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The large-scale conversion of electrical into chemical energy
and vice versa, in combination with the utilization of renew-
able primary energy resources, is considered to be of crucial
importance in a sustainable energy concept. Electrochemical
energy conversion systems, such as electrolyzers and fuel cells,
are promising candidates for that purpose; however, they yet
suffer from various shortcomings that impede their cost-
effective deployment. In particular, the transition from fossil-
fuel-based combustion engines to low-temperature fuel cells,
which will be a major milestone for automotive applications,
is mainly limited by the performance and the cost of the
electrocatalyst materials.[1] While a lot of progress has been
recently made in the development of low-cost, non-noble
electrocatalysts,[2] they continue to lag in performance
compared to the state-of-the-art platinum-based catalyst
materials.[3] Regarding the latter, major research efforts
over the last decades have also led to an improved under-
standing of the electrochemical reactions and to the design of
more active catalysts, especially for the oxygen reduction by
alloying Pt with transition metals, which at the same time
decreases the required amount of the precious metal.[4]

However, the long-term stability of Pt and Pt-alloy electro-
catalysts as requested by the US Department of Energy
(DoE) fuel-cell targets still remains a challenge.[5]

Mitigation of catalyst degradation by more directed
design strategies requires a thorough understanding of the
underlying principles. Significant insights into the nanoscale
phenomena occurring on finely dispersed supported Pt
catalysts have already been achieved, for instance by degra-
dation studies combining standard electrochemical tech-

niques and electron microscopy.[6] Degradation mechanisms,
such as particle agglomeration, detachment, or support
corrosion that may occur on such catalysts are closely related
to the structure, morphology, and composition of the high-
surface-area catalysts. Platinum dissolution, however, is
a fundamental process that can be also studied effectively
on extended surfaces, but it has been still ambiguously
discussed in the literature. For example, it is not clear, even
for polycrystalline Pt, whether Pt dissolves anodically as
a competition to oxide formation, cathodically during oxide
reduction, or by chemical dissolution of the formed oxide.[7]

Furthermore, the correlations of the operation conditions
with the nature and extent of dissolution have not been
elucidated sufficiently. In this initial study, we investigate and
quantify the dissolution of polycrystalline Pt in acidic media
at room temperature for different operating parameters,
under both potentiostatic and potentiodynamic conditions, by
utilizing an electrochemical scanning flow cell (SFC) directly
coupled to an inductively coupled plasma mass spectrometer
(ICP-MS). This unique experimental technique enables the
investigation of stability of electrode materials by highly
sensitive online elemental analysis of the electrolyte in
parallel to conventional electrochemical measurements.[8]

Even though a fuel cell typically operates under almost
steady-state conditions below 1.0 V, the catalyst on the
cathode side can locally be exposed to potentials up to
1.5 V during startup or shutdown of the cell.[9] To understand
the impact of the anodic polarization on the amount of
dissolved Pt during potentiodynamic conditions, potential
cycling was performed using different positive potential limits
(Figure 1). During potential cycling within only the hydrogen
adsorption and double-layer region, the concentration of Pt in
the electrolyte remains below the detection limit of the ICP-
MS (10 ppt, corresponding to ca. 3 pgcm�2 s�1). Interestingly,
there is no detectable increase in the amount of dissolved Pt
even when potential cycling is performed up to the region of
adsorption/desorption of oxygenated species on/from Pt.
Only when the potential cycling exceeds ca. + 1.15 VRHE, Pt
starts to dissolve considerably so that it can be detected
downstream (Figure 1b). With a further increase of the upper
vertex potential, the amount of dissolved Pt becomes more
pronounced and two distinct peaks start to evolve in the
dissolution profile (Figure 1c). One peak appears parallel to
the oxidation of the Pt surface in the positive-going scan and
is rather independent of the upper vertex potential. The
second, more dominating peak occurs during the reduction of
the surface in the negative-going scan, starting below about
+ 1.0 VRHE, and depends strongly on the positive potential
limit. This can be more clearly seen in Figure 1e, where the
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measured Pt concentration is plotted versus the applied
potential for representative cyclic voltammograms (CVs).
The two peaks can be correlated to the electrode processes
occurring concomitantly, namely the electrooxidation of Pt
and the electroreduction of the oxidized surface. While the
minor oxidative process can be rationalized (electro)chemi-
cally by direct dissolution of Pt or its oxide, the dissolution of
Pt in the negative-going sweep below the Pt2+/Pt standard
potential seems to be more complex. Although the exact
nature of the oxide species on Pt is yet still unresolved, it has
been proposed that the oxidation of the surface atoms is
complete above about + 1.15 VRHE, and that a further
increase in the potential leads to the formation of a so-
called sub-surface oxide.[10] As a significant increase in the
dissolved amount of Pt is observed during the negative-going
sweep when the upper potential limit is exceeding
+ 1.15 VRHE, it is very likely that the observed reductive
dissolution is related to the presence of the sub-surface oxide.
The latter weakens the Pt�Pt bonds, and upon the reduction
of the surface and subsurface oxide, the outermost Pt can
detach, triggering significant Pt dissolution.

The amount of dissolved Pt for each peak can be
quantified by the integration of the instant Pt concentration

in the electrolyte over time, taking into account the rate of the
electrolyte flow.[8a] The sum of the two integrals for the
oxidative and the reductive peak yields the total amount of Pt
that dissolves during a single cycle. The area-normalized
amount of Pt per cycle (Figure 2a) increases monotonically

with the upper potential limit, namely from non-detectable
amount at potentials below + 1.05 VRHE to almost
10 ng cm�2 cycle�1 at + 1.8 VRHE. The latter corresponds to
dissolution of about 2.4 % of a monolayer per cycle, consid-
ering a surface density of Pt atoms of 1.3 � 1015 cm�2.
Although this is rather negligible for bulk Pt, such a dissolu-
tion rate, if proportional to surface area, could be highly
detrimental to high-surface-area nanoparticle catalysts tradi-
tionally used in fuel cells. The amount of dissolved Pt is also
highly dependent on the duration of a potential cycle; that is,
on the scan rate (Figure 2b). Scan rates below 0.01 Vs�1 in the
potential window from + 0.1 to + 1.5 VRHE lead to a dissolu-
tion of more than 7 ng cm�2 cycle�1, whereas at scan rates
above 0.1 V s�1, less than 2 ng cm�2 cycle�1 is dissolved for the
same upper potential limit. It can be concluded from Fig-
ure 2a and b, that during the start/stop of a fuel cell, the
potential on the electrode should ideally not exceed
+ 1.1 VRHE; if this still occasionally happens, then the
potential changes should be performed as fast as possible to
reduce the amount of dissolved Pt.

Figure 1. a) The applied experimental sequence in 0.1m HClO4, con-
sisting of two cyclic voltammograms with a scan rate of 0.01 Vs�1 for
each potential window that always start from +0.1 VRHE to an upper
potential limit between + 1.0 and + 1.8 VRHE raised in steps of 0.05
VRHE. b) Corresponding time-resolved dissolution profile of Pt pre-
sented on the same time axis as in (a). c) A magnification on the
region around 6000 s. d) Representative cyclic voltammograms with
e) their corresponding mass-spectrometric voltammograms.

Figure 2. The amount of dissolved Pt normalized per cycle plotted
against a) the upper vertex potential for cyclic voltammograms starting
from + 0.1 VRHE with a scan rate of 0.01 Vs�1; b) the scan rate for
voltammograms from + 0.1 to + 1.5 VRHE; and c) the amount of
dissolved Pt normalized per time versus scan rate. The error bars are
each based on three independent measurements.
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The picture, however, turns around when the dissolution
normalized to experiment time is considered, where low scan
rates of 0.001 V s�1 induce dissolution of only 5 pg cm�2 s�1,
while higher scan rates of 0.1 V s�1 lead to dissolution of
76 pg cm�2 s�1 (Figure 2c). In the limiting case of no potential
variation over time, the Pt dissolution rate becomes negli-
gible. Indeed, in a potential step experiment the rate of Pt
dissolution always declines significantly for the first 200 s
following a potential perturbation that involves a change in
the surface state (Figure 3). The dissolution rate falls below

the detection limit even in the critical region of Pt surface
oxidation in between + 0.8 and + 1.3 VRHE.

In contrast to other elements that show an active
dissolution behavior (for example, copper[8a]), Pt dissolution
is a transient process occurring only when the potential
changes cause a substantial change in the surface state. Thus,
the dissolution of Pt cannot be explained by reaction
equilibria between the oxidized surface, the reduced surface,
and dissolved species, which would predict certain constant
dissolution rates for different oxide coverage; that is, different
applied potentials.[11] As a consequence, traditional theories
also for nanoparticle catalysts will eventually have to be
refined to account for the time-dependent Pt dissolution at
constant potential. To completely elucidate the dissolution
mechanism, extended efforts will be necessary to characterize
the exact nature of the surface oxides, the valence of the
dissolved species, and the influence of temperature, pH, and
mass-transport on the involved reactions. Furthermore,
further insights into the degradation of real high-surface-
area catalysts need to be provided by the extension of the
SFC/ICP-MS setup for the analysis of porous materials.

Independent of the determination of the mechanism, the
quantification of Pt dissolution as a function of the exper-
imental parameters presented herein offers highly valuable
guidelines for designing and operating Pt-based materials to

optimize their durability in fuel cells. The intrinsic properties
of polycrystalline Pt alone already indicate that more than
mere material developments will be required for achieving all
of the desired performance targets, particularly regarding the
severe start/stop cycling. Only a combined engineering,
electrochemistry, and materials science approach considering
the complex interplay of individual components and oper-
ation modes within fuel cells will manage to improve the
essential durability of electrocatalysts.
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Figure 3. Representative chronoamperometric experiment sequence
that demonstrates the typical behavior of Pt dissolution under steady-
state conditions. The graph shows a) the applied potential sequence
(potential holds at + 0.15, + 1.6, + 1.0, and + 0.15 VRHE) with b) the
corresponding dissolution profile. The dotted line indicates the detec-
tion limit for the measurement, as determined from the ICP-MS
calibration.
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