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∥Universitaẗ Siegen, D-57072 Siegen, Germany
⊥ESRF, F-38000 Grenoble, France

*S Supporting Information

ABSTRACT: We employed operando anomalous surface X-ray
diffraction to investigate the buried interface between the cathode
and the electrolyte of a model solid oxide fuel cell with atomic
resolution. The cell was studied under different oxygen pressures at
elevated temperatures and polarizations by external potential control.
Making use of anomalous X-ray diffraction effects at the Y and Zr K-
edges allowed us to resolve the interfacial structure and chemical
composition of a (100)-oriented, 9.5 mol % yttria-stabilized zirconia
(YSZ) single crystal electrolyte below a La0.6Sr0.4CoO3−δ (LSC)
electrode. We observe yttrium segregation toward the YSZ/LSC
electrolyte/electrode interface under reducing conditions. Under
oxidizing conditions, the interface becomes Y depleted. The yttrium
segregation is corroborated by an enhanced outward relaxation of the YSZ interfacial metal ion layer. At the same time, an
increase in point defect concentration in the electrolyte at the interface was observed, as evidenced by reduced YSZ
crystallographic site occupancies for the cations as well as the oxygen ions. Such changes in composition are expected to strongly
influence the oxygen ion transport through this interface which plays an important role for the performance of solid oxide fuel
cells. The structure of the interface is compared to the bare YSZ(100) surface structure near the microelectrode under identical
conditions and to the structure of the YSZ(100) surface prepared under ultrahigh vacuum conditions.

■ INTRODUCTION

Solid oxide fuel cells (SOFCs) are very promising as a source
for sustainable and renewable power generation. Despite the
efforts of researchers worldwide, SOFC technology has not
reached widespread commercial success yet. A more detailed,
atomic scale understanding of the elementary, interface
controlled processes of SOFCs is necessary to tailor their
performance and lifetime. SOFCs’ basic principle of operation
is as follows: oxygen is reduced to O2− on the cathode side, and
then oxygen ions are transported through the electrolyte to the
anode side where they react with hydrogen from pure hydrogen
or hydrocarbons to form water and release electrons, which
travel back to the cathode side through the external circuit
giving electrical power.
Conventional SOFCs are operated at elevated temperatures

(1000−1250 K) which results in higher costs of the cell and
specific material requirements (durability, electrode/electrolyte

interface stability).1 Bottlenecks for the SOFC operation are the
cathodic oxygen exchange reaction on the surface of the
electrode or the oxygen transport through the electrode/
electrolyte interface.2 Lowering operational temperatures while
keeping a high ion transport rate is one of the key tasks in
today’s SOFCs development.2 Regarding the electrode material,
perovskites are suitable candidates for intermediate temperature
range (800−1000 K) SOFCs.1,3 The mixed ionic-electronic
conductor La1−xSrxCoO3−δ (LSC) is a promising cathode
material, due to its high oxygen conductivity and fast oxygen
surface kinetics.3,4 In order to independently investigate the
cathode side of the fuel cell and to be able to deduce factors
and parameters influencing SOFC performance, cathode model
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systems are often studied. Conventional model systems usually
consist of a perovskite thin film as an electrode deposited on
yttria-stabilized zirconia (YSZ) single crystals serving as
electrolyte. A further microstructuring of the perovskite thin
films has the advantage of a negligible effect of the counter
electrode and thus no need for a reference electrode.5 SOFC
model electrodes are traditionally studied by electrochemical
impedance spectroscopy (EIS) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS). EIS delivers fingerprint type
information on the underlying transport processes under
operando conditions, whereas TOF-SIMS is a destructive
technique employed ex situ after the experiment to establish
laterally resolved oxygen diffusion profiles via isotope labeling.2

In addition, state-of-the-art ambient pressure photoemission
spectroscopy can reveal the chemical binding state of surface
atoms under fuel cell operation conditions.6

Despite recent progress made by the use of model
microelectrodes, there is still a lack of knowledge on the
atomic structure and chemical composition of buried electrode/
electrolyte interfaces of such systems. At these interfaces
oxygen incorporation or release takes place under transport
conditions, which may be accompanied by a change of the
interfacial cation composition, detrimental for transport
properties of the interface. It is a challenge to obtain an
atomic-scale picture during the processes occurring at the
interface, because a nondestructive probe with high penetration
power as well as high interfacial sensitivity is needed, which is
compatible with the harsh operation conditions of atmospheric
oxygen pressure and elevated temperatures. Since the electrode
is typically a few hundreds of nanometers thick, any charged
probe such as electrons or ions disqualify for interface operando
studies. Here we apply anomalous surface X-ray diffraction
(SXRD) using a microfocused X-ray beam to reveal the
interfacial electrode/electrolyte atomic structure and chemical
composition as a function of temperature, ambient pressure,
and polarization under operation conditions. These challenging
experiments allowed us to resolve the complete 3D interfacial
structure and composition with subatomic resolution despite
the presence of background scattering and fluorescence from
the 200 nm thick LSC electrode and the YSZ substrate. The
structural information is contained in the so-called crystal
truncation rods (CTRs), which are lines of diffracted intensity
in reciprocal space arising from the abrupt termination of the
polished YSZ single crystal substrate. Such atomic-scale
crystallographic information on one particular interface in the
SOFC can serve as very important input into further modeling
of the oxygen transport mechanism. At the moment, most of
the information available under operando conditions stems
from impedance measurements, which are determined by all
the interfaces in the SOFC. By including the details of one
particular interface the transport models can be further refined
leading to a better microscopic understanding.
Using synchrotron radiation the X-ray energy can be

precisely tuned to the Y and Zr absorption edges, thereby
varying the scattering contrast between the two elements and
retrieving the layer-wise composition, disclosing information on
the segregation profiles. In addition the synchrotron X-ray
beam can be effectively focused down to the size of the
microelectrode, thereby enabling to study the electrode/
electrolyte interface and also the bare YSZ surface by lateral
sample translation. Using highly intense X-rays from an
undulator source makes a fast data acquisition possible, which
is indispensible for such operando studies. Previous anomalous

SXRD experiments revealed that the bare and clean YSZ(111)
surface in ultrahigh vacuum (UHV) exhibits an Y enrichment
under reducing conditions and high temperature annealing.7−10

To mimic the transport processes in a real fuel cell, we
polarized the cathode microelectrode with respect to a porous
Pt counter electrode below the single crystal YSZ(100)
electrolyte under oxygen atmosphere at elevated temperatures,
allowing controlled inward and outward oxygen ion transport.
The cathode consists of a polycrystalline complex oxide
electrode in contact with a single crystal electrolyte, a situation
which is representative for a real SOFC. Our results disclose an
operation condition dependent variation in the interfacial
structure, Y composition and cation vacancy concentration as
compared to bulk YSZ. Such nonstochiometry is expected to
have strong impact upon the interfacial oxygen ion con-
ductivity. For comparison, a free part of the YSZ(100) surface
was investigated, which exhibits compositions and relaxations
that do not depend on the oxygen pressure and external
voltage.

■ EXPERIMENTAL DETAILS AND DATA ANALYSIS
Two samples were subjects of our study: the first was a cathode model
system consisting of a La0.6Sr0.4Co3−δ (LSC) microelectrode on an
yttria-stabilized zirconia (YSZ) single crystal (9.5 mol % of Y2O3) in
(100) orientation and miscut of <0.1°. The second was a pristine
(100) YSZ single crystal with identical specifications from the same
manufacturer. Measurements on the clean YSZ(100) substrate are
compared with those taken from the bare part beside the
microelectrode from the first sample. A 200 nm thin LSC film was
deposited on the YSZ(100) substrate by pulsed laser deposition
(PLD) at 900 K and 0.04 mbar O2 pressure followed by wet chemical
etching with 0.1 mol/L HCl in deionized water to prepare a squared
400 × 400 μm2 microelectrode. The well-defined geometry of the
electrode facilitated the interpretation of impedance spectroscopy
measurements performed before and after the experiment demonstrat-
ing that electrode survived the X-ray experiment without significant
beam damage.

The sample with LSC microelectrode on top was studied at the
European Synchrotron Radiation Facility (ESRF), beamline ID03,11

by means of anomalous SXRD at the Y and Zr K-edges under
controlled oxygen environment and temperature, as well as applied
bias voltage, in a dedicated mobile vacuum chamber for combined
solid state electrochemistry−XRD experiments. The experiment was
performed in z axis diffraction mode with fixed incidence angle,
allowing to keep the beam footprint on the sample surface constant.12

By convention, a unit cell is chosen whereby the reciprocal
(continuous) L direction is parallel to the surface normal and therfore
along the CTR directions. The in-plane lattice parameters span the
surface and determine the (integer) diffraction indices (h,k) of each
CTR. Diffraction data are collected by obtaining integrated intensities
at several (h,k,l) positions in reciprocal space and extracting structure
factors F(hkl), which can be compared with calculated ones stemming
from model structures. The chamber is equipped with a turbo
molecular pump, which is supported by an external pre-pump to allow
ultrahigh vacuum conditions, with a ceramic heater (sample
temperature up to ∼1100 K), leak valves for controlled gas dosing,
and two pressure gauges for vacuum and elevated pressure ranges, a
piezo translation stage to position a contact tip, an optical microscope
to locate the electrodes, and an X-ray transparent beryllium window.
Platinum paste was brushed on the back side of the YSZ single crystal
and served as counter-electrode for the electrical measurements. The
sample was then clamped onto an Inconel sample holder. The
principle scheme of the experimental setup is depicted in Figure 1.
Anomalous SXRD data sets were collected by measuring crystal
truncation rods (CTRs) at the K-edge energies of Y and Zr,
respectively (17.038 and 17.998 keV), using a 2D detector in
stationary mode.13 The graphite analyzer in front of the detector
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allowed an efficient fluorescence background suppression. When the
beam energy is tuned to one of the absorption edges, the real part of
the atomic form factor of the corresponding atoms is reduced. (In
addition, the imaginary part of the complex atomic scattering factor
increases due to absorption processes.) Exploiting this anomalous
diffraction effect allows us to distinguish between Y and Zr, which have
almost identical atomic form factors at X-ray energies away from their
absorption edges. By including data measured at several X-ray energies
in the structure refinement, it is possible to determine the individual
compositions with a higher accuracy.10

In order to illuminate only the area underneath one electrode, the
X-ray beam was strongly focused by a Kirkpatrick−Baez (KB) optics
resulting in a beam size of 5.5 μm (vertical) and 5.7 μm (horizontal).
Such a small beam cross section ensures that its footprint at the
incident angle of 0.9° was slightly smaller than the electrode size (400

× 400 μm2). The beam stayed on the same spot of the electrode
throughout the measurements involving sample rotation which was
verified by tracking the Sr fluorescence signal from the LSC electrode
with an energy-dispersive Ge detector placed perpendicular to the
direction of the primary beam; see Figure 1. The electrode was first
characterized under reducing conditions, and then we used a step-by-
step approach to reach operando conditions, while recording crystal
truncation rod data at each step to follow the buried interface
evolution. An extensive set of CTRs was taken at five different
conditions (altogether, 1216 structure factors for both energies):
reducing condition (p = 1.0 × 10−7 mbar, 300 and 775 K), oxidizing
conditions (p(O2) = 18 mbar, 775 K) and operational conditions
(p(O2) = 18 mbar, 775 K, −500 mV and +250 mV). The
measurements under reducing conditions and cathodic bias were
thus close to the thermodynamic stability limit of LSC, i.e., (surface)
phase decomposition.14 During cathodic and anodic polarization the
electrical current through the electrode was monitored confirming that
the model fuel cell was operating. The bare single crystal YSZ(100)
reference sample was studied at the Max Planck beamline at the
Ångström-Quelle Karlsruhe (ANKA)15 by SXRD at 10 keV photon
energy under UHV conditions after annealing at 700 K in oxygen
atmosphere (p(O2) = 1.0 × 10−5 mbar) for 120 min. All the data
presented here were analyzed using the software package ROD.16,17

The program allows refinement of surface relaxations, roughnesses,
and Debye−Waller factors. A special version of ROD was used,
featuring the possibility to refine anomalous CTR data sets taken at
different energies at the same time.7,9

■ RESULTS AND DISCUSSION

An overview of the SXRD experiments from the LSC/
YSZ(100) interface is given in Figure 2, which represents the
CTR data (open circles) measured at three different conditions
(p = 1.0 × 10−7 mbar, 775 K; p(O2) = 18 mbar, 775 K; p(O2) =
18 mbar, −500 mV) and the fits (solid lines). (Additional data
obtained for other conditions and for the free YSZ(100) surface
in between the microelectrodes is shown in the Supporting
Information. Also shown are the results obtained for the clean
YSZ(100) surface in UHV.) Significant changes in the CTR
signals for the different conditions are discernible, related to
structural changes at the interface as uncovered by the fit to the
data and discussed in the following. We used the idealized
structure model of CaF2 type, Fm3 ̅m space group, where Y and
Zr are placed statistically on bulk positions according to the
nominal formula Y0.174Zr0.826O0.193 and a cubic lattice constant

Figure 1. Scheme of the experimental setup. The YSZ crystal with
LSC microelectrode on top and the brushed Pt as a counter-electrode
at the bottom are placed on a heating stage. The tip is attached to a
piezo-electric translation stage, which is positioned on the upper part
of the chamber. Tip and counter-electrode can be connected to the
impedance analyzer and a power source via feedthroughs of the
vacuum chamber. A Ge fluorescence detector was placed at 90° to the
X-ray beam in the horizontal plane in order to minimize elastic
scattering. An analyzer (graphite (0001) crystal) was put in signal path
to suppress the fluorescence background. (a) Fluorescence spectrum
from a sample area without the electrode; (b) fluorescence spectrum
from a sample area with the electrode; (c) an image of CTR signal
together with a region of interest (ROI)yellow box.

Figure 2. CTR data from the electrode/electrolyte interface and fits for three different conditions: 300 K, p = 1.0 × 10−7 mbar (blue line); 775 K,
p(O2) = 18 mbar (green line), 775 K, p(O2) = 18 mbar, U = −500 mV (red line). One data set consists of eight CTRsfour taken at Zr K-edge (a),
and the other four taken at Y K-edge (b). All eight CTRs taken under each particular condition are fitted simultaneously. On the (1, −1) rod the
signal was cut by one of the supporting steel rods of the Be window.
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of a = 5.145 Å deduced from the experiment. Note that the
LSC films do not contribute to the CTR signal because they
exhibit a polycrystalline structure.18 YSZ, with its complex
defect structure,19 can also be described by an elaborate so-
called Zr-shift model,20 but, as discussed previously in ref 8, a
simple zirconia fluorite model is sufficient to describe X-ray
data taken at momentum transfers covered in our experiment.
As a starting model for the electrode-covered as well as the

free YSZ(100) surface an oxygen termination was chosen. The
YSZ crystal structure is polar along its ⟨100⟩ direction due to
the alternating stacking of oxygen and metal ion layers21 (see
Figure 3a). At the LSC/YSZ interface charge compensation to
overcome the diverging dipole moment can take place via
bonding to atoms from the LSC layer. During our operando
studies the free part of the sample surface is likely to be partially
hydroxylated, which can also stabilize the surface. When in
vacuum, such intrinsically unstable polar surfaces are known to
commonly show reconstructions, in order to decrease their
otherwise very high surface energy. Based on the results from a
low energy ion scattering study22 the surface oxygen atoms are
reported to occupy nonbulk positions, situated at metal bridge
sites above metal ions from the second metal layer below the
surface. Density functional theory calculations21 support the
experimentally obtained (1 × 1) surface reconstruction but
only together with Y segregation. However, our UHV data
taken after annealing up to 750 K do not allow us to make a
clear distinction between a bulk oxygen-terminated or the
proposed (1 × 1) model.23 In any case all our fit results do
indicate a surface morphology composed of nanoscaled islands
of uniform well-defined 0.25 nm height, almost identical to
what was found for the YSZ(111) surface.9,24

Atomic site occupancies (θ), displacements (Δ), and
Debye−Waller factors (B) are those three structural parameters
refined within our model. Three parameters (θ, Δ, B) were
varied in the first atomic layer, only two (θ, B) are used for the
second atomic layer, from the third layer on all the parameters
are fixed to the bulk YSZ values of the ideal fluorite model
taken from ref 14 (see Figure 3 and Table 1). The refinement
also included physically acceptable limits for each parameter
used in the fit. Since the scattering contribution of oxygen is
significantly weaker as compared to zirconium and yttrium, the
oxygen occupancy parameters were fixed with respect to those
of Y and Zr atoms according to chemical formulas Y2O3 and
ZrO2. By doing this we restrain the oxygen occupancy
parameter and assume electroneutrality. To reduce the number
of parameters which are highly correlated, the same Debye−

Waller parameter and displacement parameter was used for Y
and Zr atoms within one atomic layer. Debye−Waller factors
with lower limits and starting values for all atom types were
equal to the corresponding bulk values.20 Refining three atomic
layers and more did not show any considerable fit improve-
ment.
As an important fit result, the atomic-layer-resolved chemical

profiles at the LSC/YSZ interface were obtained, as
summarized in Figure 3. First, under oxygen poor conditions
(p = 10−7 mbar, 300 K) we find that the first atomic layer has a
composition Y0.5Zr0.5, while the second layer is already close to
the bulk chemical composition, indicating a strong Y
segregation in the as prepared sample. To the best of our
knowledge this is the first observation of interfacial Y
segregation at a buried interface. The strong Y segregation to
the top of YSZ layer presumably took place during PLD
deposition of the LSC layer at 900 K and 0.04 mbar O2
pressure. Y segregation under reducing conditions is in
accordance with measurements and ab inito thermodynamics
calculations on free YSZ surfaces,9,25−27 while the exact level of
Y is most likely also affected by the LSC layer on top. In
comparison the free YSZ surface several millimeters away from
the electrode shows a topmost layer consisting of uniform
islands, which is seen in the total coverage of about 70%.
Furthermore, these islands as well as the second layer beneath
them are depleted in Y, and the trend is that under more
oxidizing conditions Y starts to segregate to the near-surface
region (see Supporting Information). Although this trend is
observed, the total Y concentration is very close to the error bar
and presumably the near-surface composition hardly changes.
The island structure and coverage agree very well with the
results from the UHV prepared YSZ(100) surface (see
Supporting Information). The presence of islands, which can
be interpreted as clustering of atomic vacancies, may contribute
to the polarity compensation of the YSZ(100) surface.
The high Y occupancy in the top YSZ layer at the electrode/

electrolyte interface remains present at 775 K under reducing
conditions (p = 1.0 × 10−7 mbar), while around 10% cation
vacancies (likely together with oxygen vacancies) are formed.
When switching to oxidizing conditions (p(O2) = 18 mbar) at
775 K the cation occupancy strongly changes. Much less Y is
observed in the first atomic layer, while an increase in Zr
concentration is present and the cation vacancy concentration
becomes more substantial. This clearly indicates that cations in
YSZ are mobile even at such comparatively low temperatures. A
similar analysis carried out on the electrode material would be

Figure 3. (a) Side view of the first three atomic layers (I, II, III) and the LSC film placed on the oxygen (red spheres) terminated YSZ surface.
Yttrium atoms (green spheres) are randomly placed on zirconium (blue spheres) sites within the lattice. (b−f): Chemically resolved occupancy
profiles of the first three atomic bilayers of YSZ(100) below the LSC electrode for the conditions indicated, where the third layer represents bulk
values as a reference and the first and second layer occupancies were fitted. The YSZ bulk unit cell is marked with yellow. The color code of bar plots
corresponds to the one for the atoms. (g) Reference profile for a bare YSZ(100) surface area far away from the electrode.
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desirable and in principle possible if single crystal epitaxial LSC
films were used. Nevertheless, some consequences of the results
presented here can be discussed. Measurements upon applied
voltage between the tip and the sample to mimic the oxygen
reduction reaction (ORR) (−500 mV) and the reversed
process (+250 mV) again indicate that the YSZ/LSC interface
is highly dynamic (Figure 3e,f). At −500 mV voltage the Y/Zr
composition at the interface is similar to the conditions from
before without voltage applied, whereas at +250 mV the
interface becomes enriched in Y. This might be a consequence
of the oxygen chemical potential changes in LSC upon positive
voltage: Owing to the slow kinetics of the electrochemcial
surface reaction (here release of oxygen) the main chemical
potential drop is at the surface, particularly upon cathodic
voltage but also for moderate positive bias.28 Hence, positive
bias voltage leads to an increase of the chemical potential in
LSC and thus significantly lowers the oxygen vacancy
concentration in LSC. Provided that oxygen transport across
the LCS/YSZ interface is still close to equilibrium, this
concentration change in LSC has to be counterbalanced by
an electrostatic potential step (Nernst’s equation) with positive
charges in LSC and negative ones in YSZ. A possible
mechanism for the substrate could be played by Y ions on Zr
sites. In such a case an electroneutral calculation of the oxygen
vacancy concentration in YSZ is no longer possible. We argue
this is due to the fact that oxygen diffusion is faster in LSC than
in YSZ, resulting in net reduction of the interface, which leads
to a Y enrichment. This might be related to a reduced oxygen
concentration at the LSC/YSZ interface under positive
potential, due to the fact that the amount of oxygen vacancies
in YSZ is directly related to the yttria concentration. Discussing
the obtained cation concentrations in a more crude way as
interfacial stoichiometry changes lead to the following
considerations. It is known that optimum doping level for
oxygen conduction in YSZ is close to that found in the
substrate.29 This means that as soon as the interfacial region
deviates from this composition, it can be expected that the
interface forms an additional diffusion barrier. According to our
observation, the YSZ interfacial cation stoichiometry is almost
identical to that of the bulk for negative bias. Indeed,
impedance spectroscopy of the related (La,Sr) (Co,Fe)O
system has shown that there is a clear trend of the electrode/
electrolyte interface resistance and capacitance increasing when
going from negative to positive bias voltage.28 The results
presented here suggest that part of this trend can be explained
by the near-surface stoichiometry changes and show that the
method presented here can be used to give very detailed
microscopic information on the origin of certain properties
found in SOFCs. One important conclusion concerning the
long-term stabililty of SOFCs at the maximum investigate
temperature of 775 K is that the LSC/YSZ(100) smooth
interface morphology is found to stay unaltered under oxygen
transport conditions. It has been reported that, at higher
temperatures above 970 K, new phases like SrZrO3 can form
which we did not observe in our experiments.30,31

Further evidence for the discussed Y segregation behavior
comes from a close investigation of the interfacial relaxations.
The first and second YSZ substrate metal ion layer directly at
the electrolyte/electrode interface exhibits outward relaxations
which may also partially be explained by the chemical bonding
of the outermost oxygen layer to atoms from the LSC electrode
(see Table 1). In contrast, the first metal ion layer at the free
surface far away from the electrode shows slight inwardT
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relaxations for all conditions investigated, followed by the
second layer with small outward relaxations, in agreement with
the UHV prepared YSZ(100) surface (see also Supporting
Information).
To obtain more insight into the correlation of structural and

chemical changes at the interface, it is instructive to compare
the Y/Zr ratio and the interfacial relaxations as a function of the
experimental conditions, as plotted in Figure 4. Interestingly,

there is a clear trend visible: for higher Y/Zr ratios, the outward
relaxations are more pronounced. This is inline with the
increased ionic radius of Y3+ of 1.02 Å as compared to 0.84 Å
for Zr4+, giving additional evidence for the observed Y
segregation.32 Finally, the isotropic Debye−Waller parameters,
which were refined for “below the electrode” data only, exhibit
enhanced values compared to the bulk likely because of some
local distortions at the interface. Here no systematic trend is
discernible, which may be related to the high error bars for the
Debye−Waller parameters.

■ CONCLUSIONS
In our study we demonstrated that anomalous SXRD can
resolve the chemical composition of deeply buried interfaces of
SOFC model systems under operational conditions with atomic
resolution. The presented investigation of a polycrystalline LSC
model microelectrode on a YSZ(100) substrate showed that
the Y cation occupancy at the electrode/electrolyte interface
strongly depends on the sample environment and the applied
potential. The interface was found to be Y rich after LSC film
deposition; subsequent exposure to oxygen in the mbar
pressure regime at 775 K strongly reduced the Y concentration
at the interface, which is traced back to the complex defect
chemistry and thermodynamics of LSC in contact with YSZ.
Upon bias voltage application further changes are observed,
indicating enhanced Y concentration at the interface for
positive bias which is expected to be detrimental for the
oxygen ion transport through the interface. The Y segregation
behavior is supported by outward cation interfacial relaxation
which correlates with the amount of Y at the interface. The
LSC/YSZ(100) interface is found to stay atomically smooth
under oxygen transport conditions. Reference measurements

from a bare YSZ(100) surface area indicate stable surface
composition and relaxations. The observed interfacial defects
and variation from bulk stochiometry for different conditions
calls for further theoretical investigations to disentangle their
role for the rate limitation of the oxygen reduction reaction.
Future experiments on epitaxial electrode layers will allow the
additional investigation of the gas phase/electrode interface
under oxygen incorporation or removal conditions.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.6b00351.

Additional details concerning the results, such as
structure parameters, fits, and residuals of refinement
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*(V.V.) E-mail: vedran.vonk@desy.de.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors gratefully acknowledge financial support from the
German Science Foundation (DFG) under Project No. STI
554/1-1 and the Austrian Science Fund (FWF) under Project
No. F45 SFB Functional Oxide Surfaces and Interfaces
(FOXSI). We thank Olga Perkova for designing a new
dedicated mobile chamber for combined solid state electro-
chemistry−XRD experiments.

■ REFERENCES
(1) Brandon, N.; Skinner, S.; Steele, B. Recent Advances in Materials
for Fuel Cells. Annu. Rev. Mater. Res. 2003, 33, 183−213.
(2) Fleig, J. Solid Oxide Fuel Cell Cathodes: Polarization
Mechanisms and Modeling of the Electrochemical Performance.
Annu. Rev. Mater. Res. 2003, 33, 361−382.
(3) Adler, S. B. Factors governing Oxygen Reduction in Solid Oxide
Fuel Cell Cathodes. Chem. Rev. 2004, 104, 4791−4843.
(4) Mobius, H. H. On the History of Solid Electrolyte Fuel Cells. J.
Solid State Electrochem. 1997, 1, 2−16.
(5) Fleig, J. Microelectrodes in Solid State Ionics. Solid State Ionics
2003, 161, 279−289.
(6) Zhang, C.; Grass, M. E.; McDaniel, A. H.; DeCaluwe, S. C.; El
Gabaly, F.; Liu, Z.; McCarty, K. F.; Farrow, R. L.; Linne, M. A.;
Hussain, Z.; Jackson, G. S.; Bluhm, H.; Eichhorn, B. W. Measuring
fundamental properties in operating solid oxide electrochemical cells
by using in situ X-ray photoelectron spectroscopy. Nat. Mater. 2010, 9,
944−949.
(7) Vonk, V. Surface Structure Refinement Including Anomalous
Crystal Truncation Rods. J. Appl. Crystallogr. 2011, 44, 1217−1221.
(8) Perret, E.; Park, C.; Fong, D. D.; Chang, K.-C.; Ingram, B. J.;
Eastman, J. A.; Baldo, P. M.; Fuoss, P. H. Resonant X-ray Scattering
Studies of Epitaxial Complex Oxide Thin Films. J. Appl. Crystallogr.
2013, 46, 76−87.
(9) Vonk, V.; Khorshidi, N.; Stierle, A.; Dosch, H. Atomic Structure
and Composition of the Yttria-stabilized Zirconia (111) Surface. Surf.
Sci. 2013, 612, 69−76.
(10) Vonk, V.; Huijben, J.; Kukuruznyak, D.; Stierle, A.; Hilgenkamp,
H.; Brinkman, A.; Harkema, S. Polar-discontinuity-retaining A-site
Intermixing and Vacancies at SrTiO3/LaAlO3 Interfaces. Phys. Rev. B:
Condens. Matter Mater. Phys. 2012, 85, 045401.

Figure 4. Y/Zr ratio (left y axis) and interfacial cation out-of-plane
relaxations (right y axis) for different experimental conditions.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b00351
Chem. Mater. 2016, 28, 3727−3733

3732

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00351/suppl_file/cm6b00351_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00351/suppl_file/cm6b00351_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b00351
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b00351
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b00351/suppl_file/cm6b00351_si_001.pdf
mailto:vedran.vonk@desy.de
http://dx.doi.org/10.1021/acs.chemmater.6b00351
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.chemmater.6b00351&iName=master.img-005.jpg&w=196&h=194
http://pubsdc3.acs.org/action/showLinks?crossref=10.1007%2Fs100080050018&coi=1%3ACAS%3A528%3ADyaK2sXmsVSjs7k%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1007%2Fs100080050018&coi=1%3ACAS%3A528%3ADyaK2sXmsVSjs7k%253D
http://pubsdc3.acs.org/action/showLinks?pmid=23734067&crossref=10.1016%2Fj.susc.2013.02.014&coi=1%3ACAS%3A528%3ADC%252BC3sXktVOls7c%253D
http://pubsdc3.acs.org/action/showLinks?pmid=23734067&crossref=10.1016%2Fj.susc.2013.02.014&coi=1%3ACAS%3A528%3ADC%252BC3sXktVOls7c%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2FS0167-2738%2803%2900217-0&coi=1%3ACAS%3A528%3ADC%252BD3sXntVKisrw%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.85.045401&coi=1%3ACAS%3A528%3ADC%252BC38XjsV2hurw%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.85.045401&coi=1%3ACAS%3A528%3ADC%252BC38XjsV2hurw%253D
http://pubsdc3.acs.org/action/showLinks?pmid=20871607&crossref=10.1038%2Fnmat2851&coi=1%3ACAS%3A528%3ADC%252BC3cXhtlWkt73N
http://pubsdc3.acs.org/action/showLinks?crossref=10.1146%2Fannurev.matsci.33.022802.094122&coi=1%3ACAS%3A528%3ADC%252BD3sXntFShtbg%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1107%2FS0021889811042944&coi=1%3ACAS%3A528%3ADC%252BC3MXhsFSisrvI
http://pubsdc3.acs.org/action/showLinks?crossref=10.1146%2Fannurev.matsci.33.022802.093258&coi=1%3ACAS%3A528%3ADC%252BD3sXntFShur0%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fcr020724o&pmid=15669169&coi=1%3ACAS%3A528%3ADC%252BD2cXotlantrY%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1107%2FS0021889812047620&coi=1%3ACAS%3A528%3ADC%252BC3sXhtFWltbk%253D


(11) Balmes, O.; van Rijn, R.; Wermeille, D.; Resta, A.; Petit, L.;
Isern, H.; Dufrane, T.; Felici, R. The ID03 Surface Diffraction
Beamline for In-situ and Real-time X-ray Investigations of Catalytic
Reactions at Surfaces. Catal. Today 2009, 145, 220−226.
(12) Feidenhans’l, R. Surface Structure Determination by X-ray
Diffraction. Surf. Sci. Rep. 1989, 10, 105−188.
(13) Schleputz, C.; Herger, R.; Willmott, P.; Patterson, B.; Bunk, O.;
Bronnimann, C.; Henrich, B.; Hulsen, G.; Eikenberry, E. Improved
data acquisition in grazing-incidence X-ray scattering experiments
using a pixel detector. Acta Crystallogr., Sect. A: Found. Crystallogr.
2005, 61, 418−425.
(14) Kuhn, M.; Hashimoto, S.; Sato, K.; Yashiro, K.; Mizusaki, J.
Oxygen nonstoichiometry and thermo-chemical stability of
La0.6Sr0.4Co3−δ. J. Solid State Chem. 2013, 197, 38−45.
(15) Stierle, A.; Steinhauser, A.; Ruhm, A.; Renner, F.; Weigel, R.;
Kasper, N.; Dosch, H. Dedicated Max-Planck Beamline for the in situ
Investigation of Interfaces and Thin Films. Rev. Sci. Instrum. 2004, 75,
5302−5307.
(16) Vlieg, E. ROD: a Program for Surface X-ray Crystallography. J.
Appl. Crystallogr. 2000, 33, 401−405.
(17) Vlieg, E. Integrated Intensities Using a Six-Circle Surface X-ray
Diffractometer. J. Appl. Crystallogr. 1997, 30, 532−543.
(18) Kubicek, M.; Huber, T. M.; Welzl, A.; Penn, A.; Rupp, G. M.;
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