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1 Introduction

The stability of the electrodes in proton exchange mem-
brane fuel cells (PEMFCs) depends on several factors such as
noble metal composition, type of carbon support, the prep-
aration procedure, cathode potential and operating tempera-
ture. The degradation of any individual element of the elec-
trode can lead to a decrease in performance of the whole
electrode system and subsequently influences the fuel cell
performance [1]. For platinum supported on carbon catalysts,
the dissohition of platinum leads to a reduction of the electro-
chemical active surface area which will generally lead to a
loss of PEIvlFC performance in thne. The Pt loss takes place
especially when high electrode potentials occur during shut-
down of the fuel cells [2-8] or under fuel starvation [9, 10].
Besides the degradation as caused by dissolution and re-
deposition of platinum, the stability of platinum partides in

¯ Paper presented at the MEA’08 Conference, La Grande Motte,
21st-24th September 2008.

the catalyst also depends on the surface chemistry of the sup-
port [6, 11-16]. The stability of platintwa on supported carbon
has been s t~died depending on pl alinum loading [17], carbon
morphology [18] and operating conditions such as htm~idity
and potential [12, 19-22]. In addition, the corrosion of the car-
bon support has a strong impact on the catalyst stability and
si~canfly reduces its activities [23, 24].

At cell potentials lower than 1.2 V, in acidic medium at
elevated temperature, carbon (Vulcan XC-72) can already be
oxidised to form a wide variety of carbon surface oxides such
as quinone/hydroquinone and CO groups at the surface, that
reduce the hydrophobicity and influence the conductivity
and catalytic activity of the catalyst layer [25]. The corrosion
of carbon to form CO~ under start-up and shutdown condi-
tions, where the cell potential increases above 1.2 V has
already been reported in [26]. Experiments at 1.2 V versus
RHE suggested a fast increase in surface oxides dtwlng the
first 16 h and a slower increase thereafter. ~Ihe decrease in the
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corrosion rate in time has been observed in several studies

[19, 23, 27].
It has been shown in [17, 28, 29] that the presence of plati-

num accelerates the corrosion of the carbon support, and that
the corrosion rate depends on the platinum loading. The
onset potential at which carbon is oxidised to CO2, as mea-
sured by mass spectroscopy, reduced from 1.1 to 0.55 V ver-
sus RHE when the platinum loading increased from 0 to 39%.
In addition it has been found that the amount of CO2 gener-
ated at a certain potential, higher than 0.9 V versus RHE,
increases with increasing loading of plarinum. The hntiuence
of Pt on the carbon corrosion becomes less pronounced at
temperatttre higher than 50 °C [29]. It was shown in [23] that
at 80 °C the presence of Pt does not significantly increase the
carbon corrosion rate. It does nonetheless accelerate the rate
of qulnone/hydroquinone production.

In this paper, the electrochemical stability of much used
platintwn on carbon catalyst (Hispec 4000, Johnson Matthey)
is investigated predominantly at potentiostatic conditions at
elevated temperatures. By combining a quartz crystal micro-
balance (QCM) with cyclic voltarnmetry (CV) and on-ilne
electrochemical mass spectrometry (OLEMS), the oxidation
and corrosion of both platinum and carbon during potentio-
static hold have been measured in situ.

2 Experimental
2.1 Pt/C and Carbon Electrode Preparation

The stability of Pt on supported carbon is determined on
an electrode consisting of an unpolished gold/Ti quartz crys-
tal substrate covered by a either a thin layer of Pt supported
on carbon (Pt/C) mixed with Nation® or a thin layer of car-
bon mLxed with Nation. For Pt/C, this configuration was
obtained by applying a catalyst ink, a mixture of Pt/C
(XC72R) (I-[ispec 4000, Johnson Matthey) which contains
40 wt.-% Pt, and Nation dispersed in 1,2 propanediol on a
1.37 cm2 Mmxtek gold quartz crystal electrode suitable for
working at elevated temperature. After the application of the
hnk, the electrode was dried for at least one day at room tem-
peratttre, and subsequently one hour at 120 °C in air. For
experiments on the carbon support, the same procedure was
used, by replacing the Pt on Vulcan by Vulcan XC72R. The
final electrodes contain 55 wt.-% catalyst (either Pt/C or C)
and 45 wt.-°/o Nation.

Z2 ElectrocheralcalMeasurernentsinCombinationwithQuar~
CrystaI MicroBalance (QCM)

Electrochemical experiments are performed in a thermo-
staffed electrochemical cell in which the Pt/C covered quartz
crystal electrode acted as a working electrode, a Pt disk as
counter elec’~xode and a Redrod reference electrode (Radio-
meter Analytical) with a sleeve junction was used as ref-
erence electrode. An Ecochemie Autolab PGSTAT 30 poten-
tiostat was used to con[rol the potential. All electrode

potential values in this paper are reported versus the revers-
ible hydrogen electrode (RHE). In this setup the working elec-
trode, which is at the same time an electrode for the microba-
lance, was separated from the cotmter electrode by a glass
membrane. The voltwae of the compartment for the working
electrode was about 230 mL.

All electrochemical experiments are done in 1 M HC104,
which was prepared from chloride free HC104 70% (Supra-
put, Merck) and ultra pure 18 MD cm Millipore water. Before
the experiment, the electrolyte was purged with purified
Argon (->99.999%) to remove dissolved oxygen.

The Maxtek PM 710 quartz microbalance monitor and the
crystal used were specially selected for experiments between
40 and 80 °C. The resonant frequency of the crystal amounted
to 5 MIKz. The angle of cut, being between 35° 14’ and 35°22’

is such that the temperature coefficient of the electrode is zero
between40 and 80 °C.

As a relation between the mass change, Am, and the
change in the resonance frequency, Af, of the quartz crystal is
calculated by the Sauerbrey equation [30]:

ay

where f0 is the resonant frequency, pq is the density and/~q is
the shear modhius of the quartz crystal. For this quartz
electrode, by substituting f0 = 5 x 106 Hz, pq = 2.648 gcm~

and /~q = 2.947 x 1011 gcm 1 s-2 into Eq. (1), the value of
Am/Af = -1.767 x 104 gcm 2 Hz 1. This value is further used
to calculate the amotmt of the mass gain or loss during the
oxidation and dissolution process.

Because the electrochemical cell including the QCM elec-
trode is thermostatted during the experiment, the influence
the temperature and viscosity changes on the frequency is
neglected.

Prior to the determination of the Pt/C or carbon stability,
the electrode is equilibrated in distilled water for at least 5
days to allow for full hydration of Nation in the catalyst layer.
During this pre-treatment, in the first 24 h the mass increase
in the electrodes containing 25(~500 ~tg of catalyst amounts to
5 ~tg h-1, and levels off to a continuous linear mass increase
amounting to 0.03 ~tg h-~ for the next 180 h. The QCM data
shown aren’t corrected for this baseline mass increase. Only
mass changes higher than 0.1gg h are considered as caused
byalec[rochemically induced processes.

The stability of Pt/C and carbon was s~ctied at constant
potential in the range from 0.95 to 1.25 V versus RHE at 80 °C.
For each measurement a fresh electrode was prepared. Fresh
Pt/C electrodes were characterised by CV, in a potential
range from 0.05 to 1.3 V versus RHE at a sweep rate of
50 mV s-~. Fresh carbon electrodes were characterised in a
potential range between 0.05 and 1.0 V versus RIIE.

The potential scan range for carbon was limited to 1.0 V to
prevent excessive oxidation of the carbon during the charac-
terisation itself, while for Pt/C the scan range was extended
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to 1.3 V in order to enable the full chaxacterisation of the pla-
linttm surface, including the determination of the peak poten-
tial for platinum oxide reduction.

For experiments on carbon electrodes, the double layer
current at 650 mV versus RHE in the anodic sweep was used
to calculate the surface area of the carbon electrode at the start
of the experiment. A value of 8 #F cm-2 was taken for the
double layer capacity of Vulcan XC72R as was determined by
Kinoshita and Bett [25].

The stability of the Pt/C or carbon electrode was studied
at a constant electrode potential by applying a step potential
from 0.45 V to the required potential while the electrode
weight was simultaneously monitored with the quartz
microbalance. The mass of the electrode is set at zero
immediately after the step potenlial was applied. The poten-
fiostatic experiments were interrupted for characterisation
of the electrode by CV. While the stability of carbon was stud-
ied both at 60 and 80 °C, the stability of Pt/C was only stud-
ied at 80 °C, except for a single experiment at 60 °C and
1.05 V.

23 ElectrochernicalMeasuremen~sinCombinafionwlthOn-Line
ElectrochemicaI Mass Spectrometry (OLEMS)

Using OLEMS, the formation of CO2 as a function of
potential was determined for Pt/C and carbon electrodes
similar to those used in the QCM study. Due to the limited
long-term stability of the mass signal, only linear sweep
experiments were performed. In a setup, described in [31],
the mass signal of CCh (m/z = 44) was measured by the
detection of gaseous products at the working electrode
through a porous PEEK tip holder placed at a distance of
20-30 btm from the working electrode. All experimental con-
ditions and electrode preparations were exactly the same as
described in the previous sections. The scan rate used during
the OLEMS experiments was 10 mV ~1, to mirdmise the
iruquence of the delay between the electrochemical condition
and the recorded mass signal.

3 Results and Discussion
3.1 The Stabilily of Carbon

3.1.1 Characterisation of Fresh Carbon Electrodes by Cyclic
Voltammetry (CV), QCM and OLEMS

The cyclic voltammogram of fresh Vulcan XC72R in 1 M
HC104 at a potential range between 0.05 and i V, as recorded
at room temperature, is shown in Figure 1. Only the charging
of the electrical double layer of the carbon/electrolyte inter-
face is observed under these conditions, indicating the
absence of redox species on the carbon surface, as well as that
scanning the electrode up to 1.0 V at room temperature does
not lead to the formation of new redox couples such as the
well-known quinone/hydroquinone couple.

The mass of electrode, shown in the same Figure 1, which
is simultaneously recorded during potential cycling, shows a
minimum at a potential of 0.45 V. The mass increase during
scarming from 0.45 to 1.0 V can be attributed to the reversible
adsorption of oxygen atoms. The mass increase during scan-
ning downwards from 0.45 to 0.05 V is somewhat surprising,
and amounts to as much as 75% of the mass gain in the poten-
"dal range from 0.45 to 1.0 V. The most likely explanation for
this mass gain is the adsorption of water molecules, as the
adsorption of hydrogen between 0.05 and 0.45 V could never
lead to a comparable mass gain as caused by hydroxide or
oxide adsorption in the potential range between 0.45 and I V,
while the C104- ions should be repeIled when scarming in
negative direction. The minimum at 0.45 V could be an indi-
cation that the potential of zero charge of the carbon surface
is at 0.45 V.

From the cyclic voltammogram of the fresh carbon elec-
trode, the double layer capacity of the electrode can be calcu-
lated. Using 8 pF cm 2 for the double layer capacity of Vulcan
XC72R as was deterrrdned by YfJmoshita and Bert [25], the sur-
face area of the carbon electrode could be calculated. Divid-
ing this by the mass of electrode applied on the QCM sub-
strate, an electrochemically active surface area between 120

Z4 CatalystCharacterisalionbyTransmissionElectron
Microscopy (TEM)

Two electrode samples, one of a freshly prepared electrode
and one after exposure to 1.05 V at 80 °C, were analysed
using TEM. The electrode samples were removed from the
QCM electrode holder with 2-propanol. The scrapped cata-
lysts were grinded on an agate mortar with 2-propanol. The
catalyst dispersed in 2-propanol was then ultrasonicated for a
few minutes to reduce the particle agglomeralion, and
mounted on a carbon coated copper grid (200 mesh), the sol-
vent was allowed to evaporate at room temperature. The
TEM analysis was performed on a Tectmai-sphera micro-
scope using a voltage of 200 kV. The particles size distribu-
tion in both samples was determined by cotmting at least 100
particles from at least 3 different parts of the electrode sam-
ple.

0.2 1.1

0.1

0.0
<

-0.2

1.0

0.9 ~
E

0.8

-0.3                                              0.7
0.2      0.4      0.6      0.8      1.0

E/Vvs. RHE

Fig. 1 Cyclic voltamrnogram and QCM mass si~gna~ of carbon support
Vulcan XC 72R, taken at a scan rata of 50 mV s in 1 M HCIO4 at room
temperature.
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and 180 m2 g 1 was obtained for the Vulcan
XC72R carbon. I1qis value corresponds to
50-75% utilisation of as received carbon.

Figure 2 shows the mass signal of CO2
(m/z = 44) for the Vulcan XC72R carbon
support, as a function of the electrode poten-
lial at 80 °C. CO2 formation during a linear
sweep at these conditions starts at 1.1 V vet

3.1.2 The Stability of Carbon Under
Potentiostatic Conditions

0.0

-0,1

(a)

0.95V

1.05 V

The recorded mass signals for the carbon
support versus time as fanction of electrode
potential and temperature are given in Fig-
ure 3. At 60 °C, only at a potential of 1.15 V,
a decrease in the electrode mass could be ob-
served. The mass change as observed at 0.95
and 1.05 V is comparable to the mass change when no poten-
tial is applied, and that is attributed to the slow uptake of
water. The mass increase at 1.15 V, is much steeper, and can
be attributed to the formation of oxygenated species on the
carbon surface. At 80 °C at potentials of 1.05 V and higher,
the mass signal increase deviates from that attributed to the
uptake of water.

Carbon can be oxidised to quinone/hydroquinone, CO or
CO2 according to Eqs. (2)-(5) [25, 29, 30, 32]:

10 20    30    40

t/h

6C + 2H20 -~ C6H402

5o

0.6

0.4

0.2

-0.4

-0~6

(b)

40 80 120

t/h

Fig. 3 Time dependence of the electrode mass measured at 0.95, 1.05 and 1.15 V for carbon
support Vulcan XC 72R, narmalised on 6e carbon surface area as determined from the double
layer capacitance: (al at 60 °C; (b) at 80 °C.

E=0.6V (2)

C6H402-k4~I20 -~ 6COsur~+12H++12e- E = 0.6V (3)

COsuff+H20 --~ CO2+2H++2e E = 0.8V (4)

Net reaction: C + 2H20 -~ CO2+4H++4e-E = 0.8V (5)

The total mass gained at these potentials, amounts to
around a factor 6 of the original mass of carbon exposed to
the surface, meaning that neither the formation of quinone,

&Se-lO

which would lead to a mass increase of 50%, nor that of
adsorbed CO, which would lead to a mass increase of 130%,
can explain tl-ds mass increase. A more likely explanation is
that the surface becomes more positively charged upon oxi-
dation, and by that, leads to the attracrion of C104 ions.

Both at 60 and 80 °C, and at 1.15 V, a sharp decrease in the
mass can be observed, which can be atkributed to the forma-
tion of CO2, with the concomitant desorption of C104- ions.
This is in line with the OLEMS results, which showed the for-
marion of CO2 at potentials higher than 1.1 V at 80 °C. The
fact that in the OLEMS setup, CO~ could be observed during
the linear sweep, while the mass only starts to decrease after
5 h ~t the same conditions, can be explained by the high sen-
sitivity of the mass spectrometer for small amounts of CO~,
which is apparently produced wNJe on average the electrode
is gaining mass due to the formation of oxygenated species.

When a cyclic voltammogram is recorded after the poten-
tiostatic hold of the carbon electrode at 60 °C, the oxidation-
reduction peak at around 0.5 V, generally attributed to the
hydroqulnone/qulnone redox couple, is clearly formed, as
shown in Figure 4. The area of the redox peak is after expo-
sure to 1.15 V considerably larger than after the same poten-
fiostatic bold time at 1.05 V.

~ &4e-lO

8 2e-10

8.0e-10 0.2 0.4 0.6 0.8 1.0 1.2

E/Vvs. RHE

Fig. 20LEMS of carbon support Vukan XC 72R, taken at a scan rote of
lOmVs-~ in 1 M HCIO4, 80 °C.

3.2 TheStabilifyofPlatinumonCarbon

3.2.1 CharacterisationofFreshPt/CElectrodesbyCyclic
Voltamraetry (CV), QCM and OLEMS

The cyclic voltammogram of a Pt on carbon electrode
before starang a potentiostatic experiment is presented in Fig-
ure 5a. From this CV, the real surface area of the platinum is
calculated from the charge of the hydrogen desorption
region, assuming 0.210 mC per "real’ square centimetre of Pt,
after subtracting the double layer charge. The change of the
electrode mass of this Pt/C electrode, per square cenrimetre
of platintm% which is simultaneously recorded during the
cyclic voltammogram, is presented in Figure 5b. In the same
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Fig. 4 Cyclic voltarnraograrns of carbon taken at a scan rate of 50 mV s-I before and aher exposure to a constant potential at 60 °C: Ca) influence of
time, at 1.05 V; Ib) influence of potential, for 20 h.
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-- ~,m            (b)
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0.4     08     1 2                   0.4     0.8     1.2
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Fig. 5 Cyclic voltammogram (a) of Pt and Pt/C per square centiraetre of real electrochemical
surface active area of Pt and QCM mass signal, (b} for Pt and Pt/C token at a scan rate of
50 mV s1 in 1 M HCIOx at room temperature.

figures, the cyclic voltammogram as well as the mass change
for a platinum film deposited on gold is plotted for compari-
son, to understand the carbon contribution in the CV and
mass signal.

In comparison with a platinum thin film electrode which
is plotted on the same graph, the cyclic voltammogram of Pt
on Carbon support shows a higher double layer capacity,
which is typical for the large carbon surface in the Pt/C elec-
trode. The oxidation of platinum in Pt!C starts at a slightly
lower potential, and is subsequently reduced at a lower
potential in the cathodic scan. This is caused by the higher
susceptibility of small platinum particles to oxidation in com-
parison to bulk platinum [33]. When the potential is scanned
from 0.45 to 1 V, the mass of both electrodes, Pt and Pt/C,
increases due to hydroxyl adsorption on Pt and following oxi-
dation of the electrode surface. The mass signal of the Pt/C
electrode is composed by the contributions of plalinum as
well as of carbon. In absolute terms, the mass gain in this

potential range amounts to around 0.5 ~Lg.
Comparison of the QCM graphs on the car-
bon support and the plalinum, one can con-
clude that in Pt/C, half of the mass gain can
be attributed to the reversible adsorption of
oxygen on the carbon support, according to
Eqs. (2) and (3).

In the cathodic scan, a mass decrease is
observed between 0.45 and 0.05 V for Pt,
which could be attributed to the desorption
of hydroxyl ions [15]. For Pt/C, the mass of
electrode is found to increase, as in the case
of the carbon support discussed before.

3.2.2 Potentiostatic QCM Experiments of
Platinz~m on Carbon with Characterisation by
Cyclic Voltammetry (CV) and OLEMS

"1"he mass change versz~s thne, as observed
for the Pt/C electrodes at 80 °C and 0.95, 1.05 and 1.15 V are
shown in Figure 6. Already in a qualitative way, the mass ver-
sus lhne signal shows a large variation depending on the
potential. Because the contributions of both plalinum as well
as the carbon support are measured simultaneously, the mass
change can be caused by several processes taking place with
different rates: Pt oxidation and later dissolution and carbon
oxidation followed by its corrosion. At these conditions,
unsupported platinum was found to become fully oxidised
and starts to dissolve after 10 h [15].

To discriminate between the processes on platinum and
carbon, the potential was switched off at several intervals for
taking two cyclic voltammograms at a scan rate of 50 mV s4

in the potential range from 0.05 to 1.3 V, as displayed in Fig-
ure 7 for 1.05 V.

The oxide reduction peaks in the first cathodic scan, start-
ing immediately from the potential hold, as shown in Fig-
ure 7a, indicate that the depth of the oxide layer grows with
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t/h

(a)

4O
300        0                                       8 10

20
(c)

-20

-30
20     40     60 80 100 0 2 4

t/h t/h

Fig. 6 Time dependence of the electrode mass measured at 0.95, 1.05 and 1.15 V far Pt/C and 80 °C (a) 0 95 V (b) 1.05 V (c) 1.15 V.

potential hold th’ne. Especially comparing the platinum oxide
after 23.5 h with that after 2 h: while the reduction peak in
the second scan (Figure 7b) after 23.5 h shifted to a higher
value, the reduction peak in the first scan moved to lower val-
ues after 23.5 h, i.e. the oxide produced during 23.5 h is more
difficult to reduce than that after 2 h, although the particle
size has grown, as concluded from the shift of the oxide
reduction to a higher potential.

From the hydrogen adsorption regions of the second CVs
in Figure 7b, the surface area of the plakinttrn in the electrode
can be calculated at the various stages of the potentiostafic
experiment. The loss of surface area is displayed in Figure 8a
as a function of time.

From the second CVs in Figure 7b, it can be noted that the
platinum oxide reduction peak potentials change at the sub-
sequent intervals of exposure to 1.05 V. The values of these
oxide reduction peak potentials are shown as aftmction of
time in Figure 8b. The oxide reduction peak potential reaches
a maximum after 23 h, suggesting an increase in the average
Pt particle size. It is well known from previous studies
that the platinum oxide reduction potential decreases with
decreasing platinum parade size [34, 351. In principle, this
observed increase of particle size can occur when Pt dissolves
and re-deposits on surrounding Pt particles, i.e. following the

0.004 0004

afte123.5h

-0002

-0.004                                           -0004
0.2 0.4 0,6 0.8 1.0 1.2                    02 04 0.0 0.8 10 1.2

E/V E/V

Fig.a7 Cyclic voltammograms taken at various intervals during exposure of Pt/C to 1.05 V and
80 C. [a] First scan; (b) second scan.

Ostwald ripening mechanism [36]. However, this experiment
is conducted at such a high potential that the re-deposition of
Pt will likely not take place. Therefore, the increase in the
average Pt particle size can be explained by a loss of small Pt
parades in the catalyst layer by their dissolufion, while the
larger particles remain unaffected. After 23 h, the peak poten-
tial starts to shift in negative direction, indicating that the

average size of the Pt particles reduces by dissolution of the
remaining particles.

In the first 4 h, the platinum surface area first drops and
then increases again. This is tmlikely to be linked to the plati-
num parfide size. More likely, the decrease of the platinum
surtace area in the first two hours is associated to the poison-
ing of platinum surface by organic species, stemming from
oxidation of the carbon support, to quinone-like species. In
the next two hours, these c0xbon deposits are oxidised to CC~
leading to accessibility of the platinum for hydrogen adsorp-
tion. The potential excursion during the first scan of the CV is
too short for deardng the plalinum. This assumption is sup-
ported by the relation between the charge of the platinum
oxide reduction peak with time, giving a continuously declin-
ing line. Whereas hydrogen adsorption on platinum is ex-
tremely sensitive to poisoning, the platinum oxide formation
is much less susceptible to it. Overall, the trend of the Pt sur-

face area is declining with increase in
potential hold time, both taken from the
charge associated with hydrogen adsorp-
tion and desorpfion as well as that asso-
ciated with platinum oxide formation
and reduction.

The series of observations being the
decrease in the platinum surface area, in
combination with the shift of the plati-
num oxide reduction peak first to higher
potentials, and then subsequently to
lower potentials, was observed in nearly
all experiments, provided the experimen-
tal time was long enough to pass the
maximum in peak potential of the plati-
num oxide reducfion.
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Fig. 8 Time dependence of the charge of the oxide reduction peaks (a) and Pt surface area (a)
culated from the second CVs, which are taken during the exposure to 1.05 V and 80°C. (b) Time
dependence of the potential of the oxide reduction peaks in the second CVs, which are taken dur-
ing the exposure to 1.05 V and 80 °C.

A relation between the observed decrease in the platinum
surface area and the particle size could be envisioned in the
following way, illustrated in Figure 8b. As shown in Fig-
ttre 8b, during the upward shift of the platinum oxide reduc-
tion peak potential, the small platinum particles dissolve,
leading to an increase in average particle size. Xhe following
downward shift is linked to the shrinking of the pmctides, as
the platinum dissolves from the surface of the particle.

The particle size distributions, as determined from the
TEM pictures, taken from a fresh electrode as well as from a
second electrode exposed to 1.05 V for 118 h, as shown in Fig-
ure 9, confirm this explanation: the distribution of the parti-
cles shift to smaller particles after long exposure to 1.05 V at
80 °C. The average particle size of the freshly prepared elec-
trode amounted to 4.0 + 1.2 ran, while that of the electrode
exposed to 1.05V and 80 °C for 118h amounted to
3.0 -+ 1.4 nm.

in Figttre 10, the TEM pictures of a large section of the
electrode are shown for the fresh electrode and that exposed
to 1.05 V at 80 °C for 118 h. It can be dearly seen that the den-
sity of the particles in the fresh electrode is much higher them
that in the electrode exposed to 1.05 V at 80 °C for 118 h, con-
firming the disappearance of pla~Lnum during the potentio-
static hold experiment.

Based on the measured platinum surface area in the fresh
electrode, being 15.4cm2, one can estimate the total
corresponding amount of platinum on the QCM electrode.
Taking the average particle size dpt of 4 ~m, the fraction
of platinum atoms exposed to the surface FE is 0.31, using
[3’7]:

FE = (6)

Taking a plafimtm atom density of 1.31 x 10is atoms per
cm2 [38], 15.4 cra2 corresponds to a total platinum amount
of 21 gg in the electrode. The observed loss of platinum
surface area, and correcting for the smaller average

pas~ide size of 3 um after exposure to
1.05 V at 80 °C, corresponds to 18 pg of
dissolved platinum in 118 h. Over the
whole time period, the dissolution rate
amounted to 0.15 p.g h-1 or 0.01 I~g h-
i cm 2 of the original plalintwn surface

area. The dissolution rate calculated for
the electrode shown in Figure 8, is the
same: a loss of 15.5 Fg of dissolved plati-
num in 92 h which, based on the original
stwface area of 13.8 cm2, corresponds to a
dissolution rate of 0.01 pg h~ cm 2 of the

original platinum surface area.
The CO2 production during the first

and second scan after holding the poten-
tial of a Pt/C electrode for 30 min at
1.15 V, is shown in Figure 11. The CO2
production on the electrode is zero after
holding the potential at 1.15V for

30 rain, and only takes off, again at around 0.6 V in the posi-
tive scan, after complete reduction of the platinum. In the sec-
ond scan, the production of C02 is far higher in the cathodic
scan, showing that a prolonged oxidation time is necessary to
make platinum inactive for the corrosion of carbon. Compar-
ing Figures 11 and 2, shows that the CO2 formation in the pla-
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Fig. 9 PartidesizedislfibutionasdeterminedbyTEMinthePt/Ccatalyst,
after eledTode preparation (a) and after 118 h exposure to 1.05 V and
80 °C (b).
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Electrode
after 118 hours at 1.05 V

Fresh electrode

Fig. 10 TEM pickles the Pt/C catalyst, after electrode preparation 0eftl and after 118 h exposure
to 1.05 Vand 80 C (right).

tinum on c~rbon catalyst starts at a
potential around 500 mV lower than on
the carbon support without plalinum.

Table 1 summarizes for 80 and 60 °C,
the observed decrease in plaKnttm sur-
face area for various potentials, and the
observations with respect to the shift of
oxide reduction peak potential, giving an
indication on whether dissolution is the
cause of this decrease.

From Table 1, it follows that the rate
of decrease in platintrra surface area
increases with temperature and poten-
tial. In the first experiment at 1.15 V and
80 °C, an extremely fast decrease in the
platinum surface area was observed,
which could not be reproduced in two
subsequent experiments. In the two latter
experiments, the contact between the
electrode and the QCM substrata was
lost after around 24 h, which might indi-
cate that the corrosion of carbon leads to
loss of the integrity of the electrode, ren-
dering a poor electrical contact.

(a)

0,2     0,4 0,6 0,8      1      1,2
E/Vvs. RHE

2.0E-09

0 0,2     0,4     0.6     0,8 1 1,2

1,4

E/Vvs. RHE

1.4

Fig. 11 OLEMS of Pt/C, taken at a scan rate of 10 mV s-] in I M HCIO,~,
80 °C, after 30 rain potantiostatic hold ~t 1.15 V. (a) First scan, immedi-
ately after potenfiostatic hold; (b) second scan.

3.3 SummaryandComparisonofResultswithLiterature

3.3.1 Platinum

X~ne observations in this work, show that for the conditions
applied, i.e. potentiostatic hold, at 1.05 V and higher at 60
and 80 °C, the alectrochemica~ surface area of platinum in
platinum coxbon catalysts decreases in most cases linearly in
lime. Depending on the conditions, this leads to a loss of
40-90% of the original surface area in a 1Lmited number of
hours.

Such a loss of surface area is reported in many papers
occurring during PEMFC operation, e.g. [7, 13, 39]. In [13]
changes, observed for PEIVlFC MEA’s exposed to operation to
OCV conditions for 2,000 h, were an increase in average par-
ticle size and a detectable band of platinum in the membrane.
Also in [14], platinum was detected in the membrane after
fuel cell operation, without extensive OCV exposures. These
observations indicate that indeed platinum in the PEMFC is
soluble under operating conditions, especia~y but not only at
OCV. The dissulved platinum migrates to the anode, and is
redeposited in the membrane once the hydrogen concentra-
tion is such that it can lead to the reduction of Pt~+ to metallic
platinum. At the same time, part of the platinum is redepos-
ited already on the cathode catalyst, leading to an increase in
particle size following the meshanlsm of Ostwald ripening.

The conditions in this work are such that the redeposition
of dissolved platinum is less likely to occur. In contrast to the
PEMFC conditions, no cross over hyc[rogen is present to

reduce the platinum ions to metallic platinum, which gener-
ally explains the platinum band in the membrane. At the
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Table 1 Observed loss of platinum surface area, rate of loss of surface area and platinum oxide reduction peak potential in Pt/C electrodes, as deter-
mined from the second by cyclic voltammogram after potentiostatic hold at various conditions.

same tirae, the volume of the perchloric acid electrolyte
(230 mL for an electrode area of 1.37 cra2) in this work is such
that the local platinum concentration stays below the equih~o-

rium concentration which provokes redeposition: 10 p.g dis-
solved platinum corresponds to 2 10-9 M Pt~+ well below the
equih’brium concentration of 10-7 M Pt2+ reported by [13]. In
the PEMFC cathode, the electrolyte present is Nation, in
which the platinum concentration will very quickly pass the
saturation concentration, which will provoke redeposition
and so leads to Ostwald ripening.

3.3.2 Carbon

Carbon was shown to be stable both at 60 °C and 80 °C up
to 1.05 V. At 1.15 V and higher, the mass of carbon shows a
rapid drop after a period of time were the surface first is oxi-
dised to quinone/hydroquinone type of species and higher
oxidation states. The sharp drop in mass is likely to be caused
by CO2 formation.

Comparing the mass-time curves for carbon with those of
pla~num on carbon, it seems that the presence of platinum
accelerates both the oxidation as well as the corrosion of car-
bon. Either the slow build up phase of oxygenated species
leading to an increase in mass of carbon is completely absent,
as at 80 °C, or the mass increase is faster in the presence than
in its absence, as at 60 °C and 1.05 V.

As shown by on-line electrochemical mass spectrometry,
under dynamic conditions CO2 formation occurs when the
potential is higher than 1.1 V. From the dynamic OLEMS
measurements, it followed that CCh production in the pres-
ence of platinum can be measured at potentials of 0.6 V and
higher, compared to 1.1 V and higher in the absence of plati-
num. After prolonged exposure of the electrode to 1.15 V,
leading to the deep oxidation of platinum, it becomes inactive
for the catalysis of carbon corrosion.

The catalytic effect of platinurn on the corrosion of carbon,
shown in this work, is in agreement with those published by
Wfllsau and Heitbaum [17], as well as by Roen et al. [29], who
used the dynamic measurement of CO2 production by a mass
spectrometer as well. In all these expe~unents, the production
of CO2 from the carbon support was detected at much lower
potentials than when platinum is absent. Ball et al. [23] con-
duded that platinum does not accelerate the corrosion of car-
bon, from experiments performed at 1.2 V, and at the same

time discarding the corrosion current during the first 60 s.
This can be in agreement with the observation in this work,
showing that platinum, after exposure to 1.15 V for 30 rain, is
not active for CO2 production. It is likely that in the first 60 s
discarded by Bail, CO2 was produced as long as platinum
was in the metallic state; but when passivated by an oxide
layer, became inactive for the corrosion of carbon.

4 Conclusion
The stability of Pt/C electrodes was studied at elevated

temperature by a QCM, CV, OLEMS and TEM.
At 80 °C, a rapid decrease of the platinum surface area

could be observed at potentials of 1.05 V and higher. This loss
of surface area is attributed to the dissolution of platinu_ra,
which under the conditions applied, is not redeposited.

In the absence of platinum, the carbon support can be cor-
roded provided the potential is high enough and the time of
exposure is long enough. In the presence of metallic plati-
num, the corrosion of carbon is accelerated.
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