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Abstract

Oxidation of the cathode carbon catalyst support in polymer electrolyte fuel cells (PEMFC) has been examined. For this purpose platinum sup-
ported electrodes and pure carbon electrodes were fabricated and tested in membrane-electrode-assemblies (MEAS) in air and nitrogen atmosphere.
The in situ experiments account for the fuel cell environment characterized by the presence of a solid electrolyte and water in the gas and liquid
phases. Cell potential transients occurring during automotive fuel cell operation were simulated by dynamic measurements. Corrosion rates were
calculated from CO, and CO concentrations in the cathode exhaust measured by non-dispersive infrared spectroscopy (NDIR). Results from these
potentiodynamic measurements indicate that different potential regimes relevant for carbon oxidation can be distinguished. Carbon corrosion rates
were found to be higher under dynamic operation and to strongly depend on electrode history. These characteristics make it difficult to predict

corrosion rates accurately in an automotive drive cycle.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

PEM fuel cell systems running on hydrogen are seen as a
future alternative to conventional combustion engines for auto-
motive application. While first fuel cell products for off-grid
power supply are already commercially available, market launch
of transportation applications is delayed due to tough require-
ments regarding costs, power density, robustness and long-term
stability.

Platinum is still the only known catalyst material provid-
ing sufficiently high activity for the oxygen reduction reaction.
To reduce the amount of precious metal used, platinum is
usually supported on carbon in the form of nano-dispersed parti-
cles. This dispersement allows for high-catalyst surface areas at
low-catalyst loadings. Carbon supported catalysts are, however,
susceptible to catalyst particle agglomeration. Another major
drawback of high-performance, low-loaded electrodes resides
in the thermodynamic instability of carbon under PEMFC cath-
ode conditions [1]. Above 0.207 V versus NHE carbon can be
oxidized to carbon dioxide following reaction (1). Oxidation to
carbon monoxide (2) is thermodynamically not favoured accord-
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ing to reaction (3):

C + 2H,0 — CO, +4H" +4e™, o= 0.207V (1)

C + H,O — CO + 2H" +2e™, ¢gp= 0.518V )

CO + H,O — COy+2H" +2e7, ¢p= —0.103V  (3)

Oxidation of carbon support — generally referred to as carbon
corrosion — can lead to performance decrease due to accelerated
loss of active surface area [2] and alteration of pore morphol-
ogy and pore surface characteristics [3]. Support degradation
can be initiated under conditions where the electrode is exposed
to high-electrochemical potentials, as is the cathode at high-cell
potentials. In automotive applications this generally corresponds
to low-electric power demand, which makes up a significant
portion of the fuel cells total operational time. Two distinct
states of operation have to be considered separately, resulting in
extremely strong performance decay due to corrosion incidents.
The first state is characterized by complete fuel starvation of one
or more cells in a working stack. The starved cells are driven
into reversed operation with the anode potential being higher
than the cathode potential. This state entails water electrolysis
and carbon oxidation on the fuel cell anode in order to provide
the required protons and electrons for the reduction of oxygen
on the cathode. Sustaining the stack current results in massive
oxidation of the anode catalyst support. Cell reversal manifests
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itself in negative cell voltage which can drop as low as —2.0V
[4]. The second state of irregular high-electrode potentials is
characterized by partial fuel starvation of the active anode area
of an individual cell in the stack. This condition may be caused
either by local undersupply of hydrogen [5,6] or a hydrogen-air
front passing over the active area during start up and shut down
of the fuel cell [6,7]. Because oxygen-permeation from the cath-
ode over the membrane into the anode compartment cannot be
prevented, oxygen is present in the hydrogen deficient areas on
the anode. As a consequence, potential shifts can occur caused
by a drop of the in-plane membrane potential. This mechanism
was already described for phosphoric acid fuel cells (PAFC) [8]
and has recently been verified and simulated for PEM fuel cells
[6,9]. Complete cell reversal and local fuel starvation both result
in significant performance losses within a couple of minutes and
must be continuously ruled out, e.g. by an appropriate operating
strategy and by choice of adequate electrode materials [9-11].

Potentiostatic electrooxidation of carbon supports under
PAFC conditions has been intensely studied in the literature
[12-16]. Gas diffusion electrodes immersed in liquid electrolyte
have been used to simulate PEM fuel cell conditions [3]. Gas
phase oxidation has been regarded as an accelerated test to
evaluate carbon materials for use as catalyst support in low-
temperature fuel cells [17]. Few literature is, however, available
on carbon corrosion in real PEM fuel cell environment under
potentiodynamic operating conditions. Willsau and Heitbaum
made a very thorough analysis of carbon oxidation in gas dif-
fusion electrodes in liquid electrolyte under potential sweep
operation [18]. They measured an accelerating effect of platinum
on corrosion rates and were able to identify several oxida-
tion peaks by differential electrochemical mass spectroscopy
(DEMS). Roen et al. got similar results with PEMFC electrodes
in helium atmosphere but did not offer an explanation for all
observed phenomena [19].

The scope of this paper is to evaluate carbon support oxidation
under potential transients in realistic PEM fuel cell environment,
i.e. in the presence of a solid ionomer electrolyte and water in
both the gas and liquid phases. All experiments were therefore
conducted in situ using membrane-electrode-assemblies. Car-
bon corrosion was measured by monitoring the evolution of
carbon dioxide and carbon monoxide at the cell outlet.

2. Experimental

In-house fabricated membrane-electrode-assemblies were
employed for all measurements. Catalyst and support materi-
als to be evaluated were incorporated in the cathode catalyst
layer. The results presented in this paper are based on pure
Ketjenblack EC300J®-electrodes (Akzo Nobel, 736 m?*g~!
BET surface area measured, literature value 930 m2 g_1 [20])
and Ketjenblack-supported platinum-electrodes (50% Pt/C,
Tanaka). Both materials were purchased in powder form and
catalyst inks were prepared with 20 wt% Nafion® solution
(EW1100, DuPont) and additional organic solvents. Catalyst
layers were directly coated on 25 wm Nafion® membranes. Hot
pressing of the catalyst-coated-membranes (CCMs) with in-
house fabricated gas diffusion layers (GDLs) based on Toray

TGP-H60 gave the five layer-MEAs used in this work. In all
cases the anode was based on a Pt/C-catalyst at high loading
(1.0mgcm™2) serving both as a counter and reference elec-
trode. The excessive catalyst loading in combination with the
reversibility of hydrogen oxidation keep the anode overpotential
close to the reversible hydrogen potential. All potentials given
in this paper refer to the anode potential.

Fuel cell experiments were conducted in lab-scale cells of
45 cm? active area on standard test benches with digital control
of mass flows, humidification and temperature. Pt/C-MEAs were
conditioned at 80 °C cell temperature and 40% relative humid-
ity over night until stable cell voltage was observed. MEAs
with pure carbon cathodes were held potentiostatically at similar
potentials observed with Pt-activated electrodes and conditioned
with higher humidity to account for the lack of product water. An
IM6 Electrochemical Workstation (Zahner elektrik) was used
to control cell potentials. Potentiodynamic measurements were
conducted with a slew rate of 2 mV s~ ! for six repeating cycles to
ensure steady-state conditions. The supplied gases were research
grade hydrogen on the anode and nitrogen or synthetic air (20%
oxygen in nitrogen) on the cathode. Cell temperature was 85 °C
and gases were fully humidified if not mentioned otherwise.

Corrosion rates were calculated from the evolution of carbon
mono- and di-oxide and converted into a mass flux of carbon in
pgc h~!em=2. CO,-concentrations were monitored at the cath-
ode cell outlet by means of a NGA2000 non-dispersive infrared
spectrometer (Emerson Process). IR spectroscopy allows to
measure concentrations of CO, and CO in the range of ppm
even in nitrogen and oxygen atmosphere, i.e. during fuel cell
operation.

Retention time and peak height correction factors were
determined by CO-stripping experiments with platinum black
electrodes. Reference tests on MEAs without cathode catalyst
layer (but with cathode GDL including micro-diffusion layer)
were conducted to identify background noise from gases, test
equipment or other MEA components besides the catalyst lay-
ers. Only concentrations of about one thousandth of typical
corrosion signals could be detected and background noise thus
was regarded as negligible. The low-oxidation rates of the car-
bonaceous GDL-backing and the micro-diffusion layer can be
explained by the lack of ionic contact which is required for the
electrochemical oxidation of carbon.

3. Theory

As already stated in Section 1, carbon is used as support
for the active fuel cell catalyst component, usually platinum
or platinum alloys. The surface area per unit weight of noble
metal is increased by keeping it in a dispersed condition. Sp>-
hybridized carbon is the most commonly used support material
because of its high-electrical conductivity, its good processabil-
ity and its availability in a wide variety of particle morphologies
[21]. Furthermore carbon shows relatively high chemical and
thermal stability compared to other support materials used in
heterogeneous catalysis, like alumina and silica for example
[22]. Common supports are carbon blacks like Vulcan XC-72%
(Cabot Corp.) or Ketjenblack EC300J®.
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Carbon blacks are manufactured by pyrolysis of liquid
or gaseous hydrocarbons. They exhibit a three-dimensional
structure of microcrystalline primary particles (20-50nm in
diameter) aggregated to amorphous clusters. Because of their
heterogeneous structure the primary particles exhibit a high den-
sity of surface defects. These defects represent crystallographic
sites of different activity for the adsorption of surface species,
mainly hydrogen and oxygen functional groups. In the literature
phenol, carboxyl, carbonyl, quinone and lactone groups were
identified [23]. Carbon oxidation also starts at edges and cor-
ners of basal planes since these exhibit unsaturated valences and
free o-electrons [24]. Surface oxides are regarded as reaction
intermediates of the corrosion mechanism that can simplified
be written as the formation of surface functional groups above
0.207 V versus NHE (4), followed by subsequent oxidation to
carbon dioxide [12]:

C + HyO — C-Oyq+2H" +2e7, ¢po= 0207V (4)

C-0,4 +H,0 — COy +2H" 42~ 5)

The detailed mechanism is not yet fully understood but is
presumed to include parallel formation of surface and gaseous
carbon oxides by disproportion of oxygen functional groups
[25].

4. Results and discussion

Dynamic measurements and measurements at constant
potential were conducted at varied temperature and humidity
and in different potential windows. Carbon dioxide evolution
could be detected on Pt/C- as well as on pure C-electrodes.
In contrast to that, carbon monoxide was only formed on pure
carbon electrodes and only in concentrations of one tenth of
carbon dioxide (see, e.g. Fig. 3). In presence of platinum car-
bon monoxide could not be detected because it is adsorbed
on the metal surface at potentials below 0.55V. At higher
potentials CO is oxidized to CO, according to reaction (6),
i.e. platinum accelerates the adjustment of the thermodynamic
equilibrium.

Pt—-COyq + Pt—-OHpqg — Ptr + CO, + HT + e~ (6)
4.1. Identification of corrosion processes

In Figs. 1 and 2 measurements on pure carbon and on
platinum-activated carbon electrodes are compared in air and
nitrogen, respectively. The upper half of the diagrams shows
corrosion rates that were calculated from measured CO, concen-
trations. Lower parts show the current response of the electrodes.
In case of measurements in nitrogen atmosphere the curves rep-
resent cyclic voltammograms governed by double layer charging
currents and by formation and oxidation/reduction of hydrogen
and oxygen surface layers. In case of measurements in air the
current is dominated by Faradayic oxygen reduction currents
that approach a limiting current since flow rates were held con-
stant. Faradayic carbon oxidation currents themselves cannot be
resolved because they are only in the order of A cm~2 and thus
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Fig. 1. Potentiodynamic corrosion measurements on Pt/C-electrodes in air (thick
lines) and nitrogen (thin lines). The upper half of the diagram shows CO, evo-
lution (CO was not measured on Pt/C-electrodes), the lower half shows current
response, i.e. cyclic voltammograms in case of measurements in nitrogen and
polarization curves in case of air measurements. Solid lines show respective
anodic sweeps, dashed lines show cathodic sweeps.

at least three orders of magnitude lower than currents resulting
from the other surface processes.

Corrosion rates in air and nitrogen show same trends though
they are somewhat higher in air. Considering the dependence
of carbon corrosion on humidity (as shown later), this is mainly
due to product water formation during air-operation. From Pt/C-
electrodes five distinct maxima of CO; evolution can be detected
(Fig. 1) while pure C-electrodes only exhibit two maxima
(Fig. 2). These maxima are numbered as shown in the figures,
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Fig. 2. Potentiodynamic corrosion measurements on carbon electrodes in air
(thick lines) and nitrogen (thin lines). The upper half of the diagram shows total
carbon corrosion rate as sum of CO, and CO evolution, the lower half shows
corresponding currents, i.e. cyclic voltammograms in case of measurements in
nitrogen and polarization curves in case of air measurements. Solid lines show
respective anodic sweeps, dashed lines show cathodic sweeps.
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with peaks I and IV being the cathodic and anodic maxima,
respectively. Peak Il is located at 0.55 V in the anodic cycle, Peak
IIT at 0.75 V in the cathodic cycle of Pt/C-measurements. These
peaks cannot be detected from pure carbon electrodes. With new
electrodes feature V appears only as a shoulder, broadening the
anodic branch of peak IV. In the following the different distinct
maxima and their underlying processes are analysed.

Peak IV is characterized as an exponential increase of the
corrosion rate at the anodic potential limit. For pure carbon
electrodes this peak develops above 0.9 V and can be attributed
to electrochemical carbon oxidation according reaction (1) and
(2). Though oxygen functional groups are formed on carbon at
potentials as low as 0.207 V (4), oxidation of these intermediates
is highly irreversible on pure carbon and therefore reaction (5)
requires a high overvoltage [25]. For Pt/C-electrodes peak IV
seems to enhance background corrosion from about 0.3V on,
i.e. the onset of reaction (5) is shifted from 0.9 V at pure carbon
electrodes to that decidedly lower potential. Platinum catalyses
the carbon oxidation reaction as reported in the literature [18]
and significantly reduces overvoltage for reaction (5). This leads
to an increase in corrosion rates compared to that of pure carbon
electrodes (Fig. 2). The catalytic effect might be due to partic-
ipation of platinum oxide groups which reduce overvoltage by
enabling a reaction similar to (7).

C-0,4 +Pt-OH,qg — Pt + CO, +H ¢~ (7)

Peak 111 is detected in the down-going potential sweep from
the anodic limit of Pt/C-electrodes. Since it cannot be detected
on pure C-electrodes, platinum must play a role in the underly-
ing process. Comparison with the cyclic voltammogram shows
that peak III coincides with the reduction of oxygen-containing
surface groups on platinum. Obviously hydroxyl surface groups
on platinum, which are destabilized at lower electrode potentials
[26], do not only react with protons to water but also combine
with carbon surface groups to carbon dioxide. Peak III will be
further discussed in Section 4.2 by examining the influence of
the upper potential limit.

Peak I at the cathodic potential limit was found from Pt/C-
electrodes in air as well as in nitrogen and also from C-electrodes
in air. On pure carbon electrodes in nitrogen atmosphere no
increase in CO,-evolution was seen in this potential range. Cor-
rosion rates were highest from C-electrodes in air, followed by
CO;-evolution from Pt/C in air and then Pt/C in nitrogen. Since
the potential range of peak I lies below the reversible poten-
tial of electrochemical carbon oxidation, another process ought
to be responsible for the corrosion monitored. It is conjectured
that chemical oxidation of carbon by hydrogen peroxide is the
underlying process of peak I. Hydrogen peroxide can be formed
on both types of electrodes in the potential region of peak I.
Though platinum mainly promotes direct oxygen reduction to
water, it is known from RRDE experiments that peroxide species
are produced during oxygen reduction on supported as well as
on unsupported platinum in the potential region of hydrogen
adsorption [27-29]. Zinola et al. have measured very low H,O»
production in nitrogen atmosphere [30]. In contrast to the reac-
tion on platinum, oxygen reduction on carbon mainly proceeds
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Fig. 3. CO, and CO evolution on pure carbon electrodes during potentiody-
namic measurement in air (upper half of diagram). For simplicity only cathodic
cycles are shown since anodic cycles barely differ (refer to Fig. 2). The lower
part of the diagram shows the corresponding oxygen reduction current of the
air measurement and the fluoride release rate which was measured in separate
potentiostatic experiments.

through the 2 e~ -pathway which leads to formation of hydrogen
peroxide [31].

Fig. 3 displays corrosion rates of pure carbon electrodes in
air and corresponding oxygen reduction currents and fluoride
release rates. The fluoride release was measured in separate
experiments where the electrode was held at constant potential
and collected cathode condensate was analysed with a fluoride
selective electrode (ISE). Since the oxygen reduction activity of
carbon is very low, an appreciable reduction current only can be
observed below 0.3V, i.e. at high overpotentials. The measured
current is comparable to literature data in phosphoric acid pro-
vided by Kinoshita [32]. Parallel to the rise in reduction current
an increasing fluoride release was observed. Fluoride release is
generally correlated to ionomer degradation by peroxide radical
attack [33,34], and serves as an indicator for the formation of
hydrogen peroxide. Increase in fluoride release thus is consid-
ered as proof of hydrogen peroxide formation on pure carbon
electrodes in air in the potential range of peak I.

Taking into account that hydrogen peroxide or peroxide radi-
cals, respectively, are known to attack carbon [35] itis concluded
that peak I in Fig. 2 can be ascribed to chemical carbon support
oxidation according to the following reactions (8) and (9).

C + HyOy - C-0y+H0 ®)
C-0O4q +H;02, - CO2 +H0 C))

Corrosive chemical or electrochemical conditions lead to a
higher surface coverage of oxide groups and an increase of sur-
face defects on carbon [3,13,36]. It is known that acidic oxygen
functional groups further diminish the poor peroxide decompo-
sition capability of carbon and that quinone groups are involved



448 S. Maass et al. / Journal of Power Sources 176 (2008) 444—451

25 T T T T
——aged electrode
’
. 20 ---new electrode i
g ]
- i
e r'
2 15 r 1
E
5
8
- 10 F &
g
w
S
=
3]
U 5 - -
]
0 0,2 0,4 0,6 0.8 1 1,2
Potential / V

Fig. 4. Potentiodynamic corrosion measurements of an aged Pt/C-electrode
compared to a new electrode.

in the formation of hydrogen peroxide [37]. Furthermore the
increased platinum particle distance of aged Pt/C-catalysts
reduces the probability of peroxide decomposition on adja-
cent catalyst particles and results in a higher apparent peroxide
production in the potential region of peak I. Though these
facts imply that enhanced peroxide production might result in
increased carbon oxidation during peak I on aged electrodes,
Fig. 4 shows that corrosion on the contrary is lessened on aged
electrodes. This fact can be explained by decreased contact area
of Pt-particle and carbon support and by diminished absolute
carbon surface area due to carbon loss.

Peak II in the anodic cycle can only be found when Pt/C
is used as catalyst and coincides with the potential for elec-
trochemical oxidation of CO-adsorbates on platinum. Stripping
experiments of CO conducted by Willsau and Heitbaum [18]
and Roen et al. [19] and similar experiments conducted in our
laboratory confirm that peak Il is due to oxidation of Pt—CO,q or
COyg-like species in the proximity of platinum. Obviously these
carbon oxides are formed at lower potentials than 0.55 V. This
might be explained by chemical formation of oxygen functional
groups on carbon by reaction (8) in the potential range of peak I.
Another possibility is the observed formation of gaseous carbon
monoxide which irreversible adsorbs on platinum at potentials
below 0.55 V.

Peak V can be detected at Pt/C-electrodes. It is not very
marked on new electrodes but can be very well detected on
aged Pt/C-electrodes. Fig. 4 shows results with an electrode after
heavy degradation during normal fuel cell operation. All fea-
tures that were identified with new electrodes — namely peaks
I-IV — still are clearly perceptible, though corrosion rates are
much lower than with new electrodes. Peak V appears very pro-
nounced on this electrode. Peaks I, III and IV are much less
definite compared to a new electrode. This can be explained
with platinum agglomeration lowering the contact area between
catalyst and support. Furthermore a significant part of less
stable carbon fractions is already oxidized and the defect den-
sity is lowered. Peak II is smaller because of decreased active

catalyst area and reduced chemical carbon oxidation in the
potential range of peak I. In [18] peak V was also identified
and explained as an oxidation process of carbon surface oxides.
It is reported in the literature that two different oxygen sur-
face groups can form on carbon [38]. Elsewhere two surface
oxides are reported, one being stable up to very high potentials
and one being oxidized at normal cathode potentials [13]. Thus
the oxidation process responsible for peak V can be ascribed
to reaction (5) with surface oxygen being formed below 0.9V
according to (4) and being stable up to peak V. It has to be
pointed out that peak IV — in contrast to the two-step pro-
cess of peak V — takes place at such high overpotentials for
carbon oxidation that steps (4) and (5) follow each other imme-
diately.

In summary, five processes were identified on platinum-
activated carbon electrodes that lead to evolution of carbon
dioxide. As a consequence corrosion rates are increased in dis-
tinct potential ranges during transient operation.

4.2. Influence of potential characteristics

Fig. 5 shows dynamic corrosion experiments within different
potential limits compared to measurements at constant potential.
Corrosion rates in potentiodynamic mode are higher than those
measured at constant potential. At constant potential only cor-
rosion of that fraction of carbon is energetically feasible, which
has a low enough activation energy. Furthermore oxide layers
might build up which slow down corrosion rates [6]. A built-
up of oxide layers stable up to 1.7V was detected in Ref. [14]
though the authors did not find an interaction with the oxidation
process. Combination of these processes leads to a significant
decrease of corrosion rate as long as the electrode potential is
maintained unchanged (Fig. 6). Oxidation rates seem to have an
asymptotic trend but do not fully level out.

With dynamic measurements high-corrosion rates exist even
at steady-state conditions (usually after four to six repeated
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Fig. 6. Decay of corrosion rate at constant potential.

cycles) because time at high potentials is not long enough to
build up irreversible oxide layers.

From Fig. 5 one can also deduce the dependence of corro-
sion rate on the upper and lower potential limit. The degree
of carbon support oxidation increases with increasing anodic
and with decreasing cathodic potential limit, respectively. This
observation can be explained by strong electrooxidation at high
overvoltage and by the creation of new defects by chemical oxi-
dation in the low-potential region. Progressing from these newly
generated defects, corrosion is lastingly enhanced even at less
degrading potentials.

Another state of operation especially relevant for automo-
tive application is long exposure to high potentials. In a car
this situation occurs during stop-phases where the cathode
is at or near open circuit potential (OCP), as simulated in
Fig. 7.

After extended time at 1.0V both the Pt—OH,4-desorption
area and the corrosion peak III are increased in the first poten-
tial sweep while reaching steady-state values in the subsequent
cycles again. During exposure to the high potential an oxide
layer with increasing thickness is built up on platinum. In the
following cathodic sweep a higher amount of OH,q is desorbed
and promotes the corrosion process of peak III. This behaviour
can also be seen as an additional proof for the origination of
peak III as discussed in Section 4.1.

4.3. Influence of temperature and relative humidity

Figs. 8 and 9 show the dependence of carbon corrosion on
humidity and temperature, respectively. Presented are the cor-
rosion rates at the respective peak-maxima. Peak V is discarded
because it can hardly be detected on new electrodes. Corrosion
rates do only show linear dependence on molar water concen-
tration. This finding implies that reaction (5), which requires
one molecule of HyO per molecule of CO, formed, is rate
determining. Due to the clear sensitivity of carbon oxidation
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Fig. 7. Effect of 30 min exposure to high potential of 1.0V and subsequent
potential cycling (thick line). Small arrows indicate direction of potential sweep,
thick arrows indicate increased OH-desorption and corrosion. Dashed lines are
the respective second potential cycles which represent steady-state.

on humidity, care has to be taken when evaluating temperature
dependence. First, relative humidity has to be unity at every
temperature to prevent effects from partial drying out of the
ionomer in the catalyst layer. Secondly, the molar water concen-
tration has to be kept constant. These requirements can only be
satisfied by adapting the system pressure as was done here. The
Arrhenius type temperature dependency shown in Fig. 9 allows
the calculation of activation energies. Values of 60.8 4.1 and
57.9+3.4kImol~! are obtained for peaks III and IV, respec-
tively. Peak II shows appreciably lower activation energy of
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Fig. 8. Dependence of carbon corrosion rate on molar water concentration. Mea-
surements were made by adapting relative humidity. Displayed are the respective
peak maxima.
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Fig. 9. Dependence of carbon corrosion rate on temperature at constant molar
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41.4 +3.8kJ mol~! since it is not ascribed to direct oxidation of
the carbon support, but to oxidation of Pt—-CO,q. Differences in
activation energies can be taken as another proof for above dis-
cussion concerning peak II. Chemical oxidation (peak I) exhibits
an activation energy of 79.5 +2.4kJ mol~!.

4.4. Influence of graphitization

Since carbon corrosion has been identified as a crucial degra-
dation mechanism especially in automotive applications, a lot
of effort has been taken to develop carbon materials with a
better corrosion stability. One approach is to use graphitized
supports [11,22]. Graphitization generally is achieved by heat-
treatment of high-surface area carbon blacks. This treatment
leads to reduced surface heterogeneity and thus increased corro-
sion stability. Tests were conducted on electrodes with platinum
supported on graphitized carbon. As graphitization only slows
down kinetics of the carbon oxidation reaction but does not
change the fundamental oxidation mechanisms, general features
of dynamic measurements are the same as with Ketjenblack-
based electrodes, only at lower oxidation rates.

5. Conclusions

The scope of the article is to present a dynamic measure-
ment technique to evaluate carbon corrosion in PEM fuel cell
cathodes. In contrast to earlier approaches, measurements were
conducted in nitrogen and in synthetic air. This approach turned
out to be essential to better understand corrosion mechanisms.
It was shown that hydrogen peroxide formed on carbon support
and platinum catalyst leads to increased corrosion at low poten-
tials. The absolute value of the anodic potential limit strongly
influences corrosion rates since new surface defects are formed
at high potentials that subsequently can corrode at lower poten-
tials. Exposure time to high potentials indirectly influences

carbon oxidation by the formation of platinum oxide layers.
Reduction of these oxides provides reactive oxygen species for
the carbon oxidation reaction and leads to an increase in cor-
rosion. Low cathodic potential limits increase oxidation rates
by chemically forming new defects on the carbon surface. As
a consequence of these processes, dynamic operation results in
higher corrosion than constant-potential operation.

Carbon oxidation showed strong positive correlation with
humidity and temperature, respectively.

The very complex dependence of carbon corrosion on degra-
dation state, anodic potential limit, cathodic potential limit,
exposure time to certain potentials — i.e. on the history of the
electrode — and on temperature and humidity make it extremely
difficult to predict corrosion in certain operation states or to pre-
dict time to failure under dynamic operating conditions. Further
work will have to be done to develop a simple model to meet
this requirement.
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