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Abstract

Three different platinum oxides are observed by in-situ x-ray diffraction during elec-

trochemical potential cycles of platinum thin film model electrodes on yttria-stabilized

zirconia (YSZ) at a temperature of 702 K in air. Scanning electron microscopy and

atomic force microscopy performed before and after the in-situ electrochemical x-ray

experiments indicate that approximately 20 % of the platinum electrode has locally

delaminated from the substrate by forming pyramidlike blisters. The oxides and their

locations are identified as: 1) an ultrathin PtOx at the buried Pt/YSZ interface, which

forms reversibly upon anodic polarization, 2) polycrystalline β−PtO2 which forms ir-

reversibly upon anodic polarization on the inside of the blisters and 3) an ultrathin

α−PtO2 at the Pt/air interface, which forms by thermal oxidation and which does not

depend on the electrochemical polarization. Thermodynamic and kinetic aspects are

discussed to explain the co-existence of multiple phases at the same electrochemical

conditions.
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Considered a noble metal with significant stability and notable catalytic activity, plat-

inum is an attractive electrode material in various electrochemical applications. In partic-

ular for electrocatalysis, which has become ever more important in view of a sustainably

green economy, platinum-based electrodes play an important role. In such applications, the

electrodes typically undergo redox cycles and the long-term stability is problematic.1 It is

discussed that platinum oxide formation is involved in various mass transport phenomena

relevant for electrode failure,2 which calls for detailed mechanistic studies of the oxidation

process. Although platinum is relatively stable under thermal oxidation conditions,3,4 its

use under more harsh electrochemical conditions can lead to severe degradation2,5 , such as

loss of mechanical stability and electrode delamination from its solid support. It has also

been observed that the platinum oxidation process can be drastically different when com-

paring bulk platinum electrode surfaces with nanoparticles or buried electrode interfaces.6,7

Most likely, some of the notoriously high kinetic barriers8 are lowered substantially in re-

duced dimensions or at buried interfaces. The initial oxidation of free platinum surfaces

has been observed to proceed by the formation of an ultrathin oxide in the case of thermal

oxidation at elevated pressure9 and under electrochemical conditions.10 Within a particular

thermodynamic (electrochemical) range, the formation of this oxide layer is reversible and

the so-called place-exchange mechanism11,12 can be used to understand this phenomenon.

For slightly higher potentials, the process enters a regime of irreversible 2D oxide formation,

the details of which, such as structure and phase, are not yet fully uncovered, before at even

higher potentials bulk Pt-oxide starts to form.13

The aformentioned issues also seem to play a role for the oxidation and stability of Pt

at the buried interface with yttria-stabilized zirconia (YSZ). Such electrode interfaces occur

in the field of high-temperature electrocatalysis where they are frequently encountered in

solid oxide cells such as oxygen sensors commonly called Lambda probes. In contrast to free

platinum surfaces, mechanistic studies of the oxidation process at the Pt/YSZ interface have

been difficult because it represents a deeply buried interface.
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Using cyclic voltammetry (CV) on Pt/YSZ electrodes, different features have been ob-

served, emerging as soon as the sample is subjected to an initial anodic polarization step.14,15

Depending on the details of the polarization, such as extent of the applied bias voltage and

duration of the polarization, different irreversible and reversible oxidation processes have

been discussed.14 Moreover, it has been reported that the suspected formation of new in-

terfacial oxide species caused a change of electrochemical impedance spectra recorded on

Pt/YSZ electrodes.16,17 But nevertheless this still needs to be regarded as an indirect proof

only and a direct experimental observation of the presence of an ultrathin oxide at the buried

Pt/YSZ interface has hitherto not been reported. Therefore, demonstrating the existence

of platinum oxides at the interface of Pt and YSZ and their effect on the oxygen exchange

kinetics of this electrode material would represent an important step in understanding this

electrode system.

Here, we present in-situ x-ray reflectivity (XRR) and grazing incidence x-ray diffraction

(GIXRD) experiments utilizing synchrotron radiation and a special set-up, which allows

for heating and controlling the electrochemical conditions. The results show that an ap-

proximately 1 nm thin platinum oxide layer forms at the buried Pt/YSZ interface upon

applying an anodic polarization of +180 mV. The XRR data indicate that the formation

and dissolution of this ultrathin oxide at the buried interface is reversible while cycling the

electrochemical potential. By combining the results of XRR and GIXRD, the latter of which

shows that the outer Pt electrode surface also oxidizes, it is possible to clearly disentangle

the formation of oxides at the two interfaces.

Platinum films were deposited by magnetron sputtering (BAL-TEC MED 020; Pt target:

99.95% pure) onto YSZ(111) substrates (miscut angle <0.1◦, Crystec, Berlin) in 2 × 10−2

mbar Ar atmosphere at elevated temperature. Heating was done by a boron nitride heater

(Boralectric HT-1001) operated at 1223 K set temperature resulting in ca. 1023 - 1073 K

substrate temperature. The growth conditions were chosen such that epitaxial single crystal
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thin films were achieved, following known recipes.18 Typical XRD measurements performed

in the lab while optimizing the growth can be found in the supporting information. This has

the advantage that the buried interface is smooth and well-defined, because over the whole

sample area it will consist of (111)-oriented Pt in contact with YSZ(111), which is not the

case for polycrystalline or textured metal films, where different orientations will co-exist. In

addition, the diffraction pattern of single crystal epitaxial electrodes reveals more structural

details compared to the polycrystalline case. In order to obtain closed and gas tight elec-

trodes still accessible by x-rays, it is necessary to grow film thicknesses of the order of 100

nm.

For performing in-situ x-ray experiments under electrochemical conditions, a dedicated

sample chamber was constructed. It contains a custom-made resistive heater, allowing a max-

imum temperature of approx. 1000 K in controlled gas environment or in air. The chamber

walls are made of Kapton foil and it can be flushed with gases. Electrical feedthroughs allow

for electrically contacting the sample. The free Pt surface is contacted by a needle, which

can be moved with piezomotors inside the chamber.The counter electrode is contacted by

clamping a wire between it and the heater and adding a small amount of additional Ag

paste as an adhesive. A commercial potentiostat was used for controlled DC polarization,

electrochemical impedance spectroscopy (EIS) and cyclic voltametry (CV) measurements.

As, according to the impedance data, the polarization resistance of the thin film working

electrode is orders of magnitudes larger than the electrolyte and the counter electrode resis-

tance, the resulting overpotential almost exactly amounts to the applied bias voltage. More

information about this feature of treating the overpotential is given in refs.19–21 Moreover,

the EIS results were used for retrieving the exact sample temperature, which was calcu-

lated from the measured ionic conductivity of the electrolyte using the approach described

in Ref.19 With this method, the sample temperature of all in-situ experiments presented

throughout this work was determined to be 702±5 K (note that the error bar is the result

of an EIS fitting procedure).

5



All X-ray experiments were conducted at beamline P0822 of the PETRA III synchrotron

facility (DESY, Hamburg, Germany). The X-ray energy was 24.000 keV (wavelength λ=

0.5179 Å) and it was focused to a size of 1×0.1 mm2 (HxV) on the sample. The chamber

was mounted onto a 6-circle diffractometer, which allows for measurements in reciprocal

space coordinates. Typical x-ray data consist of x-ray reflectivity (XRR) measurements and

reciprocal space maps (RSMs). The latter measurements were done in grazing incidence ge-

ometry, which is beneficial for the signal-to-noise ratio and which is used to probe either the

topmost 10 nm of the Pt electrode or its whole volume thereby including the deeply buried

interface with YSZ. From the XRR measurements, one can fit the in-plane-averaged electron

density profile along the surface normal direction. From the off-specular RSMs, the different

crystal lattices (lattice parameters and corresponding phases), their relative orientation and

nature (layers vs. powderlike) are extracted.

Figure 1 shows x-ray reflectivity data taken at overpotentials of -500 mV and +180 mV.

The curves show a fast oscillation, which are the so-called finite thickness fringes and which

are due to interference of x-rays scattered at the top and bottom of the Pt thin film elec-

trode. The period of these fringes is inversely proportional to the film thickness and does not

change noticeably for the two polarization states. The most prominent difference between

the two measurements is that for the data taken at an anodic overpotential of +180 mV

(oxidising conditions) an additional oscillation appears, modulating the overall shape with a

relatively long period. This feature is a direct evidence of the formation of a new, relatively

thin layer, with a density different from pure Pt. During several potential cycles, XRR mea-

surements in an angular range close to the first maximum of this modulation (see Fig. 1b),

show that its appearance is fully reversible and that even the finite thickness fringes of the

whole Pt electrode are recovered. Due to the large number of points that need to be taken

to resolve the fringes, these measurements took about 1.5 hours and as such represent static

polarization conditions. Figure 1c) shows the results of fitting electron density profiles to the
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Figure 1: X-ray reflectivity curves and fit results. a) Shown are the data (transparent
connected points) and fits (thicker lines) taken at -500 mV (blue) and +180 mV (red) at
an experimental sample temperature of 702 K (see text). The data taken at +180 mV is
scaled by a factor of 10−4 for better clarity. b) Part of the XRR curve for measurements
taken at different times after several polarization cycles and highlights the well-resolved
fintite-thickness fringes, stability and reversibility of the inestigated interface. c) Projected
electron density profiles obtained from the fits at the two different polarization states. Note
the broken x-axis, which is used to better highlight the two interfaces. Clearly, at the
oxidizing conditions of +180 mV, the best fit result shows an electron density deficit at
the interface (indicated by the shaded area), which is explained by the formation of a thin
platinum-oxide layer. d) Zoom of the data and fits, whereby the curves taken at -500 mV
(blue) and +180mV (red) are on a common scale.
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recorded XRR data, using the GenX program.23 As common within the recursive Parratt

formalism for x-ray reflectivity,24 different slabs are defined, which make up the structure.

Here, a model using 3 slabs is fitted to the data taken at a cathodic overpotential of -500

mV and 4 slabs are used for the +180 mV data. For each slab, the real and imaginary parts

of its scattering length density, i.e. electron density and absorption, thickness and rough-

ness are defined as fit parameters. The fits reproduce the positions of minima and maxima

very well, just as the intensities near the maxima. The intensities in the minima are less

well reproduced over the whole measured range, which in general points to a more complex

interface morphology than modelled by simple gaussian roughnesses in combination with

(angle-dependent) fininite resolution effects, which are not take into account. As discussed

below, indeed the surface morphology is complex, due to a local delamination process. The

resulting projected electron density profile, shown in Fig. 1c), represents the main fit result.

Here, it is seen that the most prominent difference appears close to the Pt-YSZ interface,

whereby there is an electron density reduction under oxidizing conditions (+180 mV). The

fitted values of the electron density in a 1-1.5 nm thin region at the buried interface change

from a value very close to that of bulk Pt ρe=5.17 e/Å3 to a value of approx. ρe=2.8 e/Å3.

Calculations of the error estimates on the fitted electron densities lead to values, within

the used model, of the order of a few percent, which needs to be taken into account when

interpreting the results. For example, the fitted local Pt density near the interface at -500

mV is about 3 % higher than bulk Pt and this value is on the limit of being significant. Still,

it cannot completely be ruled out that this might partly be the result of compressive strain,

which for a lattice matched epitaxial Pt(111)-YSZ(111) interface, where 4 rows of Pt atoms

fit on 3 unit cells YSZ, would be 1.5 %. The nearly 50 % density reduction at +180 mV is far

beyond this error bar and matches very well with the electron density ρe = 2.72− 2.95e/Å3

expected for PtO2.25,26 Please note that the value of the electron density alone cannot be

used to conclude which platinum oxide phase is formed; for further phase analysis additional

experiments were conducted that are discussed in the following sections. Oxide formation
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at the buried interface leads to lattice expansion and pushes the rest of the 100nm thick Pt

electrode away from the YSZ. This is seen in the position of the free surface shifting by 0.5

nm outwards in Fig 1c).

The quasi-static polarization states discussed above showed that the ultrathin oxide for-

mation at the buried interface is reversible. X-ray measurements during cyclic voltammetry,

depicyed in Fig. 2, also indicate that the oxidation and reduction of the ultrathin oxide at

the buried interface are fully reversible. The intensity at Q=0.61 Å−1 on the XRR curve

Figure 2: CV curves measured with a sweep rate of 5 mV/s during the in-situ x-ray mea-
surements and corresponing reflected intensity. Shown are the current vs. voltage (black)
and reflected x-ray intensity at a Q=0.61 Å−1 (see Fig 1). Positive (blue) and negative (red)
voltage scan directions are also indicated with the arrows. More details can be found in the
main text and in the supporting information.

is measured during these potential sweeps. The I-V curce shows the anodic and cathodic

peaks, which are characteristic for the formation and dissolution of a new species, which can

now unequivocally be identified as an ultrathin platinum oxide layer at the buried interface.

There is also excellent correlation between the scattered x-ray intensity and the recorded cur-

rent, which both attain identical values when going through several cycles. The results

from the XRR measurements and the corresponding analysis indicate that a thin platinum

oxide layer forms at the buried interface upon anodic polarization. Further x-ray measure-

ments show the presence of other platinum oxides, which, however, can be disentangled from
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that at the buried interface. These measurements can be performed such that either only

scattering from the free Pt surface (Pt/air interface) is recorded, or that the entire film is

penetrated by the X-rays and (similar to the higher angle part of the XRR) both interfaces

are illuminated. This is possible, because not only absorption, but also refraction determines

the penetration depth of x-rays into a medium.27 Here, when the x-ray beam makes an angle

of 0.2 deg with the sample, the x-rays have a penetration depth Λ of only 10 nm into the Pt.

When the angle of incidence is increased to 2.0 deg, the penetration depth increases to 520

nm, which is much larger than the total Pt film thickness. In this case, diffraction signals

from YSZ are recorded, which also means that any scattering from the buried interface must

be observable. Figure 3 shows the results of an in-plane reciprocal space map (RSM) taken

at a grazing angle of 0.2 deg. In the supporting information, the RSM at 2.0 deg angle is

shown together with more details. From all the RSMs combined, it is concluded that the

Pt electrode film has grown epitaxially, but not pseudomorphically (the average Pt lattice

parameters are completely relaxed), on the YSZ(111) substrate. The crystallographic direc-

tions are aligned as follows: [111]Pt||[111]YSZ along the surface normal and [11̄0]Pt||[100]YSZ

in the in-plane direction. The different peaks in Fig. 3 can be identified as belonging

to metallic Pt and platinum-oxide, which thus is present at the free electrode surface. In

contrast to the oxide at the buried interface, which decomposes at the strongly reducing

electrochemial condictions, the oxide at the surface is always observed both at anodic and

cathodic polarizations. This indicates that the decay length of electrochemical activity from

the triple phase boundary (TPB) is comparatively short. In the specific case, the decay of

electrochemical activity from the TPB along the Pt surface is not associated with a laterally

decaying electric field. Rather, it is connected with surface diffusion of an adsorbed oxygen

species on the Pt electrode. Hence, large parts of the Pt surface are obviously unaffected

by the applied overpotential and its oxygen surface adsorbates are in quasi-equilibrium with

the surrounding gas atmosphere.

Further structural details of the oxide at the surface are obtained from RSMs, which
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Figure 3: Reciprocal space map taken at 702 K and U=-500 mV polarization. At an incidence
angle αi = 0.2 deg, the x-ray beam penetrates only Λ = 10 nm into the Pt electrode, which
leads to the observation of CTR signal from the Pt metal (diamonds) and surface platinum
oxide (circles). More information can be found in the supporting information.

also include the out-of-plane direction (Qz), see Fig. 4. Here, the plane including the Pt

(0,1) crystal truncation rod (CTR) and the oxide is measured. The RSMs are plotted in the

(Qr, Qz)-plane, whereby Qr =
√
Q2

x +Q2
y. The Pt CTR is clearly visible at Qr = 2.6Å−1 and

is an indication that the Pt surface is very smooth. Along the (0,1) Pt CTR in Fig. 4a), there

is a weak Bragg peak at Qz = 0.95Å−1, which is attributed to part of the Pt film consisting of

faults within the nominally ABC stacking along the (111) surface normal direction. From all

RSMs, the angular positions of the different platinum peaks are used to determine the lattice

parameter, resulting in aPt = 3.939(4) Å, which is in excellect agreement with the expected

value based on the room temperature value a0 = 3.924 Å, thermal expansion α = 9.1× 10−6

K−1 and temperature T=702 K. At Qr = 2.35Å−1 the platinum oxide rod is seen as a streak

along Qz. It appears that the direction of this rod is not parallel to the nearby Pt rods,

both for the (0,1) and (1,0). Further inspection of the peak shape along Qr at different

positions Qz shows that there are 2 overlapping diffraction signals. The fitted positions of

these two signals show that one of them appears at a constant Qr = 2.33Å−1 and the other

at a constant
√
Q2

r +Q2
z = 2.4Å−1, which shows that the first originates from a 2D surface

structure and the second from a bulk powderlike crystalline structure, which we both assume

to belong to platinum oxide species. The in-plane d-spacings found from this procedure for
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Figure 4: Reciprocal space maps taken at 702 K and different polarization times. a) RSM
showing the (0,1) Pt CTR at Qr = 2.6 Å−1 and the nearby oxide rod at Qr =2.33 Å−1

after 5 min of anodic polarization at +180 mV. The indices of the different phases in bulk
coordinates are given as hkl values, those for the CTRs in surface coordinates as (h, k).
The straight lines along Qz highlight the positions of the CTRs, the circular lines indicate
constant |Q| values. For the oxide, the positions of the straight line and powder ring are
the result of fitting the individual contributions, as explained in the main text. b) In-plane
peak profiles of the oxide signals at Qz=0.075. For different anodic polarization times two
superposed pseudo-Voigt peaks are fitted. As explained in more detail in the main text,
the α−PtO2 peak, which is present even in absence of anodic polarization is shown in gray,
the contribution of powderlike β−PtO2 is shown in yellow. c) The insets show the enlarged
areas around the surface rods of the platinum oxide. Before anodic polarization (0 min), the
streak is nearly parallel to the surface normal. After 5 min of anodic polarization at +180
mV, a new diffraction feature appears as explained in the main text.
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the two oxides are dox1 = 2.68(1) and dox2 = 2.60(1). Based on the symmetry of the in-plane

diffraction pattern, which shows hexagonal symmetry and no domain formation, it is con-

cluded that peaks of ox1 belong to α−PtO2. Further lattice parameter refinement including

all the in-plane peaks found in the RSM of fig. 3 leads to aox1 = 3.105(4)Å. After a database

search for the diffraction patterns of the different platinum oxides, PtO,28–30 PtO2
25,26,30–34

and Pt3O4,32,35 it is concluded that the value for dox2 is closest to the nearly overlapping 101

and 011 reflections of β−PtO2,34 which crystallizes in space group Pnnm and which can be

described by a distorted rutile-type structure. It needs to be mentioned that the value for

dox1 matches the reported value for α−PtO22 at room temperature. The value for dox2 is

larger than the reported ones for β−PtO2 and would match after taking into account a ther-

mal expansion of 1-2 ×10−5 K−1. This finding might be explained by the difference in crystal

structure; α−PtO2 is made up of hexagonal trilayers of PtO2, which are only weakly bonded

along z and which is expected to have large ansisotropic thermal expansion coefficients. This

feature together with the epitaxial nature of the found α−PtO2 layer, might be responsi-

ble for neglible in-plane thermal expansion. The nearly rutile-type structure of β−PtO2,

being much more isotropic in bond nature than α−PtO2, together with a bulklike polycrys-

talline apperance might explain that this structure does show measurable thermal expansion.

Although the overlapping of the diffraction signals hampers a detailed extraction of the

individual signals for further structural analysis, it is clear that the α−PtO2 rod does not

show any osillations along Qz. This indicates that the structure is of 2D nature with a

thickness of the order of a single a PtO2 trilayer. The powderlike signal, attributed to the

β−PtO2 phase, is seen to grow with increasing anodic polarization times. Fig. 4c) shows the

in-plane intensity distribution along Qr at Qz = 0.075Å−1 and how the β−PtO2 component

is initially practically absent then increases drastically after the first 5 min anodic polar-

ization at +180 mV and keeps increasing for longer polarization times but at a lower rate.

The fact that the β−PtO2 phase forms during anodic polarization can only be explained if
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it appears at the buried interface, because at the free Pt surface there is no driving force

for a polarization-driven oxidation and the thin α−PtO2 remains unaltered irrespective of

the polarization. This means that at the buried interface two different oxide species form:

the ultrathin oxide and powderlike β−PtO2, the former reversibly and the latter irreversibly

with polarization. The slow continous formation of β−PtO2 correlates with the local delam-

ination process, which leads to drastic surface morphological changes in the form of bubbles

and/or pyramidlike structures, as observed previously.6,36 Figure 5 shows SEM and AFM

images of the surface before and after the EC experiments described above. These show that

around 20 % of the surface area is covered by pyramidlike structures and in between smaller

roudish blisters have formed. We rule out that these morphological changes are merely ther-

mally induced. First of all, the used temperature is about 350 K lower than the deposition

temperature. Furthermore, typical conditions needed for extensive mass transport of Pt on

oxides are temperatures above 1300 K for extensive times of 24h.37 Once a thick, closed and

relaxed Pt film has formed at deposition temperature, it will remain morphologically stable

at the used experimental temperatures. During anodic polarization, oxygen gas can form

at the Pt/YSZ interface and the pressure can increase up to several tens of bars, perhaps

even 10-100 times higher during the initial platinum detachment, inside the blisters.38 This

process, which also must lead to considerable strain in the Pt, has been discussed to result in

the lowering of kinetic barriers for oxide formation leading to unusually thick platinum oxide

on the inside of the delaminated areas.6 At standard pressures, only about 1 ML of plat-

inum oxidizes.3,39 From the width of the β−PtO2 diffraction peak, see fig 4c, it is estimated

that the 3D domain/grain size is of the order of 10nm, indeed much more than observed at

standard pressures and also much thicker than the α−PtO2 observed here for the outermost

free Pt surface. Combined with the results obtained here, it seems likely that this thicker

polycrystalline oxide consists of β−PtO2, which should also form at slightly higher tempera-

ture and/or pressure than α−PtO2.32 Due to the platinum locally deforming from the initial

flat surface, the impinging x-rays locally do not make a grazing angle anymore and thus can
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reach the inside of the bubbles and pyramids resulting in the detection of the diffraction sig-

nals from these buried areas. The formation of the blisters also results in a reduction of the

flat area covered by the α−PtO2 and which is seen as a decrease in diffracted intensity (see

Fig. 4c). The fact that only part of the whole Debye-Scherrer ring is clearly observed may

point to heavily preferentially oriented crystallites (see also the supporting information). It

is conceivable that β−PtO2 grows quasi-epitaxially on the inside of the facetted piramidlike

structures, as shown in Fig. 5.

Previous spectroscopic results point to an average composition of Pt3O4 on the inside

Figure 5: Secondary electron SEM image of the epitaxial Pt film a) before and b) after
the experiment, c) corresponding 2D topographic AFM image. The color bar on the right
indicates a total height difference of 25 nm, d) magnified 3D view of the region indicated by
the white square in b) and c). The scale bar in a) applies to figures a-c).

of the delaminated areas.6 Combined with the results obtained here, this could mean that

several oxide species have formed and that β-PtO2 is the most crystalline and thus detectable

by XRD. Such a reasoning is based on the assumption that any platinum oxide belongs to

one of the relatively well-known stoichiometric phases. However, non-stoichiometric phases,

with Pt in oxidation states other than +2 and +4 have been reported in literature.40,41 In

addition, the strongest oxide peaks, discussed here to belong to a single trilayer of α−PtO2
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on the outer electrode surface, would also form the strongest Fourier components of the

so-called spoked-wheel reconstruction.42 The fact that no superstructure diffraction pattern

belonging to such a large unit cell is observed (see Fig. 3), leads to the conclusion that

either it does not form under the conditions used here or that it forms a minority phase.

Similarly, the exact phase and in-plane structure of the ultra-thin layer forming reversibly

at the buried interface remains elusive.

In conclusion, during electrochemical cycling between the anodic and cathodic regime,

an ultra-thin oxide forms and dissolves, respectively, at the deeply buried interface between

a platinum electrode and a YSZ solid-state electrolyte. This process is observed by di-

rectly probing the interface by hard x-ray reflectometry and correlating the results with CV

measurements, taken simultaneously. The exact phase of this oxide cannot be determined,

because the method delivers the electron density ρ = 2.8e/Å3, which is compatible with

several platinum oxide phases. Under the experimental conditions - a temperature of 702 K

and ambient air - the outermost electrode surface also oxidizes. From the measurements of

depth-dependent diffraction patterns, it is concluded that a single trilayer of α−PtO2 covers

the Pt surface. This oxide and its thickness appear completely stable and unaltered upon

polarization and resembles the case of thermal oxidation of Pt. Its stability suggests oxy-

gen diffusion from/to the triple phase boundary along the free Pt surface, thus keeping the

Pt surface unaffected by electrochemical polarization. After prolonged anodic polarization,

the irreversible formation of another oxide phase is observed. Its diffraction peak position

suggests that it matches best with polycrystalline preferentially oriented β−PtO2. Since

the structural evolution of this oxide phase correlates with the anodic polarization time and

with a slow local delamination process of the electrode from the YSZ, it is concluded that

it forms on the inside of the growing blisters. The formation of β−PtO2 inside the blisters

is also compatible with the local elevated oxide pressure and contrasts the thermodynamic

conditions at the free surface where α−PtO2, which can form at standard pressures, is ob-

16



served. Moreover, the local conditions near and inside the blisters lead to additional strain

in the platinum, which may help overcome kinetic barriers for oxidation and thus promote

the formation of β−PtO2.

Supporting Information Available

Cyclic voltammetry, in-plane RSMs at different grazing incidence angles, diffraction peak

fitting details, extended RSM showing large portion of reciprocal space in the (Qr, Qz)-plane,

XRD measurements taken in the lab during growth optimization.
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