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bstract

The conducting polymers polypyrrole and polyaniline were deposited on 6061 aluminum using cyclic voltammetry and painting, respectively.
hese samples are intended for proton exchange membrane fuel cell applications where surface contact resistance as well as bulk corrosion

esistance are requirements for the bipolar plates that separate the cells. Corrosion current and voltage were measured on the samples as well as
ontact resistance between coated samples as a function of contact pressure. The polypyrrole samples showed neither improved corrosion resistance

or acceptable contact resistance. The painted polyaniline samples, however, showed about an order of magnitude reduction in corrosion current
ith only a minor increase in contact resistance. It is believed that in the more acidic environment of a fuel cell, the polyaniline will become even
ore conductive and that further reduction in contact resistance should be possible.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane (PEM) fuel cells are of interest
or the transportation industry because of their low temperature
peration [1–5]. Cost and portability are the major problems
hich restrict the commercialization of fuel cells. Size and
eight are the crucial factors in mobile applications and need

o be reduced as much as possible [2,4,1]. In a PEM fuel cell
tack, bipolar plates contribute 80% of the size and weight and
pproximately 20% of the system cost. The main requirements
or bipolar plates are corrosion resistance in fuel cell environ-
ent, gas impermeability, low cost, low volume, light weight,

asy manufacturability, and high surface and bulk electrical con-
uctivity.

Good bulk conductivity is required because bipolar plates

eparate cells in proton exchange membrane (PEM) fuel cells
nd carry current from cell to cell. Surface conductivity is needed
ecause the porous carbon electrodes within the cell function

∗ Corresponding author at: Centro de Investigation en Energia, UNAM,
emixco, Morelos, Mexico. Tel.: +52 55 56229841; fax: +52 55 56229742.

E-mail address: sjp@cie.unam.mx (P.J. Sebastian).

c
a
s
m
i
w
t
b

378-7753/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2007.09.113
oth as gas diffusers and current conduction paths. These elec-
rodes are normally pressed against the bipolar plates; hence a
ow resistance surface contact must be made. In addition, the
lates must resist corrosion in the acidic (pH ∼3) environment
f these cells [6,7].

There are many recent reports on metallic bipolar plates for
EM fuel cell application. Most of these reports are on stain-

ess steel bipolar plates [8–15] except for a very few reports
n aluminum plates [16,17]. Both stainless steel and aluminum
equires protective coatings to avoid corrosion in the PEMFC
nvironment.

The usual methods for corrosion protection produce insu-
ating surfaces and are not applicable to PEM fuel cells. The
pproach adopted in this work is to use a conducting polymer
oating on aluminum. In addition to low cost and weight, the
luminum can provide bulk corrosion resistance, although even
light corrosive attack can free ions that contaminate the Nafion
embrane in the cell [18]. Corrosion of aluminum bipolar plates
n fuel cells has been reported [2]. In addition, the surface oxide
hich gives aluminum corrosion resistance prevents good elec-

rical contact between the fuel cell electrode and the aluminum
ipolar plate [2,19].

mailto:sjp@cie.unam.mx
dx.doi.org/10.1016/j.jpowsour.2007.09.113
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more oxidation and polymerization of pyrrole as the number of
cycle increases. The peaks at 2 V (vs. SCE) and −0.7 V on cycle
3 represent the polymerization of pyrrole and the reduction of
polypyrrole, respectively.
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. Experimental details

.1. Materials and methods

Aluminum 6061 (1.0 Mg, 0.6 Si, 0.3 Cu, 0.2 Cr) alloy was
sed as the substrate material in this work. Polyaniline and
olypyrrole coatings were deposited on the aluminum 6061
lloy by painting and electrodeposition (cyclic voltammetry),
espectively. The aluminum alloy samples were polished with
00–1200 grit SiC paper and ultrasonically cleaned in ace-
one and degreased in ethanol. After cleaning, the samples
ere covered with an acrylic resin mask leaving 1 cm2 area

xposed. The electrochemical cell for polymer deposition con-
isted of a platinum counter electrode, a calomel reference
lectrode and the prepared aluminum sample as working elec-
rode, all connected to a 273A (EG&G) potentiostat/galvanostat.
he aluminum sample was galvanostatically activated before
olypyrrole electrodeposition by cyclic voltammetry. The gal-
anostatic activation was conducted in an electrochemical cell
ith platinum counter electrode, calomel reference electrode

nd aluminum working electrode. The electrolyte used in the
alvanostatic activation was 0.1 M pyrrole dissolved in 0.1 M
itric acid and the current applied was 50 mA for 3 min. The
lectrolyte used in polypyrrole deposition was 0.1 M pyrrole
issolved in 0.1 M oxalic acid [20]. The polypyrrole depo-
ition (by cyclic voltammetry) was conducted at a scan rate
f 20 mV s−1 and the voltage scan range was −1 to 3 V
s. SCE and 3–8 cycles were used to achieve a uniform
oating.

Painting was selected for developing polyaniline coatings
n the Al 6061 sample. The polymer polyaniline-DNNSA
dinonylnaphthalene sulfonic acid) was provided by Crosslink
olymer Research [21]. Painting of polyaniline coating on alu-
inum 6061 alloy was accomplished by dissolving polyaniline

n xylene, 1:1 ratio. The dissolved polymer was applied on
he cleaned aluminum samples by a small brush and dried
vernight. The dried samples were heated at 110 ◦C for 5 min
o remove any air bubbles that may have trapped in the
oating.

Corrosion rate studies of the coated samples were con-
ucted in 0.1 M H2SO4 (pH ∼3) electrolyte to simulate the
uel cell acidic environment [6]. The potentiodynamic polar-
zation method was used for corrosion evaluation with the
oftware “Electrochemistry Power CORR” [Princeton Applied
esearch]. As before, the experimental arrangement consisted
f platinum counter electrode, calomel reference electrode and
oated sample (1 cm2 area exposed) as working electrode con-
ected to a potentiostat and the scan rate was 1 mV s−1.

The contact resistance of the coated samples was measured
s function of compaction pressure with an ohmmeter connected
etween two coated aluminum samples. As mentioned above, a
arbon diffuser was placed in between the coated samples during
ontact resistance measurement [22] to better simulate fuel cell

perating conditions. All measurements were on dry rather than
oist samples (which would better simulate a fuel cell environ-
ent) because of the difficulty in producing a consistent degree

f water saturation.
F
i
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. Results and discussion

.1. Galvanostatic activation of the Al 6061 sample

The voltage–time plot of the galvanostatic activation is
hown in Fig. 1. The voltage applied for the surface activa-
ion of the sample was 2 V (SCE), which is slightly higher
han the pitting potential of aluminum. The figure shows that
he voltage 2 V vs. SCE was measured initially and then
ropped to 1.9 V and stabilizes throughout the experiment. It
as observed that the activation produces small pits with only
ery small amounts of polypyrrole. The change in surface char-
cteristics can trigger the further polymerization and easier
eposition. Several efforts were made to deposit polypyrrole on
l 6061 without pre-activation including different electrolytes,

yclic voltage ranges and potentiostatic as well as galvanos-
atic techniques. However, the coatings obtained from all these
ifferent electrochemical conditions other than galvanostatic
re-activation followed by cyclic voltammetry deposition were
on-uniform.

.2. Electrochemical formation of polypyrrole on Al 6061
lloy

Cyclic voltammetry was used to polymerize and deposit pyr-
ole on the activated Al 6061 samples. The cyclic voltammogram
f the deposition process is shown in Fig. 2. As the cyclic volt-
ge scan starts from negative to positive potentials, the current
easured becomes more positive which indicates the oxidation

f the monomer and aluminum. The polypyrrole formation is an
xidative polymerization and hence displacement of the cyclic
can towards the more positive current indicates the polymeriza-
ion of pyrrole. In the figure, cycles 1 and 3 are shown and cycle
measured relatively more current than cycle 1. This indicates
ig. 1. Galvanostatic activation of Al 6061 sample in 0.1 M pyrrole dissolved
n 0.1 M HNO3 at 50 mA for 3 min.
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ig. 2. The cyclic voltammogram of polypyrrole deposition on Al 6061 sample
rom 0.1 M pyrrole dissolved in 0.1 M oxalic acid. Cycles 1 and 3 are shown in
he figure.

.3. Infrared spectroscopy

Fig. 3 shows the FTIR spectra of polypyrrole deposited on Al
061 from 0.1 M pyrrole dissolved in 0.1 M oxalic acid. Peaks
t 580 and 480 cm−1 are N–H wag and C C out of plane bend
ibrations, respectively. The peak between 1000 and 1100 cm−1

epresents C–N bond vibrations and peaks 1040, 960 cm−1 are
howing the ring vibrations of pyrrole [20,23].

.4. Corrosion rate of polypyrrole coated
electrodeposited) Al 6061 sample

Fig. 4 shows a comparison of the corrosion resistance of
olypyrrole coated Al 6061 sample with an uncoated alu-
inum sample. Corrosion current density of the coated sample

s supposed to be lower than the uncoated sample. But the
esults show that both coated and uncoated samples have the

ame corrosion current density (∼10−5 A cm−2). In fact, in
ome corrosion tests the polypyrrole coated samples showed
igher corrosion current than the uncoated plates. This indicates
hat the polypyrrole coating assists in the aluminum oxidation

Fig. 3. The FTIR spectra of electrodeposited polypyrrole on Al 6061.
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ig. 4. The potentiodynamic polarization curves of polypyrrole coated (elec-
rodeposited) Al 6061 compared with the uncoated sample. (A) Uncoated Al
061 sample, (B) polypyrrole coated Al 6061 sample.

rocess as an oxidizing agent which enhances the corrosion
rocess.

However, the corrosion potential of the coated sample shifts
owards a more positive value with respect to the uncoated sam-
le (Fig. 4). This indicates the presence of aluminum oxide
orming underneath the coating during deposition. The relatively
igh contact resistance (discussed in Section 3.6 below) of the
oated sample again indicates the same conclusion.

Fig. 5A shows the optical micrographs of galvanostatically
ctivated Al 6061 sample. The activated sample has numerous
its filled with polypyrrole. A polypyrrole deposited sample is
hown in Fig. 5B. The polypyrrole coating formed on Al 6061
as pin-holes throughout the coating. The frequent pin holes
een in Fig. 5C explain the poor corrosion performance seen
n Fig. 4. It was also observed that the pits are not completely
overed with polypyrrole which leads to further corrosion of the
ubstrate.

In the case of polypyrrole coatings on Al 6061, it was
bserved that 3–8 cycles were appropriate for good coatings
ut above 10 cycles the substrate starts to corrode aggressively
s seen in Fig. 5D by the large pits formed on the polypyr-
ole deposited Al 6061 with 20 cycles. Polypyrrole deposition
arameters used in this work were acidic electrolyte and voltage
anges of −1 to 3 V (vs. SCE). It was known that these condi-
ions were likely to cause corrosion in the aluminum alloy, but
hey were necessary for the uniform polypyrrole coating on Al
061 substrate.

.5. Corrosion results of polyaniline painted Al 6061
amples

The change in corrosion resistance with polyaniline coating

hickness on Al 6061 is shown in Fig. 6. Both the 40 and the
�m thick coatings showed reduction in corrosion current of
0−3 and 10−1, respectively, compared to uncoated aluminum
late. As expected, the corrosion resistance of the 40 �m thick
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Fig. 5. The optical micrographs of polypyrrole coated Al 6061 samples. 5(A) Galvano
5(C) pin-holes observed on the polypyrrole coated sample at high magnification, 5(D

Fig. 6. Variation in corrosion resistance with coating thickness. (A) Polyaniline
painted Al 6061 with coating thickness ∼40 �m, (B) Al 6061 with polyaniline
coating thickness ∼5 �m, (C) uncoated Al 6061 plate.
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statically activated sample, 5(B) polypyrrole coated (5 Cycles) Al 6061 sample,
) polypyrrole coating deposited in 20 cycles.

olyaniline coated plate (10−8 A cm−2) is better than the 5 �m
hick coating (10−6 A cm−2) due either to pinholes or diffusion
f oxidizing agents through the thin coating.

.6. Contact resistance of polyaniline and polypyrrole
oated Al 6061 samples

Contact resistance measurements of polypyrrole were con-
ucted in a dry rather than a moist simulated fuel cell condition.
he contact resistance was measured as a function of compaction
ressure as shown in Fig. 7. For comparison, uncoated plates
ith and without a diffuser were measured.
The contact resistance of polypyrrole coated samples showed
contact resistance of approximately 1 � cm2 at 250 N cm−2

ompaction pressure. Therefore, using these coated plates in
uel cells may affect the cell performance. Above 200 N cm−2

ompaction pressure, the electrical resistance stabilizes around
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ig. 7. The contact resistance of polypyrrole coated (electrodeposited) Al 6061
lates compared with the uncoated Al plates in simulated fuel cell condition.

� cm2. The higher contact resistance shown in the graph
ndicates that a non-conductive aluminum oxide layer formed
nderneath the coating during deposition.

In Fig. 8 contact resistance of polyaniline painted Al 6061
amples (∼5 �m thick coatings) compared with the uncoated
nd graphite plates are shown. The contact resistance of the
ncoated plates, coated plates, uncoated–coated plates and
raphite plate combinations were compared in Fig. 8. The
ncoated aluminum plates with carbon diffuser show the least
esistance and the polymer coated plates with carbon diffuser
hows the highest (0.3 � cm2). It is seen that the contact resis-
ance stabilizes above 150 N cm−2 compaction pressure and that
he more the interfaces between the aluminum substrates, the

igher the resistance. No data is shown for the 40 �m polyaniline
oating because it had a very high contact resistance.

The conductivity of both polymers is related to their degree
f oxidation or reduction by a dopant [24]. Therefore, these

ig. 8. The contact resistance of polyaniline painted (∼5 �m thickness),
ncoated and graphite plates compared in simulated fuel cell condition.
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olymers should be more conductive in the acid environment
f a fuel cell. Although a target for contact resistance is less
han 0.1 ohm cm2, the observed dry air contact resistance of
he polyaniline coated plates (0.2–0.3 � cm2) is expected to be
atisfactory for actual fuel cell application.

. Conclusions

Polypyrrole coatings were deposited electrochemically on
061 Al. The corrosion resistance of the polypyrrole coated
amples showed no significant improvement from the uncoated
lates, and the contact resistance was higher than uncoated
lates. The polyaniline painted Al 6061 plates showed very good
orrosion resistance compared to the uncoated aluminum plates
hile exhibiting only slightly higher contact resistance than the

tandard graphite plates. These polymers are more conductive
n acidic (oxidizing) environment because conductivity of these
olymers is directly related to their degree of oxidation. Since
he conductivity of polyaniline increases with its degree of oxi-
ation, it is possible that in the acid environment of a fuel cell,
he resistance will be even lower than what is reported in this
rticle.
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