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Abstract: The degradation of Pt-containing oxygen reduction catalysts for fuel cell applications is strongly linked to the
electrochemical surface oxidation and reduction of Pt. Here, we study the surface restructuring and Pt dissolution
mechanisms during oxidation/reduction for the case of Pt(100) in 0.1 M HCIO, by combining operando high-energy
surface X-ray diffraction, online mass spectrometry, and density functional theory. Our atomic-scale structural studies
reveal that anodic dissolution, detected during oxidation, and cathodic dissolution, observed during the subsequent
reduction, are linked to two different oxide phases. Anodic dissolution occurs predominantly during nucleation and
growth of the first, stripe-like oxide. Cathodic dissolution is linked to a second, amorphous Pt oxide phase that resembles
bulk PtO, and starts to grow when the coverage of the stripe-like oxide saturates. In addition, we find the amount of
surface restructuring after an oxidation/reduction cycle to be potential-independent after the stripe-like oxide has

kreached its saturation coverage.

/

Introduction

For the transition to a sustainable society, the polymer
electrolyte membrane fuel cell (PEMFC) provides a way to
convert renewable energy of sun and wind stored in hydro-
gen and other fuels into electrical energy. However, the
wide-spread adoption of the PEMFC is still mainly ham-
pered by its cost and the lack of durability of the fuel cell
components.'” A primary degradation mechanism of the
fuel cell is the dissolution of the platinum-based electro-
catalyst at the fuel cell cathode, which occurs if the electrode
is subjected to potentials where the Pt is oxidized.®*" This
causes Pt mass loss and other secondary degradation of the
catalyst, such as Ostwald ripening of the platinum nano-
particles, which lowers the electrochemically active surface
area.’'>™ To compensate this loss, a surplus of Pt catalyst
loading at the fuel cell cathode is required to achieve a
sufficient life-time of the fuel cell, which increases its cost.”!
On the other hand, understanding Pt dissolution on the

atomic scale and the resulting knowledge-driven design of
more advanced electrocatalysts and/or optimization of fuel
cell operation parameters can potentially lead to stable fuel
cells with low Pt loading. Hence, considerable research
efforts have been dedicated towards understanding the
complex interplay between platinum oxidation and dissolu-
tion.

Time-resolved on-line inductively coupled plasma mass
spectrometry (on-line ICP-MS) Pt dissolution measurements
have revealed that Pt dissolution is a transient process which
coincides not only with Pt oxide formation but also
subsequent reduction®>"! of the formed oxide. It has also
been shown that Pt can dissolve from Pt oxide during
periods at open circuit, which the authors attribute to a
purely chemically driven dissolution mechanism.®! The
dissolution that takes place during Pt oxidation, commonly
denoted as “anodic dissolution”, is a potential-dependent
process, showing an initial increase of dissolution rate
followed by a decrease caused by surface passivation with
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stable oxide.[! For the platinum dissolution during oxide
reduction (“cathodic dissolution”), a linear correlation of
dissolved platinum with the cathodic electrochemical charge
transfer during oxide reduction (usually equated to the
amount of formed oxide) was found.!'"! To explain this
behavior, different Pt dissolution mechanisms based on the
thermodynamics of bulk Pt and Pt bulk oxide materials have
been proposed, which lead to Pt dissolution in form of either
Pt** or Pt** ions in the electrolyte solution.®*!"! These ions
were attributed by Wang et al. to dissolution of PtO and
PtO,, respectively,! but this assignment was not unequiv-
ocally shared by other groups.®" Overall, the detailed Pt
dissolution mechanisms are still strongly under debate.
Specifically, explanations on the basis of the thermodynam-
ics of bulk Pt and its oxides are problematic, because in the
operational range of fuel cells only the Pt surface atoms are
oxidized, resulting in ultrathin surface oxide with strongly
different structures from those of bulk Pt oxides. A true
understanding of the Pt dissolution mechanism therefore
requires a more detailed atomic-scale description.

Platinum surface oxidation has been a model system to
study the electrochemical oxidation of metals and numerous
models have been proposed for this process. Early works
described Pt surface oxidation by the so-called place-
exchange, where adsorbed oxygen species exchange their
lattice site with the underlying Pt atoms.'!) In situ studies
by modern surface-sensitive methods combined with density
functional theory (DFT) calculations provided a more
detailed picture and revealed that differences in the atomic-
scale structure of Pt surface oxides on different single crystal
surfaces can explain the different susceptibility of the
platinum oxide to dissolve during its formation.”"*! Specif-
ically, our group previously reported results by surface
X-ray diffraction (SXRD), ICP-MS, and DFT calculations
on the initial stages of Pt(111) and Pt(100) oxidation, that
suggested a direct link between the surface oxide structure,
Pt dissolution, and irreversible Pt surface restructuring.®!
There, we demonstrated that the higher stability of Pt(111)
is caused by differences in the oxide structure rather than a
higher onset potential for oxidation: While the extracted Pt
atoms on Pt(111) occupy a position directly above the
original surface lattice site,***? in the case of Pt(100) they
reside on a bridge position over two vacancy sites, forming
oxide stripes.*’

This scenario provides a good description of the initial
stages of electrooxidation up to approximately 1.15 V, where
the oxide coverage is low, but fails at higher oxide coverage.
At higher potentials, SXRD studies indicate an increasing
disorder, which up to now has impeded a more detailed
analysis of the oxide structure.”?’! Spectroscopic measure-
ments indicate that at least two types of platinum oxides are
formed in this range. In X-ray photoelectron spectroscopy
studies of platinum surfaces and nanoparticles these oxide
phases were assigned to different oxidation states of up to
Pt**.P% Measurements on Pt(111) and Pt(100) single
crystals by in situ surface-enhanced Raman spectroscopy
reported frequency shifts, that were attributed to the
formation of platinum (su)peroxide or amorphous PtO,.>’]
The consequences of multiple surface oxide phases for the
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Pt dissolution behavior are unclear, however. Specifically,
none of these previous experimental studies, including our
previous work on the very initial stages of Pt(100)
oxidation,®! addressed the mechanistic differences between
anodic and cathodic Pt dissolution. How the latter is
influenced by the atomic-scale structure of the surface oxide
was up to now only explored in recent DFT calculations.*!

In this study, we investigate the structure of the electro-
chemically formed surface oxide on Pt(100) in 0.1 M HCIO,
and 0.1 M H,SO, at potentials higher than 1.1 V. We verify
the presence of a second oxide phase, provide details on its
atomic-scale structure, and determine the coverage of both
oxide phases as a function of potential. This analysis is
challenging due to the need to determine two coexisting
surface structures that exhibit disorder, which has not been
attempted before for an electrochemical interface. Key for
performing these detailed structural studies was the use of in
situ high energy surface X-ray diffraction (HESXRD).¥
This emerging method allows rapid measurements of a large
volume of the reciprocal space, which was a requirement for
the reliable quantitative determination of such complex
multi-phase structures. Comparison of the potential-depend-
ent coverage of the two Pt surface oxide phases with ICP-
MS data obtained under identical conditions allows direct
quantitative correlation of the anodic and cathodic Pt
dissolution with the complex surface structure and reveals
that anodic and cathodic dissolution can be attributed to
different Pt oxides.

After reduction of the surface oxide, pronounced surface
roughening can be observed,”?*>*" which makes the use of
shape-controlled catalysts in fuel cells challenging. We
additionally determine the coverage of surface defects as
number of adatoms and vacancies after reduction, which
allows correlation of the two Pt oxide phases with the
irreversible surface roughening.

Results and Discussion
Influence of electrolyte on the oxidation behavior of Pt(100)

The surface oxidation of Pt(100) in perchloric and sulfuric
acid solution was initially characterized by combined cyclic
voltammograms and X-ray intensity measurements (Fig-
ure 1). Here, the X-ray intensity was recorded near the anti-
Bragg position of a Pt crystal truncation rod (CTR), where it
is highly sensitive to oxide formation.”******! The obtained
CVs are in good agreement with those recorded in the
literature.**? Starting from the negative potential limit,
they first exhibit the hydrogen adsorption region which
overlaps above about 0.35 V with a region associated with
anion adsorption/desorption.®® The OH adsorption in
perchloric acid electrolyte occurs in a broad region around
0.5 V while the (bi)sulfate adsorption in sulfuric acid electro-
lyte manifests as a peak at 0.4 V. Finally, at around 1.0 V, an
anodic current peak is observed that is generally attributed
to the oxidation of adsorbed OH to adsorbed oxygen.[*44
In our previous study,” we showed that in 0.1 M HCIO, the
onset of Pt(100) oxidation manifests as a sharp drop in

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWILLOD BATea10 3edldde aup Aq pausenob afe sajoie YO ‘88N JO Sa|nJ Joj A%eiq18UlUO A8]IM UO (SUOTIPUOO-PUB-SWLBY W0 A8 | 1M AeIq 1BU1 UO//:SdNL) SUORIPUOD PUe SWLB 1 8} 88S *[£202/80/72] U0 ARIqiTauluO AB|IM ‘JeIueD UoIessay HAWS Yo! Nt wniuezsBunyasio Aq £6270£202@1Ue/z00T 0T/I0P/Wo0 A8 1M Aleiq 1l uoy/sdny wouy pepeojumod ‘v€ ‘€20 ‘€LLET2ST



a T T T T T T
a0t .

N

£ 2

S of :

Toof .

b . . . . . .
1.00 | Sempess ' ' : ' -

(1121)

0.75 F

Intensity / Iy
o
3

- I 0.1 MHCIO4
B 0.1 MHSO4

0.2 0.4 0.6 0.8
E/V (vs RHE)

o
N
a

g
o
S

Figure 1. Oxidation and reduction in 0.1 M H,SO, and 0.1 M HCIO,
electrolyte. a) Cyclic voltammograms and b) corresponding X-ray
intensity at (112.1) in 0.1 M H,SO, and 0.1 M HCIO,. The electro-
chemical and structural data were simultaneously recorded at 20 mV/s
and indicate that formation of the surface oxide above 0.98 V proceeds
in an identical manner. The solid lines in b) serve as a guide to the eye.
The data in 0.1 M HCIO, has been published previously in Ref. [23].

X-ray intensity, which coincides with this current peak. The
X-ray intensity does not fully recover on the sweep back in
negative direction, indicating that the oxide reduction results
in irreversible structural changes of the Pt surface. An
identical behavior is found in sulfuric acid solution (Figure 1,
green). In particular, the decay of the intensity in the surface
oxidation regime is virtually indistinguishable to that in
HCIO, and the intensity recovers only partially during oxide
reduction, with the same potential dependence as in HCIO,
(the offset in intensity as compared to that in HCIO, is
related to the less positive upper potential limit of the CV
and the corresponding difference in oxide surface coverage).
Furthermore, the detailed surface crystallographic studies
presented in the following section show that the oxidized Pt
surface can be described in both electrolytes by the same
structural model. We therefore conclude that under these
conditions the electrolyte has no major influence on the
Pt(100) surface oxide structure and its initial formation
kinetics. However, we cannot rule out a weak influence of
the anion species on the slower oxidation kinetics which
occurs on the timescale of minutes after the initial fast
oxidation.?***#! The influence of both electrolyte solutions
on Pt dissolution has been compared on polycrystalline Pt
samples.*’*! No or negligible influence of the anion species
in the electrolyte was found. Although an influence cannot
be ruled out for single crystal samples without an explicit
experiment, these results suggest that the influence of these
anion species on Pt dissolution is weak.
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Structure of the Pt(100) oxide

The atomic-scale oxide structure of Pt(100) in the initial
stages of oxidation up to 1.17V has been previously
determined using a combination of CTR analysis and DFT
calculations.” These studies revealed that the extracted Pt
atoms in the oxide are located about 1.4 A above the plane
of the Pt(100) surface atoms and are shifted sideways by half
an Pt—Pt bond length, i.e., they reside at a bridge site
position with respect to the surface lattice. Due to this
lateral shift, it is unlikely that the extracted Pt atoms are
distributed on the surface as isolated extracted Pt atoms on
top of a single vacancy. In the latter case, the distance to the
closest Pt surface atoms would be just 1.97 A, which is well
below the bond length of 2.77 A in bulk Pt. The extracted Pt
atoms therefore have to reside in the center of a double
vacancy. According to the DFT calculations in Ref. [23],
they are stabilized in this position by surrounding adsorbed
oxygen in a square-planar configuration. This geometry
favors the growth of Pt oxide stripes, consisting of consec-
utive extracted Pt atoms along the [011] or [011] directions
(see Figure 2a, left hand side). The theoretical maximum
coverage of extracted Pt atoms in the stripe oxide is 0.5 ML,
which corresponds to a surface where every second Pt atom
row is extracted. According to our previous study, this
coverage is already approached at a potential of 1.12 V.
However, electrochemical and spectroscopic measurements
clearly indicated continuation of surface oxidation at higher
potentials.** 1 To account for this, the stripe oxide model
must be extended to describe the oxidized surface at higher
potentials.

To clarify the potential-dependent surface oxide struc-
ture from the initial stripe oxide growth regime up to the
onset of oxygen evolution we performed in situ HESXRD
studies in 0.1 M H,SO,, in which we recorded six symmetri-
cally non-equivalent non-specular CTRs as well as the
specular CTR at 12 potentials between 0.93 V and 1.63 V.
The very large reciprocal space volume covered in these
HESXRD measurements as well as the inclusion of the
specular CTR was decisive for a reliable determination of
the complex, highly disordered Pt oxide structure. Figure 2b
shows selected CTRs of an experiment, where the oxide was
formed by gradually increasing the potential in steps of first
50 and then 100 mV (the full CTR sets are provided in
Figure S1). To account for the slow kinetics of oxide growth,
the CTR acquisition started five minutes after the potential
was applied. Detailed kinetic measurements revealed that
after this time the oxide structure was stable on the time
scale required for acquiring the CTR data (25 min). In-depth
modeling of the obtained CTR data revealed that the
HESXRD results could not be properly described by the
stripe oxide phase alone. Although the non-specular CTRs
are in good agreement with the data up to 1.62 V, showing
that the part of the oxide that is commensurate to the Pt
lattice is well described by the stripe oxide model, the
specular CTR fits exhibit systematic deviations at higher
potentials. This indicates the presence of a second oxide
phase with pronounced lateral disorder. We considered in
our analysis a number of different surface oxide models
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Figure 2. Atomic-scale structure of the stripe-like and amorphous oxide phases. a) Schematic illustrations of the two Pt oxide phases. On the left,
top and side views of the geometry of the Pt in the stripe oxide are shown; the right side provides a side view of the Pt,,, extraction site. Arrows
indicate fitted vertical distances (d) between interface species. All other fit parameters and the best-fit parameter values are summarized in

Table S2. b) Specular CTR (00¢) and one of the six measured non-specular, non symmetrically equivalent CTRs at potentials from close to the
onset of oxidation at about 1V up to 1.63 V. The CTR data at each potential are offset by a factor of 8 with respect to each other and are shown
together with fits (colored solid lines). As a reference, the CTR fit of the data close to the onset of oxidation at 0.93 V is shown as solid gray lines.
The full set of the measured CTRs and the corresponding fits are shown in Figure S1. c) Potential-dependent coverage of the extracted Pt atoms in
Pt.,, sites and Pt,,, sites. The stripe oxide and amorphous oxide growth regimes are marked with (1) and (ll), respectively. Rectangular boxes
indicate the systematic error caused by the ambiguity of the location of the O,4 layer. The error bars represent the standard uncertainties of the
CTR fits as standard deviations. Further details on the error analysis are given in the Supporting Information. d) Electron density profiles along the
surface normal corresponding to the CTR fits. The density profiles at different potentials are offset from each other by 10 eA~>. Black and blue
dashed vertical lines indicate the location of the Pt,,; and Pt,,, extraction site, respectively.

(Figure S2), which were evaluated by jointly fitting them to
all CTRs at each potential (see the Supporting Information
for the fitting procedures and a detailed discussion of all
considered models). The best description was obtained by
coexistence of the stripe oxide with a second oxide phase, in
which the Pt atoms resided above the stripe oxide.
Illustrations of the resulting geometries of these surface
oxide phases are shown in Figure 2a. Here and in the
following, the Pt atoms in the stripe oxide are denoted as
Pt.,, and the Pt atoms in the oxide above it are referred to
as Pt

ex2:

Angew. Chem. Int. Ed. 2023, 62, €202304293 (4 of 10)

This surface oxide model provides a good fit of all
measured CTRs if the Pt., are placed at a potential-
independent vertical distance of d.,=3.4+0.3 A from the
surface (the given error includes the deviation of the
obtained d.,, value from the CTR fits at all potentials as well
as the statistical error of each individual CTR fit). Except
for the coverages of the two oxide species, which increase
with potential, the structural parameters remain similar at
all potentials (see the Supporting Information for a detailed
description of all fitted structural parameters, the fit error
estimation, and their respective values). The absence of
lateral order in the second oxide phase is supported by the
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detailed CTR analysis as well as the lack of in-plane
diffraction peaks corresponding to a two-dimensional or-
dered oxide layer (see Figure S4). The large vertical distance
of the Pt.,, from the surface suggest that it is stabilized by
additional oxygen species. Also DFT calculations, which will
be discussed below, suggest the presence of oxygen species
above the Pt.,,. However, its presence could not be verified
unambiguously with the CTR analysis due to the weak
scattering by these oxygen species. Nevertheless for the
CTR fits, we tentatively placed oxygen atoms at a vertical
distance of 1.1 A relative to the Pt,,. This distance
corresponds to the spacings in a surface O—Pt—O layer of
a-PtO,(0001), which was observed in gas-phase oxidation of
Pt(111),*° and is close to the vertical distances in PtO,— or
Pt;0,— like bulk oxides®'"? (see Figure S3 and Table S1).
This model leads to minor improvements in the fit of the
specular CTR as compared to models without oxygen
(Figure S2). Depending on the inclusion of oxygen and on
their locations, the Pt.,, and Pt., coverages obtained from
the model exhibit small differences on the order of a few
percent. With increasing potential, the surface is further
oxidized, which manifests in a continuous increase of the
coverage of both Pt., and Pt., (Figure 2c). However, the
coverages of the two species do not grow with equal rates.
Instead, two distinctly different regimes are found. In the
initial stages of oxidation up to about 1.1V (regionI),
predominant growth of the stripe oxide occurs, until a Pt
coverage of about 0.3 ML is reached. The Pt., coverage
remains in this region below 0.05 ML, i.e., the amorphous
oxide Pt., is at most present as a minority species. At
potentials higher than 1.1V (regionII), the potential-
dependent change in Pt coverage substantially decreases
until a saturation coverage between 0.40 and 0.45 ML is
reached above 1.4 V. Taking into account that a perfectly
defect-free stripe oxide phase would correspond to 0.5 ML
of Pt.,,, a saturation of the Pt coverage in this range is
expected. A similar saturation coverage was also observed
in other SXRD experiments (see below). The coverage of
the second, amorphous oxide species Pt,,, increases linearly
with potential at 0.43+£0.07 ML/V over the complete
potential range. Within the experimental errors, it is close to
zero in region I, which explains why the CTR data in these
initial stages of oxidation can also be successfully described
by the stripe oxide alone. In region II, the growth of Pt.,,
does not saturate, contrary to that of Pt.,. As a result,
oxidation at potentials higher than about 1.4V primarily
leads to a growth of the amorphous oxide phase.

To support the results obtained from the in situ
HESXRD experiments, we performed DFT calculations on
the oxide structure. Support for the stripe oxide phase was
already found in our previous study.” Its formation was
calculated to be favorable at >0.98 V, in good agreement
with the experimental results. In our further analysis we
focused on the onset of the second oxide’s phase formation.
Our starting point is a Pt stripe oxide with a coverage of
1/3 ML close to the onset of region II at 1.09 V, when the
surface has an oxygen coverage of 1 ML, according to the
surface Pourbaix diagram.””! Under these conditions, all O
species are located on top of the surface; the presence of

Angew. Chem. Int. Ed. 2023, 62, €202304293 (5 of 10)

Research Articles

An dte

Chemie

subsurface oxygen was found to be energetically
unfavorable.”!

We assessed the formation of different types of extracted
Pt atoms adjacent to the stripe oxide, which corresponds to
the initial stage of the Pt., formation. Figure 3 condenses
the five reactions we considered. Reaction 1 is the extraction
of a Pt atom from a row adjacent to the Pt stripe. This
reaction is highly endothermic (1.26 eV), suggesting that Pt
stripes may not form next to each other. Reaction 2 is the
deposition of Pt** from the solution so as to form a Pt
adatom on Pt(100). Again, this reaction is highly endother-
mic (1.90 eV) and suggests that depositing Pt** is unlikely at
1.09 V. However, depositing PtOH™" appears to be energeti-
cally favorable, judging by the free energy of reaction 3
(—0.31 eV). Besides, adding a second Pt.,—OH moiety is
still energetically favorable (—0.07 eV). Reaction 5 shows
that the interconversion between Pt** and PtOH' in
solution is thermodynamically possible. Further oxidation of
Pt.,—OH to Pt.,—O requires a free energy of 1.06 eV and
thus is unlikely at 1.09 V. Hence, our calculations indicate
that the Pt.,, species near the onset of region II are *PtOH
moieties deposited next to the preexisting stripes. Increasing

3Pte1 + 1 Pteyy

AG=1.26 6V
Vo9 9
91AG=1.90ev \
AG =-0.31eV
—

3|:)tex1 + Ptex2

Pt + H,O el PtOH* + H*
AG =0.04 eV

b @0 @ o

Pt Ptesi Plee O H 3Pte, + 2Pt ,-OH
Figure 3. Mechanism of amorphous Pt,,, formation. Top views of
extraction processes starting from the formation of the Pt,,, stripe at
1.09 V. Reaction 1 is the formation of an adjacent row of Pt,.
Reaction 2 is the formation of Pt,,, from the deposition of Pt**.
Reaction 3 is the formation of Pt.,, from the deposition of PtOH*.
Reaction 4 is the formation of a second Pt,,, from the deposition of
PtOH ™. Reaction 5 is the transformation in solution of Pt*" into
PtOH*. The free energies of the reactions are provided in each case.
See Figure S10 for side views of the extraction processes.
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deprotonation of the OH groups is expected at higher
oxygen chemical potential, i.e., towards more positive
potentials, but this was not addressed explicitly in the
calculations performed here.

According to the DFT results, Pt,, and Pt., are
geometrically different: First, Pt., forms square-planar
complexes with oxygen atoms (3Pt.,,; in Figure 3), whereas
Pt is initially coordinated to two oxygen atoms underneath
and one OH group above (3Pt.,+Pt.,—OH in Figure 3).
When the oxide grows (3Pt +2Pt.,—OH in Figure 3), two
Pt.,, atoms are coordinated to three oxygen underneath and
two OH groups above, and there is a Pt—Pt bond between
them. Second, Pt.,; and Pt.,, are located at different heights
with respect to the surface plane (see Figure S8): Pt is
initially located at a height of 1.49 A, which increases to
1.56 A when two Pt.,, are formed. On the other hand, the
first Pt.,, is at a height of 2.80 A, which increases to 2.98 A
when the second Pt.,, is added. Considering that no explicit
water molecules were taken into account in the DFT
calculations and that the calculations were restricted to the
very initial stages of Pt., formation, these positions are in
reasonable agreement with the experimental results ob-
tained from the CTR analysis. At higher potentials, further
deprotonation of the PtOH moieties as well as the possible
formation of subsurface oxygen will alter the local arrange-
ment of oxygen around the Pt., atoms and might change
the in-plane location of Pt.,. However, we emphasize that
high O coverage structures (>1ML O) and potentials
beyond 1.09 V were not addressed in the DFT calculations.

Correlation of oxide species with Pt dissolution and surface
restructuring

To assess the influence of the surface oxide structure on Pt
dissolution, we measured the rate of Pt dissolution during
oxide formation and reduction in 0.1 M HCIO, at 9 different
potentials in between 1.07 V and 1.57 V with a scanning flow
cell (SFC) and an inductively coupled plasma mass spec-
trometer (ICP-MS) setup. In each experiment, the oxide was
formed on a freshly prepared Pt(100) sample during a linear
potential sweep with 50 mV/s from 0.17 V to the respective
upper potential, followed by a potential hold period of
30 min. Subsequently, the oxide was reduced with a second
potential sweep with 50 mV/s down to 0.17 V. The measured
dissolution rates during Pt oxidation (anodic dissolution)
and Pt oxide reduction (cathodic dissolution) are shown in
Figure 4a and b, respectively. Cathodic dissolution occurs in
a single peak, which continuously increases towards more
positive holding potentials. The anodic dissolution rates
exhibit a peak shortly after reaching the holding potential
followed by a slow decay. While this overall behavior is
similar at all holding potentials, the detailed dissolution
kinetics exhibits some interesting potential-dependent
trends. To quantify these trends, the anodic dissolution
profiles were fitted with an empirically chosen exponential
decay function (see the Supporting Information for further
details on the analysis of the dissolution profiles). First, the
initial dissolution rate at =0 min, determined from the
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Figure 4. Pt dissolution during oxide formation and reduction.

a) Anodic dissolution rate during a potential sweep with 50 mV/s from
0.17 V up to values between 1.07 and 1.57 V, where the potential was
subsequently held for 30 minutes. Colored lines are fits by an
exponential decay function. The dissolution profiles are offset from
each other by 5 pgs™' cm™2. b) Cathodic dissolution rates during the
reverse sweep to 0.17 V, obtained in the same experiments directly after
the data in a). c) Amplitude (dM/dt),,., and d) time constant 7 of the
exponential decay of the anodic dissolution. The error bars in c) and
d) represent the standard deviation of 2 or 3 repetitions of the
experiment (see the Supporting Information).

amplitude (dM/df),,, of the exponential fits, increases up to
1.27 V and then saturates at a slightly lower level (Fig-
ure 4c¢). Second, the characteristic time constant (Figure 4d)
initially increases to a maximum value of 8.2 min at 1.12V
and then gradually decreases to values around 2 min (the
latter may be limited by the finite time resolution of the
ICP-MS setup). Obviously, Pt dissolution during the initial
stages of oxidation substantially differs from that found at
potentials deep inside the Pt oxidation regime, a point which
we will discuss in more detail below.

The dissolution rates in the cathodic peaks and in the
anodic transients were integrated to obtain the total amount
of anodic and cathodic dissolution shown in Figure 5a. To
strictly correlate the observed dissolution behavior with the
surface oxide phases, additional CTR measurements in
0.1 M HCIO, were performed. In contrast to the measure-
ments shown in Figure 2, where the potential was continu-
ously increased in small steps, each of the experiments in
Figure 5 started with a pristine Pt(100) sample and
employed the identical potential program as the dissolution
measurements, except for a longer potential hold period at
the upper potential limit of about 45 minutes. As in the
HESXRD measurements above, the CTR measurements
were started five minutes after the upper potential was
reached. Good CTR fits with the same surface oxide model
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Figure 5. Correlation of anodic and cathodic Pt dissolution with Pt.,
and Pt,,, surface oxide species. a) Total amount of dissolved Pt during
anodic and cathodic dissolution, obtained from the data shown in
Figure 4a and 4b. b) Coverage of the two Pt surface oxide species Pt
and Pt,,, obtained from CTR measurements under identical conditions
(see Figure S6). In addition, the total amount of Pt in the oxide, Pt.,
+ Pt.,,, and the fraction of Pt adatoms after subsequent oxide reduction
is shown. Rectangular boxes indicate the systematic error caused by
the ambiguity of the location of the O,q layer. The error bars represent
the standard uncertainties of the CTR fits as standard deviations.
Further details on the error analysis are given in Supporting
Information.

as for the HESXRD data discussed in the previous para-
graph with the two specific Pt oxide sites Pt.,; and Pt., were
possible and yielded similar structural parameter values
(Table S3 and Figure S6). The coverages of the Pt atoms in
the stripe Pt and in the amorphous oxide Pt., obtained
from the CTR fits are shown in Figure 5b. These show a
similar potential dependence as the data in Figure 2c, apart
from an earlier saturation of the Pt., coverage at about
0.4 ML at 1.17 V, followed by a lower Pt growth rate in
region II. The latter is likely due to the differences in the
potential program or the different electrolyte.

The total amount of cathodic dissolution increases
linearly with potential. A similar linear increase is found for
Pt.,, coverage in the amorphous oxide (see Figure S11 for a
correlation plot), whereas the Pt coverage as well as the
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total amount of Pt surface oxide (Pt +Pt.,) exhibits a
clearly non-linear potential dependence. Dissolution from
remaining patches of metallic platinum also cannot explain
the linear increase of the cathodic dissolution since already
at about 1.17 V the complete surface is covered by oxide
(total coverage ca. 0.5ML). Hence, the Pt., in the
amorphous oxide must be the platinum species that leads to
dissolution during oxide reduction.

The total amount of anodic dissolution increases until
1.17 V, which correlates well with region I, where the initial
stripe oxide is formed, and reaches a maximum at the
crossover to regionIl. At more positive potentials, it
decreases again and levels at a potential-independent value.
A similar dependence of the amount of dissolved Pt on
potential was also observed in the total amount of
dissolution of polycrystalline platinum and of Pt
nanoparticles®™ ! after potential holding for 72 hours. The
observed potential dependence of the amount of dissolution
was assigned to the equilibrium concentration of Pt in
solution. However, contrary to those studies, our measure-
ments were performed in a flow cell, which should eliminate
the dissolution dependence on Pt*" concentration in the
electrolyte solution. According to the kinetic data in Fig-
ure 4c and 4d, the initial anodic dissolution rate, i.e.,
(dM/dt) ., increases in region I and then remains approx-
imately constant in region II. Subsequently, the dissolution
rate decays only slowly in region I, whereas in region II the
decay becomes gradually faster. This accounts for the
maximum in the total amount of anodically dissolved Pt
around 1.2 V.

The above described dissolution behavior can be
explained on the basis of our previous work, where we
showed by DFT that growth of the stripe oxide phase leads
to Pt dissolution above 0.98 V.! Specifically, the excess Pt
atoms that are displaced onto the surface at the end of the
stripes were found to be unstable against dissolution.
According to the results presented here, the coverage of the
surface with oxide stripes increases with potential in region I
and thus the initial dissolution rate (dM/dt),,,, increases. At
the crossover to region II, the entire surface is covered with
stripes and (dM/dt),,, saturates. The decay of the Pt
dissolution rate for potential holds in region II may result
from the emergence of a competing process that consumes
the Pt atoms at the stripe ends, making them less available
for dissolution. Such a competing process could be the
transformation of these Pt atoms into Pt.,,, which are bound
to the surface in the form of the amorphous oxide.

We note that even after 30 minutes anodic dissolution is
observed at all potentials, albeit at very low rate (see
Figure 4a). This may suggest that slow chemical dissolution
of the Pt oxide can occur even after all weakly-bound Pt
atoms at stripe ends are dissolved or transformed into Pt.,,.
However, the presence of long-term steady-state dissolution
is difficult to confirm experimentally, because of limited
long-term stability in the ICP-MS measurements. From an
application point of view, this question is less relevant,
because the cathode potential in fuel cells is usually
controlled in a way that the electrode potential is only for
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short time periods in the potential range >1V, where
significant Pt oxidation occurs.

Our observations indicate that Pt.,, in the amorphous
oxide is stable against dissolution at potentials >1.1 V but
can be readily dissolved during the cathodic reduction of the
Pt oxide. This is not surprising, considering that the Pt.,,
species likely is in a similar oxidation state as in PtO, (see
above). According to thermodynamic considerations, PtO, is
stable above 1.045V under acidic conditions, whereas it
dissolves at potentials in the range of oxide reduction.”! A
similar reaction pathway for cathodic Pt dissolution mecha-
nism was derived from DFT calculations by Duan and
Henkelman for the case of Pt(111).?" In that study it was
proposed that platinum atoms in the oxide, which are
coordinated with four oxygen atoms, are sequentially
reduced to a hydroxide, which is subsequently dissolved.
Our DFT calculations indicate that the Pt.,, correspond to a
species, which is only weakly coordinated to the Pt(100)
metal surface via surface oxygen species and OH termi-
nated. Upon reduction of Pt.,, the terminal OH groups may
leave in form of H,O, in which case the reverse of reaction 2
in Figure 3 can take place, which is highly exothermic and
leads to Pt dissolution. Thus, the presence of a similar
dissolution mechanism as proposed by Duan and Henkel-
man seems likely.

From the literature it is clear that the Pt(111) surface
undergoes similar structural transformation from a surface-
embedded and potentially stripe-like oxide®™! to a more
disordered, amorphous oxide.”’?! Furthermore, the anodic
and cathodic Pt dissolution amounts exhibit similar poten-
tial-dependent trends on all low-index planes,?*! which
may indicate a similar dissolution mechanism as proposed
here for Pt(100). More detailed potential-dependent studies
of anodic®™ and cathodic dissolution!'” of polycrystalline
surfaces and carbon-supported nanoparticles (see also
Ref. [4] and references therein) reveal a potential depend-
ence that is in good qualitative agreement with our data on
Pt(100) (Figure 5a), suggesting also for these more realistic
catalysts a mechanism involving two different surface oxide
species.”**!l However, potential-dependent surface structur-
al and dissolution data that can be clearly correlated, as
done in the present study, were not reported in these
previous studies.

Finally, we also address briefly the surface roughening
induced by a surface oxidation/reduction cycle. This was
assessed by determining the coverage of Pt atoms in lattice
sites on top of the surface layer (Pt,q) and the corresponding
coverage of vacancies after reduction of the surface oxides,
which were characterized in the previous paragraph. The
coverage of the Pt,, is shown together with the coverages of
the Pt., and Pt., in the corresponding oxide in Figure 5.
The values for Pt,; were obtained from fits of the CTRs
measured after a potential sweep to 0.17 V (see Figure S7
for the full CTR data sets). Here, platinum loss due to
dissolution was neglected as the obtained adatom coverage
was 20-100 times higher than the amount of dissolution
during oxidation and reduction. Furthermore, the formation
of three-dimensional adislands is only expected after multi-
ple oxidation and reduction cycles® "%l and can there-
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fore also be neglected. In regionI and the crossover to
region II, the Pty coverage equals that of the Pt.,, species.
This observation is in good agreement with our previous
work, where we concluded that the surface roughening of
Pt(100) in the initial stages of oxidation is caused by the
detachment of the unstable platinum atoms from the ends of
the oxide stripes and their subsequent reduction to metallic
Pt adatoms.® Here, our results suggest that these detached
Pt atoms are not bound as metallic adatoms on the oxidized
surface, but instead are incorporated into the amorphous
oxide as Pt.,. Upon reduction, the Pt., within the oxide
stripes can easily return into the adjacent vacancy sites
underneath. In contrast, Pt.,, recombination with a vacancy
site requires long range mass transport, which is impeded by
the low Pt surface mobility on Pt(100). Studies under UHV
conditions revealed Pt diffusion barriers >0.5eV on the
positively charged Pt(100) surface® as well as a significant
inhibition of Pt,, surface diffusion by coadsorbed species
such as hydrogen.” In the presence of adsorbed O or OH
species, similar or even stronger blocking of Pt surface
diffusion seems likely. In addition, Pt,4; recombination with
vacancies requires overcoming an additional barrier, similar
to the Ehrlich-Schwoebel barrier for diffusion across steps,
and thus is further hindered. Because of these effects, little
recombination is expected to occur in region I, where the
oxide consists of isolated oxide stripes and the Pty and the
corresponding vacancy can form at different positions along
the stripe on an otherwise smooth Pt(100) surface. In
contrast, the oxide formed in region II fully covers the Pt
surface, resulting in a strongly distorted surface layer with a
high surface density of vacancy and adatom sites. Here, only
short range mass transport is required and recombination is
facilitated, which explains why the Pt,y saturates at a
potential-independent value of about 0.1 ML.

Conclusion

The combined in situ HESXRD, DFT, and ICP-MS results
presented in this work provide a detailed atomic-scale
picture of electrochemical Pt(100) oxidation, from its onset
up to potentials as high as 1.6 V, as well as its influence on
Pt dissolution and Pt oxide reduction. We have shown that
the oxidation starts near 1.0 V with the formation of an
oxide phase that is commensurate to the underlying metal
lattice, into which the extracted Pt atoms are still partly
embedded. At a latter stage, above about 1.1 V, formation
of a second (hydr)oxide phase commences, in which the Pt
ions are located further away from the Pt surface and more
loosely coordinated to it. These two surface oxide phases
evolve in parallel over a wide potential range (limited by the
inherent restriction of the commensurate Pt oxide to a
coverage of 0.5 ML). Most interestingly, they affect the
stability of the Pt surface against dissolution in a different
way. While nucleation and growth of the commensurate
stripe-like oxide plays a major role in the Pt dissolution
during oxide formation, the dissolution observed during Pt
oxide reduction predominantly occurs from the second,
more disordered (hydr-)oxide phase. Consequently, the
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former process dominates the dissolution behavior at
potentials <1.3 'V, the latter the behavior at higher poten-
tials, reflecting the potential-dependent coverages of the two
oxide phases.

While the importance of dynamic oxide formation and
reduction for Pt dissolution was already found in previous
studies, our results enable an explanation of these phenom-
ena in a detailed atomistic picture. Specifically, they enable
linking the dissolution mechanisms to the precise structures
of the involved surface oxide phases, which differ distinctly
from those of bulk Pt oxides. Our results point to specific
elementary steps during the dynamic structural changes that
are most relevant for the electrode’s stability against
dissolution and restructuring. If these steps can be blocked
or be made energetically less favorable by optimized system
design, the catalyst stability can be increased. Such funda-
mental insights into the oxidation and dissolution mecha-
nism are an important step towards knowledge-based
strategies for designing and developing more stable fuel
cells. Concretely, precise knowledge on the degradation
pathways may help in the targeted design of tailored
nanocatalysts where these pathways are suppressed. A
prerequisite for this is the development of predictive
capabilities based on ab initio calculations. Our studies of
catalyst degradation in structurally well-defined model
systems provide a testbed for the development of such
approaches.
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