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Abstract

In-situ surface X-ray diffraction is used to characterize the surface oxides on Pt(111) surface in 0.1 M HClO4. Detailed
analysis at two potentials confirms that the surface restructuring at the initial oxidation stages is consistent with a place
exchange process between Pt and O atoms, and the exchanged Pt atoms are located above their original positions in
the Pt(111) lattice. The (1,1,1.5) reflection is used to dynamically study the surface during cyclic voltammetry. The
restructuring associated with the place exchange initiates with the CV peak at 1.05 V, even though multiple cycles to
1.17 V lead to no changes in the CV. The restructuring is reversible below a critical coverage of place exchanged Pt
atoms, which we estimate to be between 0.07 and 0.15 ML. Extensive cycling to potentials higher or equal to 1.17 V
leads to progressive disordering of the surface.
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Introduction but also because the restructuring of the Pt atoms from
their Pt(111) lattice sites does not lead to an ordered struc-
ture. This restructuring, which is of prime concern in this
work, was deduced long ago from the observed hysteresis
on polycrystalline surfaces, and suggested by Reddy [18] to
be due to place exchange, an idea from gas-phase studies
[19], in which a surface Pt atom and an adsorbed O atom
exchange places. The place exchange was speculative at
best, but became the reigning paradigm, with rather de-
tailed studies and modeling of the kinetics in the 1970s and
80s. This polycrystalline work has been reviewed [20, 21],
and led to the field-driven dipole place-exchange model of
Conway and coworkers [22, 23], which explained the ob-
served direct logarithmic law, in which the charge is linear
with log time for potential step experiments.
) ) With the advent of single-crystal electrochemistry, mod-
It has proven difficult to determine the nature of the o)) qurface analytical methods were applied, though most
oxide, partly because in-situ spectroscopies have difficulty  yore exositu. In particular, low-energy electron diffrac-
distinguishing surface oxygen and hydrogen containing species ;. (LEED) [24, 25] was used to show that cycling led to
from similar species in the near-surface and bulk solution,

The surface science of the Pt(111)|electrolyte interface
has fundamental interest in electrochemistry, and the ini-
tial stages of adsorption in perchloric acid and other elec-
trolytes have been well studied and reviewed [1-6]. The
oxidation of the surface at higher potentials to form the
“Pt oxide” is less well understood, but is important to un-
derstand from a practical point of view because the oxygen
reduction reaction (ORR) can occur on a partially oxidized
surface. Its slow kinetics are thought to be caused partly
by the presence of surface Pt oxides, which limit the ac-
cess to reactive sites [7-9]. The oxide is also involved
in degradation of Pt catalysts through dissolution, which
is promoted by formation and subsequent removal of the
oxide [10-17].

roughened surfaces, and later in-situ scanning tunneling
microscopy (STM) [26, 27] showed conclusively that sur-
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reversible hydrogen electrode (RHE) in HCIO4. This is
surprising in the light of the fact that Pt(111) can be cy-
cled repetitively to 1.15 V without changes in the voltam-
mogram, e.g. [6], which implies that no permanent surface
disordering on Pt(111) takes place at potentials below 1.15
V during cycling. Similar SXRD studies were also carried
out for KOH and HySO, electrolytes [32]. These early
SXRD results were constrained by cell design and lower
beam intensity than now available, and the small number
of measured reflections led to a large uncertainty in atomic
positions and model determination.

Improvements in synchrotron technology have led to re-
newed interest in in-situ structural studies on platinum ox-
idation [33-40]. Many of these studies are for Pt nanopar-
ticles, whose surface structure and reactivity may be sig-
nificantly different from Pt(111), on which we focus atten-
tion.

Here in-situ SXRD is used to dynamically follow the
place exchange process and to accurately determine a de-
tailed atomistic picture of the Pt(111) surface during the
initial stages of oxidation. SXRD is a sensitive probe of
surface structure [41, 42], and X-ray synchrotron radia-
tion is an ideal tool to study the oxidation, as it easily
penetrates the less dense electrolyte but still scatters suf-
ficiently from the dense Pt substrate. In the course of this
work, Liu et al and Kondo et al published detailed struc-
tural studies of the Pt(111) surface in the region below
0.95 V, with structures in which the Pt layer spacings are
changed or buckled, but with no place exchange [39, 40].
We here concentrate on the dynamic aspects and the struc-
ture above 0.95 V. In our experiments we used an elec-
trochemical cell, in which the electrolyte contacts the Pt
single crystal surface from above via a defined meniscus of
height 3-4 mm [43]. This enables fast electrochemical ex-
periments to be carried out simultaneously with the X-ray
data acquisition, without IR drop distortions that would
result from a thin-layer cell.

1. Experimental

The SXRD experiments described here were performed
at the ID03 surface diffraction beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The 22.5 keV (0.551 A in wavelength) radiation from two
undulators was selected by a monolithic channel cut sil-
icon crystal monochromator cooled with liquid nitrogen.
The beam was focused by a toroidal mirror to a final size
of 300 pm x 50 pm (horizontal x vertical relative to the
plane of the sample surface at zero incidence angle) at the
sample position. A MAXIPIX detector (2 x 10° cps/pixel
maximum count rate) was installed on the diffractometer
arm, 930 mm from the sample. Considering the detector
active dimensions of 28.4 mm x 28.4 mm, the pixel size
of 55 pm, and the sample/detector distance, the angular
range accessible in a single image was 1.7° with angular
resolution of 3.3 x 1073 degrees. The experiment was per-

formed in grazing incidence geometry with 0.3° incidence
angle.

The Pt(111) single crystal (7 mm dia.) from Surface
Preparation Laboratory (SPL) was prepared by annealing
in an induction oven at ~ 900°C under an Ar atmosphere.
After cooling in the Ar atmosphere, the sample surface
was protected by a drop of deaerated ultrapure Millipore
Milli-Q water, and rapidly mounted facing upward in the
electrochemical cell. A meniscus was formed between the
surface and the end of a glass tube mounted a few mm
above the surface. Solutions were dispensed and removed
through the glass tube using a remote controlled pump
system. The cell design has been described elsewhere [43].
Potentials were measured against a Ag|AgCl|3.5M KCl
(eDaq company) reference electrode, but are reported vs
RHE (0.274 V vs RHE).

All equipment contacted the electrolyte during prepa-
ration or the experiment had been immersed in Caro’s
Acid (mixture of HoO9 and HoSOy4 at the ratio of 1:2) for
at least two days. Glassware was rinsed and then boiled
in ultrapure water several times. Kel-F and Teflon parts,
i.e., electrochemical cell and tubing, were rinsed and thor-
oughly flushed with ultrapure water. The solutions were
prepared from ultrapure HClIO4 (Normatom, VWR) and
ultrapure water. The electrolyte was purged with argon
for at least one hour before use and the compartment sur-
rounding the electrochemical cell was flushed continuously
with argon.

The crystal truncation rod (CTR) profiles were col-
lected in a stationary mode where one detector image is
taken for each L value along the truncation rod. This ap-
proach takes advantage of the large acceptance angle of the
detector, where diffuse background and signal from CTR
can be collected in one acquisition and then separated as
described by Drnec et al [44]. The statistical error for each
data point were taken as o; = (I; s + %Ii73), where [; s
is the integrated intensity of the regiori around CTR re-
flection, I; g is the integrated intensity in the background
region, N; g and IV; p are the number of pixels of the cor-
responding regions. The errors were increased for the low
L values at the specular rod to account of the possibility of
dynamic scattering events and low diffractometer resolu-
tion at low angles. The errors of the parameters fitted with
the ROD program [45] were determined as erop - P,
following the recommendation in the ROD manual, where
erop is the fitting error output from the ROD and x? is
the reduced chi-square test statistic.

2. Results and Discussion

2.1. Oxidation kinetics

It was first verified that the X-ray radiation does not
significantly alter the voltammograms, at the level of ra-
diation used in the experiments reported here (Figure 1).
Some small changes in current were observed, but more
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Figure 1: Cyclic voltammograms of Pt(111) in 0.1 M HClOy, in the
presence and absence of radiation. Sweep rate 20 mV s~1.

importantly the radiation does not introduce any new fea-
tures in the voltammograms that would indicate the gener-
ation of active species in solution. Additional redox peaks
were observed at higher radiation levels, so it is important
to keep the radiation level low. To reduce the beam in-
tensity, we used silver attenuators located in the incident
beam in front of the sample.

These voltammograms show all the characteristic fea-
tures of a clean, well-ordered surface. The features be-
low 0.4 V correspond to the underpotentially deposited
H (H UPD) and the sharp “butterfly” peaks at 0.8 V
are due to specific OH adsorption/desorption processes.
In the positive-going scan, there is also an anodic peak
around 1.06 V, traditionally associated with OH(ads) to
O(ads) conversion and further OH adsorption [4]. The cor-
responding reduction charge is spread out in potential and
does not show as a sharp peak. The CV also shows a very
small peak around 0.55 V and a slightly increased anodic
current in the 0.8 — 1.0 V region, which is typical for small
amounts of (100) and (110)-like defects.[46]. It is typically
harder to remove disorder by annealing larger crystals than
for smaller bead crystals, and the disorder is exemplified
at the lower sweep rate used for these experiments than
for the 50 mV s~ reference voltammograms usually pre-
sented (compare Figure 5 top), but this degree of order
is comparable to that in other synchrotron studies, e.g.,
Ref [39]. Nonetheless, there is a concern that the defects
may make the place-exchange process more facile. Given
that the probed part of the surface has a very low defect
density (< 0.01 ML), as inferred from the highly structure-
sensitive SXRD measurements (Table 1), the CV current
from defects is assumed to predominantly originate from
the edge and sides of the crystal, which are slightly wetted
by the electrolyte during the meniscus formation.

Our model (Section 2.2) reveals that the intensity of
the (1,1,1.5) reflection is a sensitive measure of the degree
of place exchange but is insensitive to the structure of the
double layer. Therefore, we measured this reflection dy-

1.4x10° —r 7T 60
+ —#&— Intensity of (1,1,1.5) reflection
r cyclic voltammogram B
S5 1.2x10° — 40
© L
g L
o ol 20
o 1.0x10 f E
- L O
—
= + <
>
£ sox10° 0 .
[%2] r ~
c L —_
] L
-+~
£ 6.0x10° -20
dox109 b 1 1 g

0 0.2 0.4 0.6 0.8 1 1.2

E/V (vs RHE)

Figure 2: Cyclic voltammogram (red) and intensity of (1,1,1.5) re-

flection (blue) during cycling of Pt(111) in 0.1 M HClO4 at 20 mV

s~1 measured at the same time.

namically during potential cycling and for potential step
experiments.

During a CV (Figure 2), the intensity shows a reversible
increase in the H UPD region, due to the change of Pt
surface interlayer spacing upon H adsorption [32, 39, 40].
Upon OH adsorption in the “butterfly” region we also de-
tect a slight intensity increase, followed by a sharp drop
in intensity at 1.05 V, marking the onset of the place ex-
change process. In the negative-going sweep, the intensity
slowly reverts back to the original values between 1.10 V
and 0.78 V. The sudden structural change in (1,1,1.5) in-
tensity in the positive going sweep is clearly associated
with the sharp anodic peak in the CV, while the slower
change on the reverse sweep is consistent with the spread
out reduction charge. Although both the CV and the
X-ray intensity curves exhibit significant hysteresis, the
change is reversible over a cycle in the sense that the sur-
face returns to its initial state, as evidenced by the return
of the intensity to its initial value. The hysteresis is only
detected when the potential is cycled above 1.05 V. Be-
low this potential the cathodic sweep retraces the anodic
sweep as expected for the surface which does not undergo
the place exchange process.

As proposed previously based on constant potential ex-
periments [29], the structural change in HC1Oy is fully re-
versible only below a certain critical coverage of exchanged
sites. In our case the coverage of exchanged sites during
the reversible cycling reaches 0.07 ML at the limit poten-
tial of 1.17 V, which is therefore the low boundary of the
critical coverage. We set the high limit of reversible site ex-
change to 0.15 ML because when this coverage is reached,
the surface does not revert to its original state (see be-
low). The coverage is found from the structure factor of
the (1,1,1.5) reflection and the model used to fit experi-
mental curves described in Section 2.2. For each coverage,
we calculated the rod profile and determined the relation
between the 6., and the (1,1,1.5) structure factor.

Given the strong localization of the exchanged atoms
above their original sites at the initial stages of oxidation



(Section 2.2), it is reasonable to assume that below the
critical coverage atoms can easily return to their origi-
nal sites during the reduction process. Above this cov-
erage, more extensive surface restructuring occurs. This
could be due to the formation of larger oxide clusters and
the associated structural collapse of the Pt lattice or via
Pt atoms further moving from their original sites and be-
ing unable to return to a defect-free surface on reduction.
Both of these processes should lead to irreversible rough-
ening [29, 47, 48].

Electrochemical measurements suggest two charge-transfer

processes in the oxidation region around 1.06 V: OH(ads)/O(ads)

conversion and a non-specified quasi-reversible process, where

the slower process shows some evidence of nucleation and
growth behavior [4, 5, 46, 49, 50]. The voltammetry is
usually explained using adsorption processes only, and has
been modeled with only small discrepancies by a detailed
set of adsorption differential equations [51]. However, we
assign the hysteresis and quasi-reversible process to the
place exchange with slow kinetics as did some earlier re-
searchers [52]. Whether or not the electron transfer is con-
certed with the place exchange or is in a subsequent fast
step is not determined by our measurements. Liu et al also
assigned the anodic peak in this region to place exchange,
but argued that the reversal of the place exchange was
not directly coupled to the reduction current [39]. Kondo
et al observed irreversible restructuring earlier at 0.95 V
[40]. The possibility of oxygen moving subsurface or place
exchanging at oxygen coverages as low as 0.5 ML has the-
oretical support by DFT and other methods [53-60], and
is consistent with the proposal of place exchange at poten-
tials below 1.15 V.

We stepped the potential to successively higher values
and followed the intensity of the (1,1,1.5) reflection (Fig-
ure 3a). Potential steps below 1.00 V show no significant
intensity changes. As the potential is further increased to
1.07 V, the (1,1,1.5) intensity decreases reflecting the pro-
gressing place exchange and then levels off. Further place
exchange is induced by steps to higher potentials, in this
case 1.17 V. After stepping the potential back to 0.45 V,
the intensity rapidly increases as the restructured surface
reverses back to the more ordered state. However, its final
value is less than the original value, indicating that the
change is partly irreversible. This is consistent with the
coverage of exchanged sites having exceeded the critical
coverage.

For quantitative comparison, the intensities were con-
verted to coverages of exchanged sites (0., ) and plotted as
a function of the logarithm of time (Figure 3b). The lin-
earity of 0., with In(¢) is consistent with the linear charge
vs In(t) plots previously attributed to place exchange ki-
netics [28]. Given the observed linear relationship vs In(¢)
for both I [28] and 0., (this work), we suggest that the
current corresponding to the oxidation peak at 1.06 V is
mainly controlled by the slow place exchange process.

Extended cycling to 1.17 V causes a slow autocatalytic
deterioration of the surface as shown in Figure 4 a. The
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(a) (1,1,1.5) intensities vs time, (b) corresponding coverage of ex-
changed sites, obtained from the model, vs In(t).
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Figure 4: The evolution of (1,1,1.5) reflection upon potential cycling
at 50 mV/s (a). The surface was briefly illuminated at the resting
potential 0.45 V only after each even cycle, and during the cycling
the X-ray beam was blocked. For ¢t > 4200 s the potential was kept
constant at 0.45 V and the surface was irradiated with X-rays. Each
subsequent 6th CV is shown in (b).

first 15 cycles lead to no loss of the surface order and the
intensity of the (1,1,1.5) reflection remains at the original
value. Further cycling results in a slow intensity decrease
which is more pronounced after each subsequent cycle. Af-
ter 70 cycles, the surface is partially disordered with about
0.07 ML of the surface atoms irreversibly moved from their
original sites (this estimate from the place exchange model
is only approximate because the effect of surface roughen-
ing has been neglected). The surface was only illuminated
at the resting potential of 0.45 V after each even cycle,
but during the cycling the X-ray beam was blocked. For
t > 4200 s the potential was kept constant at 0.45 V and
the surface was continuously irradiated with X-rays. There
is no further degradation for ¢ > 4200 s, confirming negli-
gible beam influence.

Even though the irreversible surface structure change is
pronounced in the SXRD measurement, the cyclic voltam-
metry is less sensitive and characteristic variations [5, 49]
are first observed only after many cycles (Fig 4b). This

result demonstrates that the initial number of surface de-
fects plays an important role in the surface degradation.
The atoms undergoing place exchange close to the defect
sites don’t return to their original sites during the reduc-
tion process, which autocatalytically increases the number
of defects. The process is autocatalytic in the sense that
each defect promotes creation of more defects. This is con-
sistent with enhanced reactivity expected with the reduced
coordination number associated with defects.

2.2. Structure

A large dataset of crystal truncation rods (CTRs) was
gathered to enable improved modeling of the surface struc-
ture with significantly more detail than in previous studies
[29, 31, 32]. CTRs were collected in Ar-saturated 0.1 M
HCl1Oy in the double layer regime at 0.45 V and on the
partially oxidized surface at 1.17 V and five independent
CTRs were measured and used in the analysis (Figure 5).

The blue triangles and red squares show the (0,0),
(1,0), (0,1), (1,1) and (2,0) crystal truncation rod experi-
mental profiles for the clean Pt(111) surface at an applied
potential of 0.45 V, where there is no specific adsorption
of oxygen-containing species, and for the partially-oxidized
surface at 1.17 V respectively. After stepping to 1.17 V,
the data were collected after 5 min of wait time to account
for the slow kinetics of the place exchange process. The
(0,0) rod was measured first and then remeasured after
the whole dataset was collected (30 min). The two mea-
surements were the same within the experimental error,
assuring that no significant structural change took place
during the data acquisition. All 5 rods were fitted together
with a ROD code [45], using the simple model shown at
the bottom of Figure 5. The occupancies, interlayer dis-
tances and Debye-Waller (DW) factors are free variables.
The stacking fault Bragg peaks (small sharp peaks at some
of the integer anti-Bragg positions) were fitted for the 1.17
V dataset, but were excluded from the fits at 0.45 V.

As expected, the data at 0.45 V is described well by
an unreconstructed surface model. The fit of the non-
oxidized surface (blue series) shows negligible roughness
and an expansion of 0.02 + 0.01 A (relative to the bulk
value) between the surface Pt layer (Pt2) and the layer
below (Pt1). This is slightly lower than values previously
obtained in UHV [61] and in electrochemical conditions
[39, 40, 62, 63] using the SXRD technique.

Our place exchange model for the partially-oxidized
surface is an improved version of the model used by Nagy
et al [30]. We take into consideration not only out-of-plane
structure of the surface, including details like sub-surface
oxygen, but also the in-plane position of place exchanged
atoms. This is possible because we fit the atomic model to
the 5 symmetry non-equivalent CTR’s. We use an extra
layer of adsorbed oxygen (02 in Figure 5), two water layers
in the double layer, and locate oxygen atoms in the hole left
after the place exchange (O1). The top oxygen (O2) layer,
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which is not included in the fit of the clean surface, repre-
sents specifically-adsorbed O or OH. The atoms from the
surface Pt monolayer are allowed to exchange places with
the atoms of the top oxygen layer, and the extent of the
place exchange is described by the fractional occupancy
ZTpt3, which is shown in Table 1, together with the other
fitted parameters for Pt atoms. We also tried different
roughness -models to describe the surface (approximate
Beta model and surface occupancies calculated with Pois-
son and Gaussian distributions) [45], however the place ex-
change model was the best based on the lowest x? value.
While the inclusion of the water layer on top of the surface
improves x? in this case (x3,0 = 1.40, X2, y,0 = 1.75),
it has only minimal effect on fit of the unreconstructed
surface model. The water layering was also observed on
other solid-liquid interfaces ([64] and references therein).
When the place exchanged Pt atom is removed from the
model (Pt3) the fit is much worse (x2,p;3 = 3.94). Re-
moval of O2 and O1 from the model yields x2 o, = 2.41
and x2_,, = 1.56 respectively. According to the F-test,
inclusion of those atoms improves the model significantly
at the 1% level.

It was found that the place exchange model fit is sensi-
tive to the position of the Pt3 atoms (Figure 5). The model
where the place-exchanged Pt3 atom is positioned directly
above Pt0, which would continue the fcc stacking, and the
model where the Pt3 atom is positioned directly above Pt1,
both give poorer fits (x2,,,cpi0 = 2-21, X2popepss = 1.60)
than the model where the Pt3 atoms lie directly above the
hole in the Pt2 layer now filled with O1(x2,,,.p2 = 1.40).
This finding further supports the conclusion that the ap-
parent surface roughness is exclusively caused by the site
exchange. The surface has 22 + 4% of the surface sites
already exchanged after the potential is held at 1.17 V
for 5 min, which is consistent with earlier SXRD studies.
Pt atoms directly above their original locations are also
found in 1D oxide chains observed in gas-phase oxidation
for oxygen coverages > 0.25 ML [65]. The fit here shows an
increase in the in-plane Pt Debye-Waller (DW) factors of
Pt3, and the Pt1-Pt2 distance is contracted by 0.10£0.01
A relative to the bulk value. The DW factor is related
to the average displacement of atoms from their mean in-
plane position, which is in the case of Pt3 likely caused
by an increase of in-plane disorder of exchanged Pt sites
(AuPtiS,inplane =0.6 A)

Even though the fits are not very sensitive to the oxy-
gen species for the off-specular CTRs, they significantly
affect the specular (0,0) CTR. The positions, occupancies
and DW factors of the oxygen are subject to large errors,
pointing to a partial disorder of those species on the sur-
face. The overall in-plane integrated charge density along
the direction perpendicular to the surface is depicted in
Figure 6.

We also assessed the possibility of an oxide structure
with a different in-plane lattice parameter, similar to that
observed in experiments performed in gas phase at near
ambient pressures [66], but we could not find any sign

E | 045V [ 117V |
Tpo 1.00 £ 0.01 [ 1.00 £ 0.01
Tpio 1.00 £0.02 | 0.78 £ 0.04
Tpi3 0.22 4 0.04

dpi1_pi2/A | 2.2840.01 | 2.17+£0.01
dpto_pi3/A 2.41 4+ 0.02
iDWpy /A2 | 2.0+0.4 05+1
iDWpia/A? | 14404 441
iDWpy3 /A2 25+ 4
oDWpy /A2 | 1.0+0.5 0.840.3
oDWpio /A2 | 0.84+0.5 0.540.7
0DWpy3 /A2 05+2
To1 0.22 4 0.04
02 1.0+06
dpy1_o01/A 2.8+0.9
dpi1_02/A 3.84+0.4
iDWo /A2 51 £ 15
iDWoo /A2 1+11
0DWo, /A2 5+ 60
0DWoo /A2 1+18
I 1.082 1.397

Table 1: Pt parameters of the best fit model shown in Figure 5. zpy1,
Tpt2, TPt3, £O1, TO1 are the occupancies of Pt1, Pt2, Pt3, O1 and
02 layers and xpy3 is also the fraction of exchanged sites. dpt1_pt2,
dpt2_pt3, dpt1—o01 and dpg1_o2 are distances between Pt and O
layers. ¢{DW and oDW are in-plane and out-of-plane Debye-Waller
parameters.
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Figure 6: Electron density profiles. Determined from the fitted
model, depicted along the direction perpendicular to the surface z
at two potentials: 0.45 V (blue), 1.17 V (red).
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Figure 7: a) A detector image taken at surface sensitive (1,0,2.75)
reflection. The line profiles along g (b) and g (c) do not show any
diffuse background possibly originating from a partially disordered
oxide structure.

of such a layer for potentials between 1.17 — 1.58 V. A
partially disordered oxide structure in registry with the
Pt(111) surface could possibly lead to strong diffuse back-
ground around the CTR’s, but we also did not observe any
such features (Fig. 7). Furthermore, a completely disor-
dered oxide layer would cause different termination of the
Pt(111) surface, which would be directly observable in the
CTR profiles. We checked this possibility by introducing
different roughness models (see above) but the match with
the experimental data was significantly worse then in the
case of the place exchange model. Given the lack of above
features, the place exchanged atoms seem not to form an
ordered structure with different lattice parameter, or an
amorphous phase, as would be expected for a more oxi-
dized surface. However, we cannot rule out more complex
structures, such as oxide chains. The electron density pro-
files show that the holes below the place exchanged atoms
are occupied by oxygen (O1), which can be regarded as
the subsurface oxygen predicted from the DFT calcula-
tions [53-57]. The place exchanged surface is, however,
still covered by a large number of adsorbed oxygen or hy-
droxide groups (02) allowing further place exchange upon
potential increase.

3. Conclusions

In conclusion, our in situ SXRD studies provide de-
tailed atomic scale data on the initial stages of Pt(111)
oxidation and are a significant step towards understand-
ing the structural behavior of Pt during surface oxidation.
The place exchange process commences as low as 1.05 V.

It is structurally reversible below a critical coverage of ex-
changed atoms which we estimate to be between 0.07 and
0.15 ML. The oxidation current peak at 1.06 V and its
apparent irreversibility is evidently controlled by the slow
kinetics of the site exchange process. Repeated cycling to
1.17 V eventually leads to an autocatalytic deterioration
of the surface governed by the amount of surface defects.
The place exchanged atoms are located above their orig-
inal positions in the surface lattice, which explains the
reversibility of the place exchange process.

Further in situ exploration of the oxidation of different
Pt single crystal faces and stepped surfaces in different
electrochemical conditions is essential in order to better
understand the role of surface structure on the oxidation
behavior. In particular, such studies will be crucial for
fully understanding the stability of Pt nanoparticles under
ORR conditions and thus providing a link between the
oxidation and dissolution that limits catalyst lifetime in
fuel cell operation.
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