the polymer is followed by oxidation of the substrate. The
The nature of the supporting electrolyte used for the cy- oxidation products gradually undermining the polymer film.
cling of the resulting polymer on Al was also investigated. Fig. 5a shows the electrochemical response obtained in

PPy films synthesised in N were submitted to voltam- 0.1 M CHsCO,—, pH 12. A similar result was obtained upon
metric studies in solutions with different electrolytes. First, replacing CHCO,~ by C,042~ (Fig. 5b). Electrodeposi-
the electrochemical behaviour in 0.01 M NaOH was evalu- tion of PPy on vitreous carbon could not be performed in
ated Fig. 4a). For comparison, the potentiodynamic curve alkaline solutions containing these anions due to their basic
recorded for a bare AlRig. 4b) and the electrochemical re- charactef11]. Moreover, these anions cannot re-intercalate
sponse of PPy synthesised under similar conditions on vit- to replace the expelled NO and as a result, the OHis in-
reous carbonKig. 4c) are included in the same figure. As corporated into the polymer film. The comparison between
occurs with vitreous carbon, expulsion of the original coun- the voltammetric response obtainedrig. 5to that obtained
teranion takes place on the first reduction sgHt]. It can with PPy-coated vitreous carbon electrode in 0.01 M NaOH
be observed that in the absence of ;NQhe redox activ- [11], suggests that OHis also incorporated into the polymer
ity decreases and the voltammetric response of the polymerfilm in the case of Al. On the other hand, the cyclic voltammo-
is included within a large anodic current. As a result, the grams in the presence of GHO,~ or C;04%~ appear to be
voltammetric curve obtained with the PPy-covered electrode more stable and with well-defined peaks when they are com-
is very similar to that obtained with the uncovered one al- pared with the response obtained for PPy-coated Al electrode
though small oxido-reduction peaks of the polymer remain. in 0.01 M NaOH Fig. 4). This effect is probably associated
The ion exchange could not be restored even by retreatmentwith the fact that these anions play a role in the Al electrode
with NOs~. In the case of vitreous carbon, the redox peaks in passivation. It is known that GGEO,~ and G042~ inhibit
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Fig. 6. Cyclic voltammograms of PPy-coated Al electrode in 0.1 M350 ] 1 1

pH 12 solution at 0.05 V!, The film was made potentiostaticall & 2000 1500 1000 500

0.90V,t = 30s) in SQ%", pH 12 solution containing 0.5 M Py. The cycle 1

numbers are indicated. Thé curve for 200's is also included. Wavenumbers/cm

Fig. 7. Infrared spectra of (a) PPy deposited on Al at 0.90 Vin 0.1 M’SQO
o ) ) ] pH 12 solution containing 0.5 M Py; (b) the film after the potentiodynamic
the pitting corrosion of Al and Al alloys in neutral media polarisation shown ifFig. 6.

[13-15]

The electrosynthesis of homogeneous and adherent PPyand cathodic waves associated with the polymer fifig.(8,
film on Al can also be performedin0.1M$&, pH12solu-  small insert). As with N@~ [8], the potentiodynamic tech-
tion containing Py ata constantapplied potenka. 6shows  nique does not lead to the formation of very stable films.
the current-time response during the potentiostatic polarisa-The cyclic voltammograms of the PPy-covered electrode also
tion. Asinthe case of N&", the formation of a passive oxide  shows large background anodic currents in the potential re-
layer occurs first, followed by the nucleation and growth of gion where the film is oxidised and reduceddd 8). As in

the polymer. The IR spectrum of the film is showrFiig. 7a. the case of N@~, the galvanostatic mode was found to be
The absorption bands at 1125 and 1045 ¢are attributed to unfavourable for PPy deposition onto Al.
stretching modes of distorted $& anionsp3(SOs2~) [12], One can suppose that an incomplete coverage of the elec-

indicating the incorporation of these anions as dopants in thetrode by the polymer results in an enhanced oxidation of
polymer film. The peaks in the range from 1580 to 1390°¢m

are due to €C and G=N in plane vibrations. The IR spec-
trum of the film cycled in the solution without the monomer
shows that the absorption bands characteristic of?S@I-
most disappeaif{g. 70). The bands at 1163 and 1025ch
associated with €H bonds deformations, and the shoulder at
1123 cn1l, assigned to the breathing vibration of the pyrrole 04
ring, can now be seen due to the disappearance of th& SO
bands.

The doping/undoping curve of the $& -formed filmin a
solution without the monomer is presentedrig. 6. The sta-
bilised voltammogram exhibit oxidation and reduction peaks
at 0.06 and-0.72V, respectively. A noticeable feature in the
curves s thatthe redox peaks appear again superimposed on -1.0 05 0.0 0.5
large anodic current in the first cycle. This large background
current decreases during the subsequent scans until react. EIV

ing a stabilised value. It is also possible to form PPy fiims _ _ _
Fig. 8. Cyclic voltammograms of PPy-coated Al electrode in 0.1 M50

by repeateo_l pOtentlal linear scannlng lnzSOs_qunon. The pH 12 solution at 0.05 V3. The cycle numbers are indicated. The film was
voltammetric curve is characterised by a rapid growth of the made potentiodynamically at 0.05 vsin S0:2-, pH 12 solution contain-

Py oxidation wave starting at about 0.65V and by anodic ing 0.5M Py (small insert).

0.8

1/ mA
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the Al substrate and that the anodic current measured during

the PPy cycling is associated with this process. If this ex-

planation were correct, a different response should be seen

with a PPy film formed in N@~ and cycled in S@~ so-
lution. However, the cycling behaviour in $& of a film
formed in NG~ also presents a high anodic background
current, unlike the behaviour of the same film in NOQ

which does not present this current. Thus, the effect is not
due to the presence of uncovered areas of the substrate ex

posed to the solution. A previous work has shown that the

redox behaviour of PPy formed on a vitreous carbon elec-

trode in SQ2~ is not the same as that obtained in NO
[11]. During the first reduction, S{3~ is released, but these
anions are not incorporated into the polymer matrix when

the potential is reversed, in agreement with the IR results

(Fig. 7). It has been postulated that the transport of OH
was the most important process to maintain the film elec-
troneutrality and that the substitution of the 0 anions by
the OH™ anions resulted in a decrease of redox activity com-
pared to that obtained with anions like NQ The present

results also provide evidence to suggest that in the case of

Al, the penetration of the PPy film by OHis followed by

oxidation of the substrate, so that that the current associated

with this dissolution is observed simultaneously with the re-

dox response of the polymer. Thus, in spite of the fact that

SO42~ is a suitable electrolyte for PPy electrodeposition on
Al, it is less favourable for cycling the polymer than NQ
The film presents very good redox properties ingN@vhen

lower oxidation currents of the metal base are observed. It E
is interesting to mention that when PPy films synthesised in ~

SOy2~ are cycled in N@—, the behaviour of the film turns
to that obtained in N@™ after a few repetitive voltammetric
cycles.

3.2. Effects of pH

The influence of pH on the redox response of PPy films
synthesised in 0.1 M N, pH 12 solution was analysed.
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Fig. 9. Effect of pH on the potentiodynamic polarisation of PPy-coated Al
(full line) and PPy-coated vitreous carbon electrode (discontinuous line) at
0.05Vstin(a) 0.1 M HNG; (b) 0.1MNG;~, pH 7 and (c) 0.1M N@™,

pH 13. The film was formed potentiostatically at 0.90V in 0.1 MNOQpH

The curves obtained under the same experimental conditionsl2 solution containing 0.5M Py.

for films formed on vitreous carboid 1] are superimposed
to compareFig. 9a shows that the electrochemical response
obtained in 0.1 HN@ for PPy films formed on Al and on

vitreous carbon are not very different. Thus, the charge com-

pensation is made mainly by the transport of ;NOn both

substrates. Only the first cycle is displayed due to the prop-

erties of the film formed onto Al change during cycling, as
it will be shown in the next section. Likewise, the voltam-
metric curve of the PPy-coated Al electrode is very similar to
that obtained for the film formed in acid medig. The film
formed onto Al is very stable (if it is not submitted to very
negative potentials) because BOinhibits Al dissolution
[16].

The redox voltammogram in neutral and weakly acid me-
dia of PPy synthesised on Al is similar to that obtained at
pH 12, as already observed on vitreous carlig.(b). The
film can be doped and undoped without loosing its redox

behaviour because the stability of the oxide film at this pH
values.

The cycling of PPy formed on Al differs markedly from
that synthesised on vitreous carbon when a strong alkaline
solution is employedKig. ). PPy switching is not hindered
in strong alkaline solution when the substrate is vitreous car-
bon. Itwas found that under these experimental conditions the
incorporation of OH is enhanced, while the incorporation
of NO3~ is suppressed. The redox ability of the PPy disap-
pears at pH 13 when the film is formed on Al. Immediately
after immersing the PPy-covered Al electrode in solution of
pH 13, a high oxidation current is measured as it occurred
with the substrate when no PPy film was deposited. Thus, the
oxidation of the substrate is the main reaction at the electrode
surface.
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E/V Fig. 11. Cyclic voltammograms of PPy-coated Al electrode in 0.1 M HNO

) ) ) o ) at 0.05V s The film was formed potentiostatically at 0.90 V in 0.1 M
Fig. 10. Potentiodynamic polarisations of PPy-coated Al electrode in 0.1M NO,—, pH 12 solution containing 0.5 M Py. Scans 1 (—), 2 (- - -) and-3)(
HNO; at 0.05V s* obtained after a potential holding @0.6 V for 0 min are displayed.

(—); 5min (---) and 10 min+{- -). The film was formed potentiostatically at

0.90Vin 0.1 M NG, pH 12 solution containing 0.5 M Py. . . .
QP g y substrate. The recombination of'Hesults in a much lower

concentration of these ions, causing a local pH increase at the
3.3. Effects of the cathodic switching potential Al surface. As a result of this process, a more stable and less
soluble oxide film begins to form. This oxide is sufficiently
An important additional information was provided by protective to inhibit the oxidation and reduction processes of
voltammetric studies of the film with different cathodic limits  the polymer. Another explanation may be that the polymer
of the potential variation. PPy films formed on vitreous car- film formed onto Al becomes more compact than the film
bonin acid or alkaline solutions were stable to cycling in acid deposited on vitreous carbon when it is subjected to negative
solutions even when the negative limit was fixed &t5 V. On potentials. As a result an additional overpotential is required
the contrary, the electrochemical behaviour of PPy formed on for their oxidation.
Al'in alkaline or in acid solution significantly changed when
the filmis cycled in 0.1 M HN@. As was shown previously,
the film was stable to cycling betweer®.6 and 0.4 \[7]. But 4. Conclusions
after holding the potential at0.6 V for 5 min, the subsequent
anodic scan shows a positive shiftin the anodic peak, whereas Among the various alkaline electrolytes used,dNQvas
the cathodic peak remains practically unchand&d.(10. found to be the only anion able to give a low dissolution of
For a potential holding time of 10 min the effect is more pro- the Al electrode, allowing cycling of the polymer film. The
nounced. Maintaining a potential 6f0.3V causes only a PPy film generated is less porous than that formed in acid
slight potential shift. Thus, for a constant potential holding media. The difference between the redox behaviour igNO
time, the effect becomes more pronounced as the holding po-and that obtained in the presence of the other anions analysed
tential is more negative. By extending the negative limit to lies in the type of ion transport. While the transport of ;NO
—1.0V, the shift in the anodic peak occurs during cycling is dominant, in the presence of the other anions the exchange
without a potential holdingRig. 11). Successive scans re- of OH™ occurs. The increase in the contribution of Okb
sulted in a gradual decrease of the film redox currents duethe ion transport is responsible of enhanced Al dissolution
to an incomplete oxidation of the film. The electrochemical and the loss of PPy activity. In spite of the fact that well-
activity cannot be restored by changing the negative potentialadherent PPy deposits are formed in,3Osolution, this
limit to more positive values or by cycling the covered elec- anion is replaced by OHduring the oxidation/reduction of
trode in a less acidic solution. The same behaviour was alsothe film.
found when PPy was cycled in 0.1 MbHOy, indicating that Aluminium ions generated by the electrochemical oxida-
the decrease in the film activity is not affected by the nature of tion probably contribute to the ion exchange process in the
the anion. On the other hand, the stability of the film on inert polymer.
electrodes under the same experimental conditions suggests
that the effect is not due to decomposition of the film itself.
The irreversible loss of activity when the film formed on Alis  Acknowledgements
submitted to very negative potentials in acid solution might
be explained in terms of the'Heduction to H. The fact that Fundaocbn Antorchas and Consejo Nacional de Investiga-
proton reduction occurs is an evidence of the penetration of ciones Cierificas y Tecnicas are acknowledged for financial
the film by the electrolyte followed by redox reactions at the support.
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