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Pt Sub-Monolayer on Au: System Stability and Insights into
Platinum Electrochemical Dissolution
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Platinum is the best single element oxygen reduction reaction electrocatalyst. In recent years, several advanced catalysts have been
suggested. One of them is the so-called “platinum monolayer electrocatalyst”. In this work we demonstrate the potential- and
time-resolved dissolution characteristics of such sub-monolayer platinum supported on gold in potentiodynamic and potentiostatic
regimes. It is shown that the as-prepared Pt@Au is not stable, but rather shows significant dissolution of both Pt and Au similar
to the pure elements. Potential-resolved dissolution profiles reveal that anodic dissolution scales with Pt coverage, while cathodic
dissolution and quasi-steady-state dissolution are Pt coverage independent. This implies a significantly higher Pt coverage normalized
dissolution of Pt@Au, viz. a factor of four higher dissolution amounts for Pt coverage of 0.25. The onsets of Pt and Au dissolution are
also comparable to the pure elements. Only after intermixing during potential cycling does the system become somewhat stabilized.
The onset of Pt transient anodic dissolution shifts to more positive values. The data obtained in the current work provide new insights
into the mechanism of platinum dissolution. It also aids the understanding of the previously observed effect of stabilization of Pt
catalysts by addition of Au, and will therefore guide future developments for improving catalyst performance.
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Degradation of cathode catalysts in corrosive acidic environment
is one of the major obstacles hindering the commercialization of low-
temperature proton exchange membrane fuel cells (PEMFCs).1–6 The
high price and low abundance of Pt, the state of the art oxygen re-
duction reaction (ORR) catalyst, aggravate the issue of degradation.
One of the suggested mitigation strategies is the utilization of Pt@M
(Pt – shell, M - core) core/shell ORR catalysts with M usually Pd,
Au, Ir, and other noble metals or first-row transition metals, aiming at
improved activity and stability while reducing Pt content at the same
time.7,8

Due to enhanced Pt mass- and surface-area-normalized activity,9–13

typical loadings of Pt in such catalysts can be significantly lower than
those traditionally employed in commercial Pt/C-based catalysts. At
the same time catalysts are supposed to have superior stability based on
accelerated degradation tests, typically performed under rather mild
conditions in half-cell rotating disc electrode investigations.8,14–16 In
contrast, however, data on PEMFC performance with core/shell cata-
lysts typically indicate quite low activity, most likely due to catalyst
instability.17

This is not surprising, considering the degradation of standard, pure
Pt/C PEMFC cathode catalysts under various relevant conditions.1–5

Particularly, the importance of the applied potential in relation to the
quasi-steady-state and transient dissolution of Pt/C and polycrystalline
Pt (Pt-poly) have been extensively discussed,18–22 and the significant
effect of short time excursions to strongly anodic and cathodic poten-
tials on catalyst stability has been demonstrated (see Table I in Ref. 18).
In order to clarify if indeed Pt can be stabilized against dissolution
by Au, and to improve our understanding of the involved processes,
in the current work a supposedly more stable Au-supported Pt sub-
monolayer (Pt@Au) system is investigated using a scanning flow cell
inductively coupled plasma mass-spectrometry (SFC-ICP-MS) setup,
described in more detail in our previous works.23,24

Experimental

Two electrochemical setups were utilized in the current work. The
first setup (Setup I) was based on a conventional three-electrode one-
compartment electrochemical cell made of glass. This setup was used
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for underpotential deposition of copper (CuUPD). The second setup
(Setup II), composed of a scanning flow cell (SFC) and an inductively
coupled plasma mass-spectrometer (ICP-MS), was utilized in Cu, Pt,
and Au dissolution studies.

Pt (99.99%) and Au (99.99%) foils were purchased from MaTecK,
Germany. Prior to electrochemical experiments the foils were pol-
ished in 0.3 μm Al2O3 slurry followed by extensive washing in ultra-
pure water (PureLab Plus system, Elga, 18 M�, TOC < 3 ppb) and
drying in a flow of argon. Afterwards, foils were electrochemically
cleaned/activated (either using Setup I or II) applying 30 cycles up
to 1.5 VRHE (potential against the reversible hydrogen electrode) and
1.8 VRHE at 200 mV s−1 on Pt and Au, respectively. The same saturated
Ag/AgCl electrode and two graphite rods of different diameter and
length were used as the reference and counter electrodes in the setups.
The 0.1 M H2SO4 electrolytes were freshly prepared from Suprapur
96% sulfuric acid (Merck, Germany) by dilution in ultrapure water.
This electrolyte was used in Setup I for cleaning/activation of the Au
foil. Afterwards, the same volume of second electrolyte consisting of
0.1 M H2SO4 + 5 mM CuSO4 · 5H2O (98+%, Sigma-Aldrich) was
added in the cell. Hence, the electrolyte used for CuUPD deposition
was 0.1 M H2SO4 + 2.5 mM CuSO4 · 5H2O. A sub-monolayer of Cu
on Au was deposited by applying a potential of 0.4 VRHE over time
t = 2 min. Immediately after deposition, the electrode was removed
from the electrolyte, washed in ultrapure water and dried in Ar. After-
wards the electrode was either moved to Setup II for dissolution studies
or immersed in Pt deposition solution. The latter was composed of
0.1 M HClO4 + 5 mM H2PtCl6 · 6H2O (99.9%, Alfa Aesar). Pt was
deposited on Au by galvanic replacement of the less noble CuUPD.
Deposition time was t = 2 min. The as-prepared Pt@Au electrodes
were used in dissolution studies using Setup II. The on-line detec-
tion of the concentration of dissolved Cu, Pt, and Au was performed
by an ICP-MS (NexION 300X, Perkin Elmer). 10 mg L−1 187Re was
used as an internal standard for both Pt and Au (mixing ratio 1 : 1).
10 mg L−1 74Ge was used as an internal standard for Cu. The 0.1 M
HClO4 electrolytes used in dissolution studies in Setup II were freshly
prepared from Suprapur 70% HClO4 (Merck, Germany) by dilution
with ultrapure water. The electrolyte flow rate in the SFC was ca.
190 μL min−1. The surface area of the working electrode exposed
to the electrolyte was ca. 0.01 cm−2. The flow rate and exposed area
can be used to convert dissolved species concentration (μg L−1) to
dissolution rates (ng cm−2 s−1). More details on the SFC-ICP-MS
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setup can be found in our previous works.18,23 All electrolytes were
saturated with Ar. All measurements were done at room temperature.
Unless otherwise stated, electrical current and dissolution signal are
normalized to the geometric surface area. The estimated roughness
factor of the preconditioned Au and Pt foils was ca. 1.3. Error bars
show the standard deviation of mean values obtained after at least
three repetitions.

Results

Copper under-potential deposition and stripping on gold.—Sub-
monolayer Pt on Au (Pt@Au) electrodes were prepared by a well-
known galvanic replacement of a sacrificial layer of underpotentially
deposited copper (CuUPD) with Pt.25–27 A typical example of Cu cyclic
voltammograms (CV) taken in a conventional three electrode cell with
0.1 M H2SO4 + 2.5 mM CuSO4 Cu deposition solution is shown in
Figure 1a. A Cu stripping linear sweep voltammogram (LSV) taken
with the 0.1 M H2SO4 + 2.5 mM CuSO4 Cu deposition solution is
presented in dashed gray line in Figure 1b. Integrating the resulting
current/time profile (after subtracting the background signal) yields
a Cu stripping charge of ca. 370 μC cm−2. The black solid line in
the same figure presents the Cu stripping signal obtained using the
CuUPD@Au electrode in the scanning flow cell (SFC) connected to an
inductively coupled plasma mass spectrometer (SFC-ICP-MS) setup
with the 0.1 M HClO4 electrolyte. One can see that the stripping profile
is different now, which can be attributed to the difference in electrolyte
and/or to the amount of Cu presented (some removal of copper during
washing, drying, and transfer of sample cannot be excluded). The Cu
stripping charge was ca. 118 ± 25 μC cm−2. For the latter, using
Faraday’s law of electrolysis and assuming the charge of dissolved
species n = 1 or n = 2, we obtain values for the mass of dissolved
copper of 60 ± 12 and 30 ± 6 ng cm−2, respectively.

The CuUPD@Au electrodes were studied further using the SFC-
ICP-MS setup. Figure 1c shows a typical Cu dissolution mass-
spectrogram (dissolution profile) recorded by ICP-MS. It contains two
characteristic peaks of Cu dissolution. The onset of the first (CuA1)
peak always corresponded to the time for which the electrode is in
contact with the electrolyte. This dissolution at open circuit potential
(OCP) can be explained assuming corrosion of copper in the presence
of oxygen in the electrolyte, the concentration of which may be sig-
nificant at the time the SFC is approaching the electrode (even though

an argon blanket is used). As soon as contact is established the amount
of oxygen is limited by its diffusion through the tubes, cell, and silica
ring and usually is low. Hence, dissolution ceases. The second (CuA2)
dissolution peak coincides well with the onset of the anodic current
increase shown in Figure 1b and can be attributed to electrochemical
Cu stripping/dissolution. The average amount of Cu dissolved in the
CuA1 and CuA2 peaks estimated by integration of the dissolution pro-
files over time was 17.6 ± 4.9 and 66.4 ± 8.1 ng cm−2, respectively.
The latter matches well with the calculated value assuming dissolution
of monovalent copper ions. The total amount of dissolved copper was
ca. 84 ± 12 ng cm−2. The typical roughness factor (Rf) of polished
and electrochemically activated Au was ca. 1.3. Hence, one calculates
that the real-surface-area-normalized copper dissolution is ca. 65 ng
cm−2. Taking the weight an Au monolayer to be ca. 410 ng cm−228–30

and the difference in the atomic weight between Au and copper, one
would expect that the weight of copper monolayer on Au is approx-
imately 130 ng cm−2 of real area. Combining all these values yields
a total coverage of Cu on Au θCu = 0.5 (versus Au substrate) after
deposition. The coverage of Cu dissolved in the peaks CuA1 and CuA2

is then θCu(A1) = 0.1 and θCu(A2) = 0.4, respectively.

Platinum shell deposition on gold by galvanic replacement of
copper.—Pt sub-monolayer covered Au electrodes prepared by gal-
vanic replacement of CuUPD with Pt were analyzed using the SFC-
ICP-MS setup. As the charge of Pt ions in the employed salt was +4
one would expect that maximal coverage of Pt is two times lower than
that of copper (assuming that each Cu atom provides two electrons
to a Pt complex), i.e. θPt = 0.25. The weight of a Pt monolayer is
∼400 ng cm−2. Taking the Rf of the Au substrate to be 1.3 we find
that the weight of Pt monolayer normalized to the geometric surface
area is 520 ng cm−2, while the total amount of Pt on Au at θPt = 0.25
is 130 ng cm−2 of the geometric surface area. This value is used in
the estimation of electrode degradation described below. While also
recorded, no change in the Cu blank signal was found when Pt@Au
electrodes were used in the SFC-ICP-MS setup, indicating the com-
plete displacement of Cu by Pt during Pt deposition.

Alternatively, θPt can be estimated using the charge of the underpo-
tentially deposited hydrogen (HUPD) at Pt. This was done for activated
Pt-poly and Pt@Au electrodes. Typical CVs for these two electrodes
are shown in Figure S1 in the electronic supplementary information
(ESI) file. The recorded CVs are obstructed in the region of cathodic
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Figure 1. (a) Copper underpotential deposition/stripping cyclic voltammogram taken in a conventional three electrode cell with 0.1 M H2SO4 + 2.5 mM CuSO4
as an electrolyte. (b) Copper stripping linear sweep voltammograms taken in a conventional three electrode cell with 0.1 M H2SO4 + 2.5 mM CuSO4 as an
electrolyte (dashed gray line) and in a scanning flow cell with 0.1 M HClO4 electrolyte (solid line). (c) Copper dissolution mass-spectrogram. Dashed gray line
shows applied potential program. Scan rate: 10 mV s−1.
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potentials by reduction of oxygen passing through the silica ring of the
SFC. The charge was obtained by integrating the hydrogen desorp-
tion region of the CVs and subtracting the double layer capacitance
measured by extrapolation from the double layer region. The obtained
charge was ca. 51 ± 8 μC cm−2 for Pt@Au and ca. 270 μC cm−2

for Pt-poly. Using these numbers and taking into account the Rf of
1.3 and HUPD charge on 1 cm2 platinum surface of 210 μC cm−2,
θPt was found to be 0.19 ± 0.03. A relatively high error is due to
the difficulties in the integration of HUPD related to the reduction of
residual oxygen. This value is comparable but slightly lower than the
maximal one. The observed discrepancy may be due to a non-ideal
monolayer configuration. Comparing the θPt values obtained from the
two methods and assuming that there is formation of bilayers, it is
found that a maximum of 30% of the Pt atoms can be in the second
layer. By a similar argument, coverages for the third and subsequent
layers will be significantly lower. It also cannot be ruled out that the
charge of a Pt monolayer is different to 210 μC cm−2, resulting in dif-
ferent coverages. In any case, our simple calculation shows that most
of the deposited Pt is in the monolayer state. At some spots, however,
multiple layers are possible. Their coverage, however, is relatively
low. This conclusion is in line with those drawn for Pt deposition on
Au(111).25

Platinum and gold transient and quasi-steady-state
dissolution.—Dissolution of Pt@Au electrodes was studied by
taking CVs at a relatively slow scan rate of 5 mV s−1, so that
details like anodic and cathodic dissolution are well-resolved on
the resulting mass-spectrogram. A representative fragment of the
mass-spectrogram of Au- and Pt-poly electrodes as well as Pt@Au
electrodes showing dissolution of Au and Pt during excursion up
to 1.5 VRHE is shown in Figure 2a (see also Figure S2 in the ESI).
The dissolution profiles of Au- and Pt-poly are similar to those
previously reported.23,24,31 Au predominantly dissolves anodically,
while dissolution of Pt occurs mainly during reduction of the surface
oxide, although anodic dissolution is still significant. Dissolution
profiles of Au and Pt from the Pt@Au electrode are similar to that
of Pt- and Au-poly. In particular, the onset potentials of anodic Pt
and Au dissolution from Pt-poly and Au-poly and Pt@Au electrodes
are comparable. Moreover, the onset stays virtually intact during 10
successive cycles. There are, however, important differences. First of
all, anodic dissolution of both metals (especially Pt) is significantly
suppressed, while there is only a minor change in the cathodic peak
intensity. Secondly, there is also a change in the shape of the Pt
dissolution profile. The appearance of an additional cathodic pre-peak
is most likely due to Pt surface destabilization caused by Au oxide
reduction.

Figure 2b shows the variation of the amount of Pt dissolved in
anodic and cathodic peaks from Pt-poly and Pt@Au electrodes during
successive potential cycles up to 1.5 VRHE. Once again, the amount of
dissolved Pt from both electrodes in the cathodic process is virtually
the same, while the difference in anodically dissolved amounts is
significant. This difference is quantified and presented in Figure 1c as
the ratio between anodic and cathodic dissolution. The corresponding
values for Pt-poly and Pt@Au are ca. 20 and 5%. In other words,
anodic dissolution of Pt from Pt@Au is factor of four lower, which
corresponds well to the reduced Pt coverage θPt = 0.25 and the notion
that anodic dissolution of Pt is proportional to θPt. On the other hand,
cathodic dissolution is coverage-independent, which is equivalent to a
four times larger θPt normalized cathodic dissolution from the Pt@Au
electrode.

It should be noted that in comparison to the behavior of the spe-
cial Pt@Au system here, different ratios between anodic and cathodic
peaks have been observed previously. For instance no anodic and in-
creased cathodic dissolution was observed in CO-saturated electrolyte
and the results were explained assuming healing of low-coordinated
surface sites and suppressed re-deposition in the presence of CO.32

Probably same reasoning can be used to explain an increased Pt disso-
lution in the presence of formic acid.33 On the other hand, an enhanced
anodic and suppressed cathodic dissolution have been observed at
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Figure 2. (a) Representative gold and platinum dissolution mass-spectrogram
taken from polycrystalline platinum and gold electrodes, as well as sub-
monolayer platinum covered gold electrodes, highlighting regions of anodic
and cathodic dissolution. The dashed gray line indicates the applied potential
program. (b) Change of platinum dissolution amount with number of cycles ob-
tained by integration of corresponding anodic and cathodic dissolution peaks.
(c) Ratio between anodic and cathodic dissolution represented as percentages.

elevated temperatures.23 Moreover, we have found that the ratio also
depends on the applied supporting electrolyte. While a value of ca.
20% is typical for 0.1 M HClO4, the ratio is ca. 5 – 10% (depend-
ing on the upper potential limit of cycles (EUPL)) in 0.1 M H2SO4

and 0.05 M NaOH,31,34 also in accordance with results published by
Pavlišič et al.35

To acquire information on the quasi-steady-state stability of
Pt@Au, a 30 min polarization step at 1.0 VRHE for accumulation
and subsequent detection of dissolution products was used (more de-
tails on the employed experimental protocol can be found in Ref. 18).
The resulting dissolution profile is shown in Figure 3. During 30 min
at 1.0 VRHE and a subsequent reductive ramp, the amount of dissolved
Pt is 0.38 ± 0.06 and 0.22 ± 0.06 ng cm−2, respectively (see inset
in Figure 3). These values are at least one order of magnitude lower
than that measured for transient dissolution. In comparison, the geo-
metric surface area-normalized dissolution for a Pt-poly sample was
0.34 ± 0.1 and 0.14 ± 0.02 ng cm−2, respectively. Hence, unlike in
the transient dissolution experiments, the two sets of values are com-
parable. Normalized to θPt Pt dissolution from the Pt@Au electrode
is hence ca. 4 times higher.

Degradation of platinum sub-monolayer electrode during poten-
tial cycling.—Pt@Au or Pt alloy catalysts are usually reported to have
a superior stability.36,37 Indeed, if present as a small amount of ad-
atoms occupying Pt surface defects Au seems to stabilize Pt toward
dissolution, at least at low anodic potentials.16,38,39 On the other hand,
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Figure 3. Quasi-steady-state dissolution of platinum. The electrode was held
at E = 1.0 VRHE over 30 min in a stagnant operational mode without electrolyte
flow. Afterwards, the electrolyte flow was turned on to wash out platinum
dissolution products. The second peak is due to platinum dissolution during
the negative going potential ramp. Inset shows amounts of dissolved platinum
from Pt@Au and Pt-poly electrodes in anodic (dark blue) and cathodic (light
blue) processes, respectively.

due to a preference for Au surface segregation Pt@Au is predicted to
be unstable.40,41 It is not clear, however, how the Au surface segrega-
tion affects stability toward dissolution. As can be seen from Figures
2b, 2c during 5 cycles up to 1.5 VRHE (or 10 as shown in Figure S3 in
the ESI) there is virtually no change in the dissolution signal for both
Pt and Pt@Au electrodes. On the other hand, the fact that Pt steadily
dissolves means that θPt must decrease and that at some point disso-
lution should drop simply due to material exhausting. To investigate
this further, the experiments presented in Figure 2 were modified, viz.
30 degradation cycles at scan rate of 200 mV s−1 were added between
each of the slow scans at 10 mV s−1. Both slow and fast scans had the
same EUPL of 1.5 VRHE. Figure 4a shows the corresponding dissolution
profile for Pt and Au. Already over the first 30 degradation cycles a
significant decrease in the dissolution signal appears. Afterwards the
dissolution constantly drops with each new degradation step. It should
be noted that in the same degradation protocol the dissolution signal
from a Pt-poly electrode is stable (see Figure S4 in the ESI), which is
not surprising considering the quasi-infinite Pt reservoir. CVs shown
in Figure S5 in the ESI support this statement. Indeed, while there is
virtually no change in HUPD region for Pt-poly, it decreases drastically
for Pt@Au.

The variation of Pt dissolution during anodic and cathodic disso-
lution, as well as during the accelerated degradation, with the number
of cycles is shown in Figures 4b-4d, respectively. When the EUPL

of the degradation cycles is 1.1 VRHE (the highest value typically
adopted in accelerated degradation tests of core/shell catalysts), it can
indeed be seen that the change in dissolution signal during the slow
cycles to 1.5 VRHE in between is marginal. The amount of anodically
and cathodically dissolved Pt obtained by integration of 6 cycles at
10 mV s−1 up to 1.5 VRHE is ca. 1.5 and 28.3 ng cm−2, respectively.
In comparison, the dissolution during the mild degradation accounts
for ca. 4.2 ng cm−2, which is ca. 3% of the initial Pt content of 130 ng
cm−2.

The situation changes drastically at EUPL in the degradation cycles
of 1.5 VRHE. In this case, the amount of anodically and cathodi-
cally dissolved Pt in 6 cycles at 10 mV s−1 is ca. 0.8 and 15.4 ng
cm−2, respectively. The value is lower than that for degradation up to
1.1 VRHE. The reason for the continuous decline is that the total dis-
solved Pt amount, including degradation cycles, amounts to ca. 110 ng
cm−2, closely approaching the total amount of Pt deposited on the Au
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Figure 4. (a) Gold and platinum dissolution mass-spectrogram taken from
sub-monolayer platinum supported on a gold electrode. Between each of the
slow scans at 10 mV s−1, 30 degradation cycles at 200 mV s−1 were applied
in the accelerated degradation test. Corresponding variation of anodic and ca-
thodic dissolution (b,c) and dissolution during degradation (d) with number of
degradation cycles up to 1.1 (gray line) and 1.5 VRHE (black line), respectively.

electrode. In parallel to the decrease in Pt content, the onset poten-
tial of anodic Pt dissolution shifts steadily from ca. 1.0 to 1.4 VRHE

during the slow scans, suggesting there is alloying and/or Au sur-
face segregation.42 The latter value corresponds to the onset of Au
dissolution in 0.1 M HClO4.31 The dissolution rate at the end of the
degradation cycles was ca. 24% of the rate at the beginning of the
degradation protocol. This decrease, as well as the decrease in the
cathodic dissolution in general, could be a sign of stabilization due to
alloying, shifting the equilibrium concentration of dissolved Pt species
to lower values. Alternatively, at such low coverages the equilibrium
might not be established anymore in the given time interval, so that
the observed lower dissolution values are now due to a kinetic limita-
tion of dissolution. The total amount of dissolved Au for EUPL = 1.5
VRHE of ca. 15.5 ng cm−2 is also higher in comparison to cycles with
EUPL = 1.1 VRHE. Au dissolution, however, does not show any sig-
nificant variation with cycles. During degradation θAu changes from
ca. θAu = 0.75 to 0.96 (see Figures S6 and S7 in the ESI). This result
can be probably attributed to some stabilization effect of Pt on Au
dissolution.

Discussion

We will limit our discussion to the case of Pt sub-monolayer dis-
solution, leaving the important and previously not addressed topic
of underpotential deposition of Cu on Au studied by the novel
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SFC-ICP-MS technique for a dedicated future study. The important
result to be discussed first is the origin of the ratio change between the
anodic and cathodic peak in transient dissolution experiments. The de-
pendence of anodic dissolution on θPt can be explained assuming that
the process is far from equilibrium (concentration of dissolved species
is lower than the equilibrium concentration at this potential) and dis-
solution is kinetically controlled. Slow dissolution can be related to
sluggish kinetics of Pt oxidation, e.g. in an interfacial place-exchange
process or any other mechanism in which oxygen from its adsorbed
state moves into the lattice.29,43 It seems that in the as-prepared Pt@Au
samples the stabilizing effect (if any) of Au on sub-monolayer Pt is
negligible. Otherwise, dissolution would not be proportional to cover-
age and a shift in the Pt dissolution onset potential would be expected.
This result is in line with recent X-ray photoelectron spectroscopy
(XPS) data on Pt sub-monolayers electrodeposited on Au substrate
showing no significant change in the characteristic Pt XPS peaks shift
in comparison to bulk Pt.42

The independence of cathodic dissolution from Pt coverage could
be rationalized assuming a local saturation of dissolved Pt species
close to the electrode preventing further dissolution. Hence, unlike
anodic dissolution, cathodic dissolution is limited not by kinetics but
by the establishment of equilibrium concentration of dissolved species
and, hence, by mass transfer of dissolved species from the vicinity of
the electrode. As there is no alloying (which would change the chem-
ical potential of Pt) equilibrium potential/concentration for dissolved
Pt ions in the vicinity of Pt-poly and Pt@Au should be similar. Ca-
thodic dissolution must be a very fast process. Otherwise, dissolved
products could diffuse out in the bulk electrolyte, preventing the es-
tablishment of equilibrium. In a recent work by Shrestha et al.44 the
authors suggested that cathodic dissolution of noble metals is triggered
by an uncompensated positive charge that is built up temporarily in
the oxide due to proton migration from the electrolyte into the ox-
ide. Dissolution of metal ions compensates this charge imbalance.
Alternatively, more facile kinetics of reverse place-exchange can be
also suggested. Independent of the mechanism, reduction is much
faster. All considered processes are comparably fast, which explains
the observed experimental results of the current work.

Unlike in the fast anodic transient experiment, in the quasi-steady-
state dissolution experiment the concentration of Pt close to the elec-
trode is at or approaching equilibrium.18 In this case the amount of
dissolved material is controlled predominantly by the diffusion of dis-
solved species from the electrode to the bulk electrolyte, which must
be comparable for both electrodes.

The situation is different for the cycled electrode. The decrease
in the cathodic peak during degradation can be rationalized assuming
formation of an alloy (or in general mixing) of Pt and Au, resulting
in a shift in equilibrium concentration. Hence, there is some stabiliza-
tion of Pt with Au at a relatively low θPt. The observed shift in the Pt
dissolution onset potential after potential cycling is clear evidence of
such alloying between the metals. Alloying of Pt with Au during po-
tential cycles was also suggested based on the XPS measurements.42

Despite stabilization caused by alloying with Au, Pt dissolution is still
significant and not proportional to the amount of Pt on the electrode.
The excess in dissolution can be explained by dissolution triggered
by Au oxide reduction. It is difficult to say with certainty if the mea-
sured cathodic dissolution in this case also represents the equilibrium
concentration (lower due to alloying) or if the process comes to be
controlled by kinetics.

At the moment there is no consensus in the literature regarding
the exact electrochemical reactions behind the observed dissolution
processes. Many reactions have been suggested. In our recent works
several microscopic and macroscopic models of noble-metal disso-
lution have been proposed and discussed. In the microscopic model,
an important destabilizing role of the interfacial place-exchange be-
tween the adsorbed O/OH groups and topmost layer of Pt or Au
during oxide formation and a reverse process during oxide reduc-
tion were suggested.29,34 Charge imbalance at the oxide/electrolyte
interface due to fast proton consumption by oxide can be consid-
ered as an additional destabilizing factor during oxide reduction.44

Macroscopically, several reactions were hypothesized. It is conceiv-
able that there could exist an unstable short-lived intermediate (e.g.
Au2O and Pt2O) of oxide formation/reduction which chemically or
electrochemically dissolves.31 Alternatively, it seems that early re-
ported results can be explained by using two well-known dissolution
reactions, namely direct electrochemical dissolution of metallic Pt and
electrochemical dissolution of Pt dioxide (reactions 2 and 3 in Ref. 18,
respectively).45,46 Currently, we are working on a theoretical model
of Pt dissolution which we hope will account for the experimentally
collected data of the current and previous works.

In summary, the explanation suggested in the current work for
transient and quasi-steady-state dissolution based on the kinetics of
oxide formation and oxide reduction explains well the observed exper-
imental results. It must be stated, however, that, as only one coverage
has been studied, it is not clear if this conclusion can be transferred to
other systems. In future works, we are going to address this issue by
studying the effect of Pt coverage on Pt and Au dissolution, as well as
the stability of other systems, especially Au@Pt suggested by Zhang
et al.39

Conclusions

We will summarize the results of the current work in the light of ap-
plication of Pt-based cathode catalysts in PEMFCs. The fact that in the
quasi-steady-state dissolution experiments dissolved Pt amount does
not depend on θPt implies an enhanced real-surface-area-normalized
dissolution with lower loadings, which is important to consider for
PEMFC open circuit or low-current-density conditions. The same
is true for transient cathodic dissolution, which occurs as the current
density increases. Only the transient anodic dissolution scales directly
with θPt, so that the surface-area-normalized rate remains constant.
The situation changes when Pt is alloyed with Au. In this case the
equilibrium concentration is lower at a given potential, which should
result in lower dissolution. It is not clear, however, if the reduced
dissolution is due to a thermodynamic or a kinetic effect. Numerous
core/shell systems have been suggested in the literature for the ORR,
alcohol and formic acid oxidation, and other applications.8,12,13,33 As in
the case of Au-Pt, the stability of those systems is poorly understood.
The results presented in the current work on the stability of Au-Pt
can be already used for the prediction of platinum dissolution in other
systems. Considering the minor stabilization of Pt toward dissolution
by the presence of Au, the enhanced stability of high-surface-area cat-
alysts reported previously in literature can be attributed most likely to
a structural effect, e.g. the inhibition of support corrosion by the pres-
ence of Au at the catalyst/support interface. For a more fundamental
understanding, however, further research on the effect of Pt coverage,
of the degree of alloying, and of dissolution at lower potentials is
necessary.
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