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a b s t r a c t

We report in this paper the occurrence of potential oscillations in a proton exchange membrane fuel cell
(PEMFC) with a Pd–Pt/C anode, fed with H2/100 ppm CO, and operated at 30 ◦C. We demonstrate that
the use of Pd–Pt/C anode enables the emergence of dynamic instabilities in a PEMFC. Oscillations are
characterized by the presence of very high oscillation amplitude, ca. 0.8 V, which is almost twice that
observed in a PEMFC with a Pt–Ru/C anode under similar conditions. The effects of the H2/CO flow rate
eywords:
EM fuel cells
scillations
lectrocatalysis
tPd

and cell current density on the oscillatory dynamics were investigated and the mechanism rationalized in
terms of the CO oxidation and adsorption processes. We also discuss the fundamental aspects concerning
the operation of a PEMFC under oscillatory regime in terms of the benefit resulting from the higher average
power output.

© 2010 Elsevier B.V. All rights reserved.

arbon monoxide
ydrogen

. Introduction

Fuel cells convert the chemical energy of a fuel such as hydrogen
nd an oxidant into electricity and heat. When hydrogen produc-
ion process is made by steam reform of low-weight alcohols, CO
s present in the fuel stream at unacceptable levels for a PEMFC
quipped with a Pt/C anode [1]. In order to overcome this prob-
em, several strategies have been attempted to eliminate the CO
oisoning effect on Pt based electrocatalysts, and the use of Pt
imetallic alloys show the most promising route in this direction
1–4]. Together with the higher CO tolerance feature, bimetallic
lectrocatalysts such as PtRu might promote rich dynamic behavior
uch as spontaneous potential oscillations under certain conditions
5,6]. This oscillatory phenomenon have been discussed by Datta
nd co-workers [5,7] where a reaction mechanism for the hydro-
en oxidation reaction (ROH) taking place in the presence of CO can
mulate the basic oscillation features. The authors also discuss the

igher power generation under oscillatory conditions, suggested
s an alternative route to improve the cell efficiency when CO is
resent.
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ão Paulo, C.P. 780, CEP 13560-970, São Carlos, SP, Brazil. Tel.: +55 16 33738059;
ax: +55 16 33738059.
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It has been reported that operating a fuel cell under oscilla-
tory regime might result in an overall higher performance [8].
This is because the oscillatory regime prevents the anode to get
completely poisoned by adsorbed carbon monoxide as it is the
case under stable non-oscillatory conditions. Instead, the catalyst
surface is periodically cleaned as oscillations proceed. Although
oscillations have been observed for several electro-oxidation reac-
tions [9–12] carried out in half-cell set-up, there are very few
reports of oscillatory behavior in PEMFCs. In all cases, oscillations
are found in fuel cells using PtRu/C anodes and fed with H2/CO
mixtures. Moreover, reported oscillations have a strong relaxation
feature and amplitudes smaller than 0.5 V [5–7]. In the present
paper we report the spontaneous emergence of potential oscilla-
tions in a PEMFC with a Pd–Pt/C anode, fed with a H2/CO (100 ppm)
mixture and operated at 30 ◦C. The effects of the H2/CO flow rate and
cell current density on the oscillatory dynamics were investigated.
Mechanistic aspects are rationalized in terms of the CO oxidation
and adsorption processes.

2. Materials and methods

The Pd–Pt/C catalyst employed in this study was synthesized

by the Wet Impregnation Method [13] of the Pd precursor over
a commercial Pt/C (20% E-Tek Inc.). The desired amount of PdCl2
(Alfa Aesar) was dissolved in ultrapure water (Milli-Q) where the
Pt/C powder was added. This mixture was kept in an ultra-sound
bath for 3 h, than evaporated to dryness in a hot-plate. The obtained

dx.doi.org/10.1016/j.jpowsour.2010.07.034
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:varela@iqsc.usp.br
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ig. 1. (a) Steady state polarization curves and (b) power density plots for the cell eq
O at distinct flow rates.

mpregnated powder was heat treated at 550 ◦C during 1 h under
hydrogen flow to reduce the Pd ions in order to form the elec-

rocatalyst. The Pd:Pt atomic ratio was 1:1 as confirmed by EDS
nalysis. The obtained material was used as anode electrocata-
yst, and the preparation of the electrode and MEA are described
lsewhere [14]. The catalyst load was 0.4 mg Pt cm−2. For compar-
son, a Pt/C anode was used with the same metal load than the
d–Pt/C.

The electrochemical experiments were conducted on a single-
ell hardware of 4.62 cm2 of geometric area monitored by a working
tation from Fuel Cell Technologies University Test Station model.
he steady state polarization curves were obtained in the galvano-
tatic mode by an electronic load from Amrel 6050 mounted in
he test station and connected with a pc for data acquisition. The
athode was constantly feed with pure O2 while in the anode with
ure H2 or H2/100 ppm CO. The cell temperature was held con-
tant at 30 ◦C. The hydrogen flow rate was changed between 24,
46 and 291 sccm in order to evaluate its effect over the oscilla-
ory state. For obtaining the time-series with higher time resolution
multimeter Minipa ET-2615 was employed with 50 ms of sam-
ling time. CO stripping voltammetry were conducted in order to
ccess the CO oxidation potential for Pd–Pt/C and Pt/C. The work-
ng electrode (Pd–Pt/C or Pt/C) was previously adsorbed with CO
or 10 min at 0.1 V vs. RHE at room temperature, than flushed with
rgon for 30 min to ensure complete CO removal from the sys-

em. After the pre-conditioning period the potential was swept
t 10 mV s−1 and were recorded the first and second voltammet-
ic profiles. The reference and counter electrode used is the Pt/C
athode fed with hydrogen flux during the whole experiment
3,4].
d with Pd–Pt/C and Pt/C as anode electrocatalysts when fed with H2 or H2/100 ppm

3. Results and discussion

Fig. 1 shows steady state polarization curves and the respec-
tive power density graphs registered at 30 ◦C for a PEMFC with
Pd–Pd/C and Pt/C anodes when subjected to two distinct flow rates
at the anodic compartment. Similar performances were observed
between the anodes containing Pd–Pt/C and Pt/C when pure hydro-
gen was fed to the anodic chamber. Although the catalytic activity
for the HOR in Pd is smaller than in Pt, Pd–Pt/C nanoparticles exhibit
almost identical activity as pure Pt [4]. In contrast, Rau et al. [15]
observed distinct activity towards the HOR on a Pd film electrode,
and attributed it to a phase transition between �-Pd/H and �-Pd/H.
When 100 ppm of CO is mixed in the hydrogen stream a severe
performance decrease is observed for both Pt/C and Pd–Pt/C elec-
trocatalysts. When the flow rate is increased, the potential loss
becomes more pronounced at lower current densities, reflecting
the increase in the CO partial pressure in the anode chamber for
increased flow rates [16,17]. Independently on the flow, the volt-
age is higher for the cell with the Pd–Pt/C anode for most of the
current range.

Garcia et al. observed that at higher temperatures Pd–Pt/C
electrocatalysis exhibit higher CO tolerance [4]. Furthermore, the
authors observed by CO striping voltammetry experiment that Pd
containing materials have the CO oxidation peak shifted positively
when compared to pure Pt. As the CO oxidative removal pathway

is unfavored in Pd–Pt/C, the higher CO tolerance must be related to
the energetics of the CO adsorption. The electronic effect discussed
for bimetallic alloys is responsible for changing the CO adsorp-
tion energy by shifting the Pt 5d band structure [18]. Therefore,
the lower overpotential for Pd–Pt/C for a fixed cell current can be
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Fig. 2. Oscillatory time-series of the cell voltage for different cell currents. H2/CO
mixture admitted in the anodic chamber at 146 sccm. From bottom to top, the cell
current density values are 100 mA cm−2 (black line), 252 mA cm−2 (blue line) and
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tion frequencies are observed for the lower flux studied (24 sccm),
55 mA cm−2 (red line). PEMFC with a Pd–Pt/C anode operated at 30 ◦C. (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)

ue a reduced CO adsorption strength due the presence of Pd in
he catalyst. Thus, while the electronic reorganization for Pt affects
he CO coverage until a certain current threshold, above this value
he CO oxidation becomes important. The CO tolerance mechanism
n the PtRu/C electrocatalytic system was studied by Lopes and
icianelli [19]. In their study the distinct action of the electronic
ffect and the bi-functional mechanisms were separated and their
ffects on the anode polarization profile discussed. The authors
ointed out that the electronic effect shifts the beginning of the
node potential increase (equivalent to the sharp decrease in the
ell potential observed here in Fig. 1a) and that the potential stabi-
ization is directly related to the catalyst activity to oxidize CO to
O2. The poor activity of Pd–Pt/C towards the electro-oxidation of
O promotes the potential increase. In summary, results presented

n Fig. 1 evidence the effect of Pd on both adsorption and oxidation
f carbon monoxide.

While for the Pt/C case the cell potential decreases monoton-
cally for higher cell current, spontaneous potential oscillations
merge when the Pd–Pt/C anode is used, as anticipated by the
iscontinuity observed in Fig. 1a and b. The cell potential values
lotted for current above the onset of the oscillations are a time
verage calculated by Eq. (1),

V 〉 = 1
tf − t0

∫ tf

t0

V(t) dt (1)

It is clear that the time average power produced in the oscilla-
ory state is much more elevated than that observed for the case of
he Pt/C anode under non-oscillatory regime. Not only the power
alue but the current levels are four to five times higher during the
scillations.

Fig. 2 shows the oscillatory time-series for the cell voltages mea-
ured at different cell currents for an anodic flow rate of 146 sccm.
t was discussed in the previous paragraph that instabilities may
e used to enhance the energy production when the fuel con-
ains CO levels. However, as clearly seen in Fig. 2, an inversion
n the polarity of the fuel cell is also observed during the fast
pike in the cell voltage. This is an important point and will be

urther discussed below. As observed in Fig. 2, from bottom to
op, the increase in the cell current makes the oscillatory patterns

ore complex and promotes polarity inversions with increasing
mplitudes.
Sources 196 (2011) 84–89

As far as the oscillatory phenomena is concerned, this polarity
inversion simply reflects the fast increase in the anode overpoten-
tial due to the dynamic of the oscillations with H2/CO. Assuming
that the cathode overpotential and the overall cell resistances
remain constant, the voltage inversion is readily understood. For
technological purposes, however, this inversion can be a hurdle
from the point of view of power plant design. To benefit from the
enhanced power generation with voltage inversion, one must cou-
ple another device that can delivery enough power with the same
cell current and electric potential at least greater than the minimum
oscillatory voltage in order to keep the total voltage of the system
above zero. Therefore, the device must be carefully planned to meet
this constraint in order to provide reliable electricity generation. Lu
et al. [20] investigated a system that consists of two coupled cells
for the promotion of CO removal from reformate in the oscillatory
regime. They observed that serial type of electric connection results
in an improved CO removal with higher power production. Polar-
ity inversion on an individual cell was not previously observed due
to smaller voltage amplitude intrinsic to the PtRu/C anode. In any
case, this effect must be well evaluated.

Another issue that deserves comment is the high oscillation
amplitude observed in Fig. 2. Although the minimum and maxi-
mum voltage values are displaced due to the cell current density,
the oscillation amplitude amounts to about 0.80 V, which is a
huge value when compared to formic acid and other small organic
molecules that present oscillatory behavior on platinum sur-
faces [21,22]. Even oscillations that occur in PtRu electrodes do
not go above 0.40 V in amplitude [5–7]. As previously reported
[23], considerably large potential oscillations (amplitudes of about
0.60–0.70 V) have been observed for the oscillatory electro-
oxidation of formic acid on palladium. Thus, the large amplitudes
observed here may be intrinsically related to Pd atoms and its cat-
alytic activity towards CO electro-oxidation. One problem that may
arise from this high amplitude is that the anode electrocatalyst is
periodically submitted to elevated potential during the oscillations.
Even though the time spent in this potential conditions is very small
for each cycle, this could cause the catalyst degradation, by disso-
lution or by surface reconstruction, that eventually may alter the
catalytic activity and thus modify its dynamic behavior towards
the HOR in the presence of CO. In addition, the carbon support may
also suffer from this elevated electrode potential, as its oxidation
in the presence of Pt sites can begin at 0.80 V vs. SHE [24]. There-
fore, this could also decrease the cell lifetime when operating under
oscillatory regime.

In order to examine the oscillatory features observed on the
Pd–Pt/C electrocatalyst, Figs. 3 and 4 show the anode overpoten-
tial for distinct cell current densities at two hydrogen flow rates:
24 sccm (Fig. 3) and 146 sccm (Fig. 4). Results for 291 sccm are not
shown since they are very similar to those obtained for 146 sccm.
The anode overpotential was calculated as shown in the literature
[3–5],

�(j, t) = EH2 (j) − EH2/CO(j, t) (2)

which assumes that the cathode and cell resistances remain unal-
tered due the presence of CO in the anode.

From the oscillation patterns shown in Figs. 3 and 4 it can be
readily observed the large oscillation amplitude for all cell currents
and flow rates. This effect can be related to the low CO electro-
oxidation activity on Pd–Pt/C [4], as further discussed below. The
effects of the hydrogen flow rate and cell current on the oscillatory
frequency are summarized in Fig. 5a. As clearly seen, lower oscilla-
and this is a consequence of the lower CO concentration in the
anodic chamber that accompanies the lower flow rate. This effect
has been previously observed and discussed [17]. As pointed out
by Datta and co-workers [5,7], the oscillation period is primarily
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Fig. 3. Oscillatory time-series of the anode overpotential for different cell currents,
with the H2/CO mixture admitted in the anodic chamber at 24 sccm. From bottom to
top, the cell current density values are 91 mA cm−2 (black line), 152 mA cm−2 (blue
line), 252 mA cm−2 (green line) and 455 mA cm−2 (red line). PEMFC with a Pd–Pt/C
anode operated at 30 ◦C. (For interpretation of the references to color in this figure
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Fig. 4. Oscillatory time-series of the anode overpotential for different cell currents,
with the H2/CO mixture admitted in the anodic chamber at 146 sccm. From bottom

−2 −2

which helps us to understand the anode process in the period-two
region. Overall, as we measured the oscillation amplitude vs. the
egend, the reader is referred to the web version of the article.)

ictated by the CO adsorption period after its oxidative removal
uring the oscillation spikes. Thus, since the increase in the CO
artial pressure increases the adsorption rate, the oscillation fre-
uency will increase as well. However, we observe that the profile
f the oscillation frequency vs. cell current is essentially the same
or the higher flow rates. This is a consequence of the CO partial
ressure saturation at higher flow rates, as it will be controlled
y the initial CO content in the fuel stream and current density
16,17].

Independently on the flow rate, the current increase leads to
decrease in the oscillation frequency, which can be due to the

mall mean CO content inside the anodic chamber. Since under
scillatory regime carbon monoxide undergoes both adsorption
nd oxidation, the average CO partial pressure will depend on the
ell current, as observed by Zhang et al. [7]. However, at higher
ell currents the frequency starts to increase, and, eventually, a

eriod doubling takes place. In Fig. 5a, the period-doubled patterns
re characterized by two frequencies for a given cell current, see
elow.

Fig. 5. (a) Oscillation frequency vs. cell current and (b) oscillation amplitude
to top, the cell current density values are 100 mA cm (black line), 155 mA cm
(blue line), 252 mA cm−2 (green line) and 455 mA cm−2 (red line). PEMFC with a
Pd–Pt/C anode operated at 30 ◦C. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

Following the effect of the CO content, for low flow rate and high
current densities, the hydrogen consumption rate will decrease the
H2 partial pressure, which will eventually concentrate the CO in the
fuel stream. In summary, since the CO content has a major influence
on the oscillation frequency, the trend observed here at low and
high cell currents can be rationalized in terms of the CO partial
pressure variation.

As already mentioned, period doubling might accompany the
increase in the cell current at higher cell current. This period-two
state can be characterized by two distinct amplitude cycles, namely
small (S) and large (L) amplitude. This oscillatory feature can be
recognized as having two oscillatory frequencies for the same flow
rate and current density. For low gas flow rates, the period doubling
starts at a low current density when compared to the higher flow
rates, that only at 455 mA cm−2 shows the period-two state. Fig. 5b
depicts the oscillatory amplitude vs. the subsequent time period,
time period that follows that potential spike, a clear correlation is
observed: the smaller the oscillation amplitude, the longer the time
required for the next poisoning step. As the potential amplitude

vs. time period at j = 252 mA cm−2 for three distinct hydrogen flow rate.
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[
[17] J. Zhang, R. Datta, Electrochem. Solid-State Lett. 6 (1) (2003) A5–A8.
ig. 6. CO stripping voltammetry of Pd–Pt/C catalyst. The red curve is the first
oltammetric cycle after CO adsorption and flushing, while the black curve is the
rst cycle after the CO stripping.

eflect the ability to oxidize CO and thus, remove it from the sur-
ace, lower amplitude will leave more CO at the surface, shortening
hus the next poisoning step. Accordingly, large amplitude cycles
ill be more effective in cleaning the electrode surface, and the fol-

owing adsorption step will take longer. It should be emphasized
hat the CO adsorption process is characterized here by the time
eriod between the oscillation cycles, or the time needed to reach
he same potential value. So that, high CO coverage will result in
short subsequent time to completely poison the surface. Thus,

he amplitude dictates the duration of the following adsorption
tep.

Since oscillations result of the combination of a variety of fac-
ors that are intrinsically entangled, the adsorption processes will
lso dictate the potential amplitude. The CO oxidation mechanism
s believed to follow the Langmuir–Hinshelwood (L–H) pathway
nvolving the reaction between adsorbed OH and adsorbed CO, with
he rate determining step of the reaction corresponding to the for-

ation of such OH species. Smaller oscillation amplitude makes
he CO coverage higher, and this will reduce the free sites available
or OH formation. Hence, with less OH formed on the surface, the
O oxidation process will occur efficiently only at elevated poten-
ials. At high potentials, OH forms to a larger extent, which in turn
educes the CO coverage. A comparable delaying effect has been
bserved on numerical simulations of the L-H mechanism for the
O oxidation [25].

In the case of the oscillations observed when the PtRu/C anode
s used, the amplitude does not go further than 0.40 V vs. RHE,

hich corresponds approximately to the CO stripping peak poten-
ial for this system at 25 ◦C [26]. For the Pt/C system, the peak
otential is close to 0.70 V vs. RHE, and this value was used by
hang et al. to explain why oscillatory dynamics are not observed
n this electrocatalyst [7]. However, as observed from the results
resented here, oscillations are not directly connected to the abil-

ty to form OH species or oxidize CO at low potentials. As found
n the literature, the CO stripping peak potential for Pd contain-
ng materials are displaced to more positive values than for Pt,
y about 0.20 V at 85 ◦C [4,27]. In this study we found that the
O stripping peak on Pd–Pt/C is close to 0.85 V vs. RHE at 25 ◦C,
f. Fig. 6. Another interesting feature is the appearance of the
ydroxide region after 0.65 V vs. RHE, which may indicate that

he water splitting reaction is just as active in this surface as on
ure Pt. The oscillation amplitude goes near 0.8 V, and this is a
ood indicative that the CO stripping peak of a given material can
e used to estimate the average oscillation amplitude. Therefore,

[

[
[
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the emergence of such complex dynamics is not only conditioned
to the CO oxidation process, but also the balance between the
CO adsorption and oxidation rates is a key parameter to allow
the emergence of spontaneous potential oscillations in this anodic
material.

4. Conclusions

This paper reports the spontaneous emergence of potential
oscillations in a PEMFC equipped with a Pd–Pt/C anode and fed
with H2/CO. The whole system was operated at 30 ◦C.

Oscillations were observed in a wide parameter range and are
considerably different than those previously reported for a PEMFC
with a PtRu/C anode. The influence of the cell current and fuel
flow rate on the oscillations profile were evaluated. Overall, slow,
relaxation-like oscillations characterize the dynamics. The mecha-
nism underlying the oscillatory dynamics was rationalized in terms
of the role of CO partial pressure and CO oxidation potential. These
two aspects suffice to explain the general trends observed in the
oscillations frequency and amplitude. The main aspects concern-
ing the operation of a PEMFC under oscillatory regime was briefly
discussed in terms of the higher average power output in the range
of dynamic instabilities.

In spite of the considerable amount of comparable results avail-
able for half-cell experiments, oscillatory dynamics in a PEMFC have
been reported only for devices using PtRu/C. Therefore, the present
results extend the region in which kinetic instabilities are observed
in practical systems.
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