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On the Role of the Support in Pt Anode Catalyst Degradation
under Simulated H2 Fuel Starvation Conditions
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In order to learn more about the effect of H2 fuel starvation on the degradation of Pt anode catalysts and in particular on the role of
the support therein, we have investigated the impact of a simulated fuel starvation procedure on three different polymer electrolyte
fuel cell anode catalysts, Pt/C, Pt/TiO2 and Pt/TiO2+C, by differential electrochemical mass spectrometry (DEMS) measurements.
Monitoring the potential as well as the mass spectrometric signal transients of the possible reaction products CO2 (carbon oxidation
reaction – COR) and O2 (oxygen evolution reaction – OER) upon switching from H2-saturated to N2-saturated electrolyte under
galvanostatic oxidation conditions, we find a rapid increase of the potential to values at about 1.75 V upon electrolyte exchange,
together with the onset of CO2 formation and O2 evolution, where the latter dominates at high potentials. The ratio of O2 evolution
and carbon support oxidation differs significantly for different catalyst supports, with the COR contributing more for the carbon-
containing catalysts in the initial stage of the fuel starvation period, and the OER prevailing for the Pt/TiO2 catalyst over the whole
starvation time. The complex interplay between different catalyst degradation processes during fuel starvation is discussed.
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The PEM fuel cell technology is one of the few options for zero
emission mobility, and accordingly enormous efforts have been in-
vested to better understand its two electrode reactions, the anodic
hydrogen oxidation reaction (HOR)1,2 and the cathodic oxygen re-
duction reaction (ORR),3,4 and to improve their activity and selec-
tivity. Equally important, however, is the stability of catalysts and
electrodes, in particular when considering the dynamic conditions of
automotive applications. A number of studies reported on the stability
and degradation of the electrode catalyst,5,6 including the particularly
corrosive conditions under start/stop operation,7–9 where Pt particle
growth and agglomeration, Pt dissolution and even detachment of Pt
nanoparticles lead to catalyst degradation and performance losses.10–13

Detachment of Pt nanoparticles mainly occurs as a consequence of the
degradation of the corrosion sensitive carbon support materials during
electrode potential excursions induced by start/stop operation, where
the presence of H2 and O2 in neighboring anode regions of the cell
can lead to locally very high potentials up to about 2.0 V mainly at the
cathode.12,14–19 In the fuel starved regions, cross-over of air/O2 causes
the ORR to take place at the former anode, while oxidation reactions,
in particular carbon oxidation and water oxidation, may occur at the
former cathode.15 Similarly high potentials were detected, however,
also at the anode under certain fuel starvation conditions, leading to
the so-called cell-reversal.17,19–21 To avoid or at least reduce such cor-
rosion effects, various non-corrosive materials, in particular transition
metal oxides and their derivatives, have been explored as support for
cathode catalysts,22–24 with TiO2-based support materials being most
popular.

Studies on the corrosion of the carbon support, in particular on the
dynamics of the related processes, are, however, scarce. Halalay et al.
had already mentioned that galvanostatic measurements of the cell
behavior under fuel starvation conditions can be very informative to
gain information on the corrosion behavior of the catalyst under these
conditions.25 Under these conditions, a lack of H2 at a fixed current
demand means that other oxidation reactions have to supply the reac-
tion current at the anode. On the commonly used Pt/C catalysts these
will be the carbon oxidation reaction (COR) and the oxygen evolution
reaction (OER) due to water oxidation, in addition to progressing Pt
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(surface) oxidation and Pt dissolution.11,26 The individual contribu-
tions of these competing oxidation reactions during fuel starvation
conditions are, however, still largely unknown.

In the present communication we report results of a combined
electrochemical and online mass spectrometric study on the dynamic
variation of the electrode potential, of the H2 reactant pressure and
of the evolution of the relevant gaseous products CO2 (COR) and
O2 (OER) during a simulated H2 fuel starvation procedure. Multiple
mass detection (H2, CO2 and O2) in a differential electrochemical
mass spectrometric (DEMS) thin-layer flow cell set-up27 will be em-
ployed to online monitor the partial pressures of the respective gaseous
species, which allows us to quantify the formation rates of the gaseous
products CO2 and O2 in the competing COR and OER, in addition
to H2 consumption in the HOR. To elucidate the impact of the sup-
port material, we explored the response of three different catalysts, a
standard Pt/C catalyst, a carbon-free Pt/TiO2 catalyst and a Pt/TiO2

catalyst mixed with high-surface-area carbon (P/TiO2+C) to improve
the electric conductivity. After a brief description of the experimental
details and protocols we will present and discuss electrochemical and
online DEMS data recorded during simulated H2-starvation under
galvanostatic conditions. The transient starvation phenomenon was
simulated by switching from H2-saturated to H2-free supporting elec-
trolyte and back, where we simultaneously monitored the variation
of the electrode potential and of the individual rates of the COR and
OER in chronopotentiometric transients. Finally, we will summarize
our findings and conclusions on the role of COR and OER in the anode
catalyst degradation upon fuel starvation.

Experimental

Catalyst preparation.—The three Pt based catalysts were pre-
pared using commercially available support materials, high-surface-
area carbon Vulcan XC72 (Cabot) for the Pt/C catalyst and TiO2

P25 (Evonik) for the Pt/TiO2 catalyst. The mixed Pt/TiO2+C cat-
alyst was prepared by mixing the Pt/TiO2 catalyst with pure high-
surface-area carbon to increase the electrical conductivity. Pt nanopar-
ticles were synthesized via a polyol oxidation method, following the
method of Wang et al.28 Briefly, dihydrogenhexachloroplatinate(IV)-
hexahydrate (0.02 mM, Alfa Aesar) was dissolved in ethylene glycol
(0.50 ml, Merck p.a.), and the solution was added to an ethylene glycol
solution (50 ml) containing NaOH (0.2 M, 0.4 g, Sigma Aldrich). The
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mixture was then heated to 160◦C for 3 h under reflux and N2 gas flow,
cooled down rapidly and acidified with 0.1 M HClO4 (Merck supra-
pur, Millipore MilliQ, 18.2 m� cm), until the dark-brown solution
became slightly yellow and colloidal Pt nanoparticles were formed.
Afterwards, the required amount of support material was added (cal-
culated loading: 18 wt% Pt), and the mixture was sonicated for at
least 3 h. After filtration and extensive rinsing with ultrapure water,
the resulting powder was dried and calcined at 200◦C for 2 h under
N2 atmosphere. The exact Pt loading was determined via inductively
coupled plasma optical emission spectroscopy (ICP-OES).

Electrode preparation and electrochemical measurements.—The
electrode was prepared by pipetting an aqueous suspension of the
synthesized materials (20 μL of a 2 mg mL−1 suspension) onto a
conductive glass slice, which was coated by fluorine doped tin oxide
(FTO) (Pilkington, 7 � cm−2). Subsequently, this was dried under a
N2 gas flow, resulting in a circular film area with a diameter of about
6 mm, which was positioned in the center of the glass substrate cut
(10 mm × 10 mm). Afterwards, the electrode film was covered with
the same amount of a diluted aqueous Nafion solution (Sigma Aldrich,
perfluorinated ion-exchange resin, 10 wt% solution in water) and dried
again. The resulting Nafion film is sufficiently stable to fix the catalyst
layer on the conducting substrate under the flowing electrolyte, but thin
enough to avoid additional diffusion limitations.29 The geometric area
of the accessible part of the electrode is 0.28 cm2. For the Pt/TiO2+C
catalyst, the aqueous suspension consisted of 1 mg mL−1 Pt/TiO2 and
1 mg mL−1 high-surface-area carbon. Therefore, we used the twofold
amount of the suspension for deposition on the FTO glass substrate to
obtain the same amount of Pt as used for the Pt/C and Pt/TiO2 catalyst
electrodes.

The electrochemical measurements were performed in a dual thin-
layer flow cell in a three-electrode configuration, which was described
in detail earlier.27 Briefly, the supported catalyst films are used as
working electrodes, which are installed in the center of the first com-
partment by pressing the electrode against a gasket to form a thin-layer
cell between the cell body (KelF) and the catalyst film. The exposed
area of the electrode is defined by the circular cut in the gasket. The
opening of the electrolyte inlet capillary in the cell body is located
in front of the center of the catalyst film, whereas the four outlet
capillaries connecting to the second compartment are located close
to the perimeter of the gasket. The products of the electrochemical
reactions are transported by the electrolyte flow to the second thin-
layer compartment, where the volatile products can pass through a
porous membrane to a quadrupole mass spectrometer set-up (Balzers,
QMS 422) before leaving this compartment via the outlet capillary.
Two counter electrodes, a Pt-foil and a Pt-wire, were used, which
were placed at the cell inlet and outlet, respectively. A home-made
reversible hydrogen electrode (RHE), also connected to the cell out-
let, served as reference (all potentials are referred against that of the
RHE). The potential and current were controlled using a potentiostat
/ galvanostat (Pine Instruments, AFRDE5).

The measurements were performed in H2- (MTI Gase, 6.0) or
N2-saturated (Westfalen Gase, 5.0) 0.1 M HClO4 solution (Merck,
suprapur) at scan rates of 10 mV s−1 in a potential window between
0.0 and 1.2 V (hydrogen oxidation reaction or base cyclic voltam-
mogram, respectively), or in the galvanostatic mode in the electrolyte
exchange experiments under simulated fuel starvation conditions. The
latter were started in H2-saturated electrolyte at 0.0 mA cm−2 (30 s),
followed by a step to the pre-determined mass transport limited cur-
rent density of about 0.8 mA cm−2 (30 s). Subsequently, the elec-
trolyte supply at the inlet was switched to N2-saturated 0.1 M HClO4

solution for 300 s. Next, the electrolyte was switched back to H2-
saturated electrolyte (120 s) and finally the current was stepped back
to 0 mA cm−2 (30 s). Before and after these transients, the three
catalysts were characterized electrochemically by base cyclic voltam-
metry. The integrated Hupd adsorption current was used to determine
the electrochemical active surface area (ECSA) before and after the
fuel starvation experiments.
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Figure 1. The HOR on: (a) Pt/C, (b) Pt/TiO2 and (c) Pt/TiO2+C in
H2-saturated 0.1 M HClO4 electrolyte (10 mV s−1) in a thin layer flow cell.
Electrolyte flow rates between 0.7 and 0.9 mL min−1 adjusted to reach the
same mass transport limited HOR current.

Quantitative DEMS measurements.—For quantitative determi-
nation of the O2 and CO2 formation rates and the respective partial
currents the mass spectrometric signals were normalized by the re-
spective calibration factors K∗. The K∗ values for O2 and CO2 were
determined by following the bulk oxygen evolution and the bulk CO
oxidation reaction, both on a polycrystalline Pt electrode. In this case
the K∗ values are determined by the relations K∗(O2) = 4 QMS

QF
and

K∗(C O2) = 2 QMS
QF

, where the QMS denote the integrated charge of
the mass spectrometric signals, QF the charge determined from the
faradaic currents, and 4 (2) the number of electrons transferred per O2

(CO2) molecule.30 Since the K∗ values may differ between different
experiments, we assumed a constant ratio of K∗(O2)/K∗(CO2) for each
measurement, and normalized them so that the sum of the resulting
partial currents for O2 formation and CO2 formation are identical to
the preset faradaic current. The H2 mass signal was recorded as well
during the electrolyte exchange experiment to follow the replacement
of the H2-saturated electrolyte by N2-saturated electrolyte.

The time delay between the electrochemical and mass spectromet-
ric response, resulting from the transport of the products produced
in the first thin-layer compartment to the second thin-layer compart-
ment, was estimated from potential step experiments and corrected
accordingly in the graphs.

Results and Discussion

First, we followed the hydrogen oxidation reaction on the three
catalysts, Pt/C, Pt/TiO2, and Pt/TiO2+C, in cyclic voltammetry mea-
surements (Fig. 1). The electrolyte flow was adjusted to reach the
same mass transport limited current density of about 0.80 mA cm−2

for each catalyst. All catalysts show a rapid increase of the H2 oxi-
dation current, reaching its mass transport limited value at ca. 0.1 V,
overlaid with the characteristic features of the base CV of Pt catalysts.
The latter include signals for hydrogen underpotential deposition and
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desorption in the range 0.06–0.4 V and Pt oxidation/reduction at po-
tentials > 0.8 V.31 The only obvious differences are the larger pseudo-
capacitive contributions of the high-surface- area carbon support, in
contrast to the smaller contribution for the TiO2 support. In addition
to that, the HOR activity remains nearly unchanged at high potentials
for Pt nanoparticles supported on TiO2, whereas for the Pt/C catalyst
the HOR decays due to PtO formation (Figs. 1a, 1b). This is most
likely caused by a combination of two effect, the low conductivity
of the TiO2 support, which tends to lower the actual potential at the
Pt nanoparticles and thus lowers the oxidation of the Pt surface, and
electronic modifications of the Pt nanoparticles by interaction between
the TiO2 support and Pt nanoparticles (electronic metal – support in-
teractions (EMSIs)),32,33 which seem to stabilize the Pt nanoparticles
against oxidation.34

In the next set of experiments, the effect of fuel starvation was
modeled in galvanostatic measurements, following the procedure de-
scribed in the experimental part (in 2.2). In short, this involved i)
setting the current to zero in H2-saturated electrolyte, ii) stepping the
current from 0.0 mA cm−2 to the mass transport limited current of
about 0.8 mA cm−2 in the same electrolyte (30 s waiting time to reach
steady-state conditions), followed by iii) a change from H2-saturated
to H2-free supporting electrolyte for ∼300 s at constant current, and
iv) the reverse electrolyte exchange step back to H2-saturated solu-
tion. Finally, after another ∼100 s, the current was v) stepped back to
0.0 mA cm−2. The exact times differed slightly between the measure-
ments. The potentiometric and mass spectrometric current transients
(see below) resulting for the three catalysts are plotted in Fig. 2.

For the Pt-containing catalysts an open circuit potential (OCP) of
0.0 VRHE was reached, as would be expected in an acidic, H2-saturated
environment under zero current conditions. This was followed by a
stepwise increase of the electrode potential to about 0.15 V for all cat-
alysts upon the galvanostatic step to the transport limited HOR current
(Fig. 2a). The subsequent electrolyte exchange, which is easily iden-
tified by the abrupt decay in the H2 ion current (Fig. 2b), results in a
rapid increase of the potential to finally reach values of 1.75 V (Pt/C)
and 1.77 V (Pt/TiO2 and Pt/TiO2 + C), respectively. For the Pt/TiO2

and Pt/TiO2+C catalysts it takes about 20 s to reach the steady-state
potential, whereas for Pt/C this requires about 80 s. Similar findings on
the effect of fuel starvation on a Pt/C and a Pt/TiO2+C catalyst were
reported also by Halalay et al.,25 who followed the potential tran-
sients during comparable electrolyte exchange experiments. These
authors also found a faster increase in the potential transients for the
Pt/TiO2+C catalyst compared to Pt/C, and slightly higher potentials
reached on the former. In contrast to the present measurements, how-
ever, their experiments did not allow the identification and detection
of reaction products such as CO2 or O2. For all three catalysts the po-
tential values reached under fuel starvation conditions did not change
significantly when the electrolyte was exchanged back to H2-saturated
solution. They only decay to the initial OCP value after the current
density was stepped back to 0.0 mA cm−2. Also in this case the time
scales are somewhat different, as the OCP is rapidly re-established
for the Pt/TiO2 catalyst, and significantly slower for the Pt/ C and
Pt/TiO2+C catalysts. Finally, for all catalysts the final potential de-
cay is not instantaneous to 0 V after stepping the current to zero, but
proceeds via a shoulder at ca. 0.80 V. This will be discussed in more
detail below.

The reference measurements of the m/z = 2 ion current show a
rapid decay when stepping the current from 0.0 mA cm−2 to the mass
transport limited value, due to the reactive consumption of hydrogen.
This is followed by a steep decay when switching from H2-saturated
to N2-saturated electrolyte (Fig. 2b). (Note that the spike in the H2

signal, which is particularly pronounced for the Pt/TiO2 catalyst, is
due to an experimental artifact, induced by a disturbance of the elec-
trolyte flow when switching the electrolyte supply.) Further insight in
the ongoing processes was gained from the simultaneously acquired
mass spectrometric signals of the possible reaction products CO2 (car-
bon oxidation reaction – COR, m/z = 44) and O2 (oxygen evolution
reaction – OER, m/z = 32). There is no change in the CO2 (Fig. 2c)
and O2 (Fig. 2d) ion currents when stepping the current density from
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Figure 2. Simulated H2-starvation in a galvanostatic electrolyte exchange
experiment (@ 0.8 mA cm−2) showing: (a) the potential progress, and the
simultaneously measured mass spectrometric signals of: (b) H2 (m/z = 2), (c)
CO2 (m/z = 44) and (d) O2 (m/z = 32) for Pt/C (black line), Pt/TiO2 (red
line) and Pt/TiO2+C (blue line); H2-/N2-saturated 0.1 M HClO4 electrolyte.
Dashed lines indicate the stages of electrolyte exchange.

0.0 to 0.80 mA cm−2, which goes along with a change in potential
to ca. 0.15 V in H2-containing solution (Fig. 2a). Obviously, neither
the ORR, nor the COR, nor oxidation of trace amounts of adsorbed
organic residues can occur on the Pt catalyst electrodes under these
conditions.

Focusing now on the Pt/C catalyst (black lines with square sym-
bols in Fig. 2), the subsequent exchange of the electrolyte to H2-free
solution, which significantly up-shifts the potential (Fig. 2a), results
in a drastic increase of the CO2 production (Fig. 2c). It shows a weak
initial peak starting when the electrode potential passes ca. 0.3 V. At
least partly, this is due to an experimental artifact, namely the slow
intrusion of air into the connection between the purged supply bot-
tle and the switch. We cannot rule out, however, contributions from
the oxidation of carbon-containing species on the high-surface-area
carbon in close contact with the Pt nanoparticles (see also the later
discussion). With the further up-shift of the electrode potential, the
CO2 formation increases steadily and reaches a maximum when the
potential passes 1.40 V. This is followed by an approximately expo-
nential decay over the remaining starvation period. Finally, the CO2

formation rate reaches about one-half of the maximum value, while the
electrode potential remains essentially stable (Fig. 2a). When chang-
ing the electrolyte supply from N2-saturated to H2-saturated solution,
the CO2 formation decreases very little. (Note that for all catalysts
we find we find a small spike in the CO2 signal, which as described
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above is likely caused by the slow intrusion of air into the connection
between the purged supply bottle and the switch.) This little change in
CO2 formation is in line with the nearly unchanged electrode poten-
tial, which remains at a constant, high value after this step (Fig. 2a).
Compared with the similar situation in H2-saturated electrolyte before
the fuel starvation period, the hydrogen consumption is less (Fig. 2b)
and the potential (Fig. 2a) is much higher, indicating that that one of
the two situations is thermodynamically instable. We explain this by
a difference in the state of the catalyst surface, which is oxidized in
the present case, while before the starvation procedure it was metal-
lic. Hence, in the present situation hydrogen oxidation occurs with a
lower rate on the oxidized surface, possibly via PtO formation and
reduction by hydrogen,35 and the missing current has to be provided
by the COR and OER. Eventually, however, we would expect that
even at the mass transport limited current the surface is reduced and
the potential drops to the low value of about 0.15 V that was reached
in the initial reaction in H2-saturated electrolyte.

The simultaneously measured O2 production (OER) shows a peak
in the initial stages of the fuel starvation period which is more pro-
nounced than for CO2. We attribute to a very subtle air leakage at
the switch as described above (Fig. 2d). The OER starts when the
electrode potential reaches values of ca. 1.40 V, before the maximum
of the main CO2 formation peak. After an initially steep increase
O2 evolution slows down to a very modest further increase, reach-
ing essentially steady-state conditions in the last 100 s of the fuel
starvation period. Here also the electrode potential approached con-
stant values (Fig. 2a), and the CO2 formation rate has almost reached
a steady-state value (Fig. 2c). The subsequent electrolyte exchange
from N2-saturated back to H2-saturated electrolyte, which hardly af-
fects the Pt/C electrode potential (Fig. 2a), causes a significant decay
of the O2 signal by about one third of the value reached in N2-saturated
electrolyte, very different from the CO2 signal, which changed only
little (Fig. 2c). (The pronounced spike in the O2 signal is also related
to the intrusion of air at the switch as explained above.) The very dif-
ferent responses of hydrogen oxidation (Fig. 2b), COR and OER point
to a rather complex interplay between the several faradaic processes
contributing to the constant current in this phase, which as discussed
above are expected to proceed on an oxidized Pt surface. Only when
switching the current back to 0.0 mA, the potential decreases to the
OCP of 0.0 V in the reducing environment, which also leads to the
instantaneous disappearance of the O2 signal. As mentioned before,
the decay of the potential is not instantaneous, but takes about 50 s,
with the initially steep potential decay bending off at about 0.80 V to
a slower one. Considering that under these conditions, in H2-saturated
acidic electrolyte, the OCP of a Pt catalyst should be around 0.0 V,
this slow potential decay can only be explained by coexistent reduc-
tive and oxidative electrochemical reactions, whose currents depend
on the potential and which compensate each other. Accordingly, the
resulting potential represents a mixed potential.36 The reductive pro-
cess is easily identified as the reduction of Pt (surface) oxides, which
were formed during the fuel starvation process,31,35,37,38 the oxida-
tive reaction involves most likely the oxidation of carbon containing
species, leading to ongoing CO2 formation (see Fig. 2c), and/or of
hydrogen.

The catalyst response to fuel starvation differs significantly when
using the Pt/TiO2 catalyst (red lines with triangular symbols in Fig. 2).
First, the potential increase at the onset of the fuel starvation period
is much steeper than for the Pt/C catalyst, and levels off at a constant
value of ca. 1.77 V (Fig. 2a). As expected, there is no indication of CO2

formation. Instead, we observed a rapidly increasing O2 evolution.
This starts at a potential of about 1.60 V (Fig. 2d) and quickly rises
to it maximum value of about 1.77 V, where it remains over the entire
starvation period. Similar to Pt/C, changing back to H2-containing
electrolyte does not lead to a decrease in potential (Fig. 2a). The
O2 signal, on the other hand, decreases more strongly than for Pt/C,
but not fully to the background level. For both catalysts, this decay
was essentially instantaneous (considering the time required for the
complete electrolyte exchange in the thin-layer flow cell). Stepping
the current density back to 0.0 mA cm−2 finally leads again to the

decrease in potential to the OCP of 0.0 V, and the m/z = 44 and
m/z = 32 ion currents decay to zero. Also in this case the decaying
potential forms a narrow shoulder at ∼0.80 V, followed by a steep
decay again. In this case, however, the total duration of the potential
decay is much shorter than for the Pt/C catalyst, taking less than
10 s. As discussed before, the decay of the potential involves Pt oxide
reduction as reductive process. Since there is no carbon in the TiO2

support, the oxidation of carbon-containing species to CO2 can be
ruled out as oxidative process, which is supported also by the flat CO2

signal. Hence, hydrogen oxidation remains as only realistic possibility
for the oxidative process. The much shorter duration of the potential
decay compared to Pt/C points to a lower amount of (surface) oxide
on the Pt nanoparticles. This agrees well with conclusions derived
from Fig. 1, where the smaller loss in hydrogen oxidation activity
with potential compared to Pt/C was explained by a stabilization of
the Pt nanoparticles caused by electronic interactions with the TiO2

support.
For the mixed Pt/TiO2+C catalyst system (blue lines with round

symbols in Fig. 2), the additional carbon, which is used to improve the
electrical conductivity of the support, is expected to act as a sacrificial
agent, whose oxidation at high potentials, i.e., during fuel starvation,
is possible without loss of Pt nanoparticles. The resulting transients of
the two main reactions COR and OER (Figs. 2c, 2d), respectively, are
different from what was observed for the other two catalysts. After
the small initial CO2 formation at a potential around 0.3 V, which we
again identify as due to air leakage, a further increase of the potential
leads to an increasing CO2 formation, which sets in at about 0.7 V
and reaches a maximum at a potential of about 1.7 V. Furthermore,
the CO2 evolution decreases only slowly after reaching the maxi-
mum value, and resembles the CO2 formation behavior observed for
the Pt/C catalyst in the later stages. After changing back to the H2-
saturated electrolyte, the CO2 signal decreases slightly and then stays
at a constant level, in agreement with the constant high electrode po-
tential (Fig. 2a). Only after stepping the current density back to 0.0 mA
cm−2, the CO2 evolution drops, but does not stop completely, similar
to the behavior of the Pt/C catalyst. The same is true for the potential
decay, which also passes through a (less pronounced) shoulder about
0.8 V, lasting about 40 s in total. Similar to the Pt/C catalyst, this
potential decay is expected to result from Pt oxide reduction on the
one hand and oxidation of carbon-containing species and hydrogen
on the other hand, where CO2 formation is indicated also in Fig. 2c.

O2 formation (Fig. 2d) starts with the onset of the high potential
peak for CO2 formation, similar to the behavior of the Pt/C catalyst,
but it increases more steeply than for the Pt/C catalyst. (Note the also
here we find a weak initial peak in the O2 signal upon changing to
N2-saturated solution, due to slow intrusion of air at the switch.) The
steady-state situation for O2 formation at the Pt/TiO2+C catalyst is
reached at the end of the starvation period, later than on the Pt/C
catalyst, despite of the slightly more positive potentials reached for
the Pt/TiO2+C catalyst. In combination with the less pronounced
maximum in the CO2 signal this indicates that oxidation processes
other than the COR to CO2 and the OER contribute significantly to
the overall current in the initial stages of starvation on the mixed
Pt/TiO2+C catalyst. Most likely, this involves partial oxidation of the
high-surface-area carbon to CO, surface oxides, or other species.39

This will be discussed in more detail later together with Fig. 3. Upon
changing back to H2-saturated electrolyte, the O2 evolution follows
the behavior of the Pt/C catalyst and decays steeply, but not quite
to the background level. The remaining OER current is, however,
significantly less than observed for the Pt/C catalyst. When stepping
the current to zero, the OER current drops instantaneously to zero,
similar to the observations for the other catalysts.

For more quantitative insight into the interplay of the three com-
peting oxidation reactions (HOR, COR, OER), the CO2 and O2 ion
currents from Figs. 2c and 2d were converted into the partial currents
for the COR and OER, using the respective K∗ values. These were
then used to calculate the contributions of the different reactions to
the total current (current efficiencies) during the period of enforced
current. Since both COR and HOR involve 4 electrons per molecule
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Figure 3. Partial currents and current efficiencies for the OER (filled sym-
bols), COR (open symbols), and their sum (open gray symbols) as a function
of time from the data in Fig. 2 for a) Pt/C (black line, squares), b) Pt/TiO2 (red
line, triangles) and c) Pt/TiO2+C (blue line, circles), showing the CO2 current
efficiency (open symbols), O2 current efficiency (filled symbols) and their sum
(gray symbols) (H2-/N2-saturated 0.1 M HClO4 electrolyte, 0.8 mA cm−2).

formed and since the total current is held constant during this period,
partial currents and current efficiencies are linearly correlated to each
other. They are plotted as a function of time in Fig. 3.

Prior to the fuel starvation the applied current density step to
0.8 mA cm−2 does not cause any CO2 nor O2 formation, and the
electrode potential remains at ca. 0.15 V (Fig. 2a). Under these con-
ditions, hydrogen oxidation reaction occurs as only oxidation process
on all three Pt-based catalysts, providing two electrons per reacting
molecule.

During the initial starvation period, the COR (open squares) con-
tributes significantly to the reaction for the Pt/C catalyst. After the
initial current peak, it passes through a maximum of with a current
efficiency of about 30% (at 1.4 V and then decays to ca. 15% at the end
of the starvation period (Fig. 3a). The OER current efficiency (filled
squares) increases only little in the initial 50 s of the starvation period,
but starts to increase steeply after the onset of the main increase of
the COR. In the end of the starvation period the OER reaches a cur-
rent efficiency of about 85% (Fig. 3a). Interestingly, adding the COR
and OER current efficiencies together they do not reach 100% in the
initial stages of the starvation period, indicating that also for this cata-
lyst there must be a third oxidation reaction contributing significantly
to the overall oxidation current, most likely formation of partly oxi-
dized carbon species (see also the discussion of the mixed Pt/TiO2+C
catalyst above). This contribution is, however, smaller than for the
Pt/TiO2+C catalyst (see below).
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bols), and their sum (open gray symbols) as a function of the potential from the
data in Fig. 2 for a) Pt/C (black line, squares), b) Pt/TiO2 (red line, triangles)
and c) Pt/TiO2+C (blue line, circles), showing the CO2 current efficiency
(open symbols), O2 current efficiency (filled symbols) and their sum (gray
symbols) (H2-/N2-saturated 0.1 M HClO4 electrolyte, 0.8 mA cm−2).

After switching the electrolyte supply to H2-saturated solution,
the O2 formation decreases abruptly, while the CO2 formation rate
changes only little. In combination, they constitute about 20–25% of
the total current, while the remaining dominant fraction comes from
hydrogen oxidation. The contributions from COR and OER under
these conditions, in H2-saturated electrolyte, are explained by the
oxidized state of the Pt surface, which reduces the activity for H2

oxidation and thus keeps the potential at a value where COR and OER
can provide the missing current contribution. This is confirmed also
by the lower hydrogen consumption observed under these conditions
compared to the initial phase in H2-saturated electrolyte (Fig. 2b).
Finally, when stepping the current to zero (Fig. 4a), the potential
slowly (45 s) decays to 0.0 V, which as discussed before results from
the simultaneous reduction of Pt oxides on the one hand and oxidation
of carbon-containing species as well hydrogen oxidation on the other
hand.

Replotting the partial currents obtained for the three catalysts vs.
the potential developed during the fuel starvation period (Fig. 4) pro-
vides more detailed information about the potentials required to initi-
ate CO2 or O2 formation. Here it should be noted that the areas under
these curves are not representative for the total number of molecules
formed at the respective potentials because of the strongly varying
time scales, due to strongly varying rates for potential increase during
the starvation period.

For the PtC catalyst we obtain a distinct double peak structure for
the COR (open squares), with peaks at ca. 0.6 and 1.4 V, respectively.
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The former one is partly (in addition to initial contributions from
air leakage as discussed above) assigned to the oxidation of easily
oxidizable carbon-containing species, such as carboxyl or carbonyl
species on the support in close contact with the Pt nanoparticles,39

as evidenced also by direct spectroscopic evidence,40 followed by
a later increase in COR current efficiency up to ca. 1.4 V and a
subsequent decrease at higher potentials. Here one has to keep in
mind that such decrease in COR can result both from a decrease in
activity at higher potentials or, more likely, from a decrease in the
amount of oxidizable carbon with time. This cannot be distinguished
from the present data. A measurable OER current efficiency (Fig. 4a,
filled squares) starts to appear at ca. 1.3 V and increases steeply with
further increase in potential, together with a simultaneous decrease in
the COR current efficiency, due to the fixed total current. Neglecting
artifacts as discussed before, the COR contributes significantly to the
overall current at potentials below 1.6 V, whereas at E > 1.6 V, the
OER tends to dominate.

The partial currents for the COR and OER during the fuel star-
vation transient on the carbon-free Pt/TiO2 catalyst are plotted in the
same way in Figs. 3b and 4b, respectively. As expected, we find hardly
any CO2 formation on the carbon-free catalyst, the calculated COR
current efficiency does not exceed 1–2% at most (Fig. 3b, open tri-
angles). In contrast, the OER current efficiency shoots up steeply and
reaches 100% current efficiency within less than 20 s. It remains at this
level over the entire starvation period (Fig. 3b, filled triangles), con-
firming the OER as only significant contribution to the current on this
catalyst. The potential dependence of the OER, which is presented in
Fig. 4b (filled triangles), shows a steep increase at ∼1.65 V, reaching
100% current efficiency at 1.7 V, where it remains up to the highest
potential reached of 1.77 V. The slight variation of the potential at
100% current efficiency is most simply related to a change in Pt sur-
face state during the fuel starvation procedure. The sum of the COR
and OER current efficiencies is essentially identical to the current ef-
ficiency of the OER (Figs. 3b, 4b, gray open triangles), reflecting the
paramount contribution of the OER to the applied current. Changing
back to H2-saturated electrolyte, the OER abruptly decays to about
10% of the total current, while the main contribution results from hy-
drogen oxidation (Fig. 3b). As discussed before, the oxidation of the
Pt surface seems to be less than on the other two catalysts, resulting
in a higher hydrogen oxidation activity of the Pt catalyst compared to
the Pt/C catalyst, and hence lower contributions of the other oxidation
reactions, in this case of the OER. Stepping the current back to zero
the O2 formation rapidly decays to the background level.

Finally, for the mixed Pt/TiO2+C catalyst, similar plots (see
Figs. 3c and 4c) show that the COR partial current (open circles)
develops qualitatively similar as that for the Pt/C catalyst during the
starvation period. The COR current efficiency is comparable to that
reached for the Pt/C catalyst. The initial peak is, however, shifted to
about 0.9 V, which we explained by the lack of direct contact be-
tween Pt nanoparticles and carbon, since Pt is loaded on the TiO2

support and only physically mixed with the high-surface-area carbon.
The combined COR and OER current efficiencies (Fig. 3c, gray open
circles) develop significantly slower than those for the Pt/C catalyst
and reach 100% only by the end of starvation period. This also results
in a much larger “missing” charge contribution for the Pt/TiO2+C
catalyst during the initial period of fuel starvation than for the Pt/C
catalyst. As discussed before, this missing charge must be provided by
another oxidation process, and most likely results from the incomplete
oxidation of the intermixed high-surface-area carbon. We tentatively
explain this larger difference compared to the Pt/C catalyst by the
lack of direct physical contract between the Pt nanoparticles, which
are loaded onto TiO2 and then only physically mixed with the added
carbon, different from the intimate contact between Pt nanoparticles
and carbon support in the Pt/C catalyst. This may result in a less
efficient activation of the carbon support by the Pt nanoparticles for
complete oxidation to CO2 for the mixed catalyst, and thus to a higher
current contribution from other oxidation reactions than the COR and
OER. Such kind of Pt induced carbon corrosion was proposed already
earlier and explained by the formation of PtO-C interactions at the
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vation experiments in H2-saturated 0.1 M HClO4 electrolyte (10 mV s−1).
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interface between Pt nanoparticles and carbon support.14 Switching
back to the H2-saturated electrolyte results in an abrupt decay of O2

formation and a small decrease in the CO2 formation rate, similar to
our observations for the Pt/C catalyst, with the sum of CO2 and O2

partial currents reaching about one third of the total current. Hence,
hydrogen oxidation must contribute the rest under these conditions.
As discussed before for the Pt/TiO2 catalyst, the higher HOR activity
of the Pt particles under these conditions compared to Pt/C may result
from electronic effects caused by interaction with the TiO2 support
(electronic metal – support interactions), which modify the catalytic
performance of the Pt nanoparticles34 and which are not fully com-
pensated by the intermixed carbon. Finally, similar to observations
for Pt/C, stepping the current to zero again results in an instantaneous
decay of the OER current to the background level, whereas Pt oxide
reduction and oxidation of carbon-containing species and hydrogen
result in the steady decay of the potential.

Finally, we tested for changes in the electrochemically active sur-
face area of the different catalysts, as indicated by the Hupd charge (0.40
to 0.05 V), and other changes in the base CVs upon the fuel starvation
procedure. The resulting base CVs are depicted in Fig. 5, together
with base CVs recoded before the fuel starvation procedure. For the
Pt/C catalyst we detected a clear feature at about 0.60 V after the
fuel starvation experiment, which has been associated previously and
substantiated spectroscopically with hydroquinone oxidation/quinone
reduction on oxidized carbon surfaces.12,14,40–42 Furthermore, there are
also significant changes in the Hupd region (0.40 to 0.05 V), which in-
dicate a loss in ECSA by about 25%. For Pt/TiO2, the situation is very
different. In this case we find no additional features in the base CV,
but an increase in the ECSA. Most likely, this reflects some kind of
electrochemical cleaning of the Pt nanoparticle surface at high poten-
tials. For repetitive potential excursions up to such high potentials we
would, however, also expect a loss in ECSA.34 Finally, for the mixed
Pt/TiO2+C catalysts, we also find a slight decrease in active surface
area, by ca. 10%, which is similar in trend to the Pt/C catalyst, and
clearly different from the behavior of Pt/TiO2. On the other hand,
we did not find indications for an increased hydroquinone/quinone
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peak, which would be indicative for oxidized carbon. Possibly, direct
contact between carbon and Pt nanoparticles is necessary for these
species to form.

The present data demonstrate the potential of model studies to gain
detailed information on different contributions, here of the OER and
COR, to the pre-set current under transient galvanostatic fuel star-
vation conditions. This is highly important information for a better
understanding of catalyst degradation processes under these condi-
tions, which are of utmost relevance for practical applications.

Conclusions

We have investigated the effect of H2 fuel starvation in a simulated
fuel starvation procedure on three different Pt anode catalyst elec-
trodes for polymer electrolyte fuel cells - Pt/C, Pt/TiO2 and Pt/TiO2+C
- by online DEMS measurements to identify the impact of the support
on the degradation of anode Pt catalysts. Monitoring the potential as
well as mass spectrometric signals of the possible reaction products
CO2 (carbon oxidation reaction – COR) and O2 (oxygen evolution
reaction – OER) under galvanostatic oxidation conditions during the
simulated fuel starvation procedure, we arrived at the following main
results and conclusions:

1. The simulated fuel starvation procedure, modelled by changing
from H2-saturated to N2-saturated electrolyte in a potentiomet-
ric transient at a preset current value, results in a pronounced
and steep up-shift of the potential from values around 0.15 V
(H2-saturated electrolyte) to values between 1.75 V and 1.77 V
(N2-saturated electrolyte – fuel starvation), depending on the cat-
alyst.

2. Due to the lack of easily oxidizable species in the electrolyte the
potential is up-shifted to values where either catalyst (support)
oxidation or electrolyte oxidation are activated and provide the
preset current. For Pt/TiO2, the current results exclusively from
O2 evolution (H2O oxidation), reaching a current efficiency of
100% at ∼1.7 V. For Pt/C, carbon oxidation to CO2 is more
important, in particular in the initial stages of the starvation pe-
riod. But also in this case, the CO2 current efficiency does not
exceed 30%, while O2 evolution slowly increases, reaching fi-
nally almost 70% current efficiency. In the early phases of fuel
starvation, other processes such as formation of partly oxidized
carbon-containing species, Pt oxidation and Pt corrosion must
contribute as well. Carbon oxidation is particularly strong in the
initial stages and decays later, which points to a Pt-assisted oxida-
tion of oxidizable carbon species close to the carbon–Pt interface.
O2 formation is somewhat lower than on Pt/TiO2, because of the
larger contribution of CO2 formation to the preset current. For
the mixed Pt/TiO2+C catalyst, CO2 formation does not show the
pronounced initial peak, but exhibits an almost constant rate over
the later part of the experiment. Most likely, this results from
oxidizable carbon surface species, which are present also on the
high-surface-area carbon, but not in contact with Pt nanopar-
ticles and therefore less activated for complete oxidation to
CO2.

3. The simulated fuel starvation procedure results in small (10%,
Pt/TiO2+C) to significant (25%, Pt/C) losses in ECSA for the
carbon containing catalysts, where a high rate of carbon oxidation
reaction plays a major role. For Pt/TiO2, in contrast, the ECSA is
found to increase slightly. The slightly higher steady-state poten-
tial of the TiO2 containing catalysts during fuel starvation allows
a higher rate for O2 evolution on these catalysts, in particular for
Pt/TiO2, where due to the lack of carbon the COR cannot con-
tribute, while on Pt/TiO2+C the COR can contribute as well, but
less than on the Pt/C catalyst. On the Pt/TiO2 catalyst the OER
proceeds without a measurable degradation of the Pt nanoparti-
cles, indicating that the TiO2 support protects the Pt nanoparticles
against irreversible restructuring.

4. A physical mixture of the TiO2/C catalyst with high-surface-area
carbon allows not only to improve the poor electric conductivity

of the oxide support, but can also protect Pt against dissolution
as a sacrificial component compared to the conventional Pt/C
catalyst. Slow corrosion of these carbon species does not result
in detachment of Pt particles etc., different from the situation for
the Pt/C catalyst.
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