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Abstract

Perovskite materials are typically used as oxygen electrodes of solid oxide fuel and electrolysis cells
(SOC). The high stability of the perovskite structure in oxidative environments makes it a good
candidate as a cathode electrode for steam electrolysis SOC as well. In this work, we investigate SOC
with Lag 75Sr0.25CrooFeo.103 perovskite cathodes employing near ambient pressure X-ray photoelectron
and near-edge X-ray absorption fine structure spectroscopies combined with online electrical
measurements. Based on operando experimental evidences the surface state of the perovskite
electrode is directly associated with the electrocatalytic performance of the cell. The results indicate
that under steam electrolysis operating conditions the well-known Sr surface enrichment is
accompanied by Cr segregation and formation of SrCrOs-like oxide. In contrast to the common
perception of the role of surface chromites, we show here that its presence does not induce cell

deactivation, but on the contrary, is beneficial for cell performance.

Keywords: solid oxide electrochemical cells, stem electrolysis, perovskite electrodes, exsolution, near

ambient pressure XPS, hydrogen production, deactivation.

1. Introduction
Solid oxide electrolysis cells (SOECs) are electrochemical devices where electrical power is converted

into chemical energy in the form of fuels such as H, or syngas (CO+H,). The high operating

1



temperature of SOECs, in the range of about 800 °C, leads to a significant reduction of the cell
voltage, and thus to increased efficiency as compared to low-temperature electrochemical
conversion devices. Besides, SOECs electrodes do not require the use of expensive and rare precious
metal catalysts, which might be critical for the long-term commercialization of electrochemical
converters. A typical SOEC is composed of an ion or proton conducting electrolyte, interposed
between the cathode (fuel) and anode (oxygen) electrodes. Yttria-stabilized zirconia (YSZ) is the most
widely used electrolyte, while metal-ceramic mixtures (cermet) and perovskite-type materials are
usually employed for fuel and oxygen electrodes, respectively [1,2]. SOECs devices have high
flexibility and can also operate reversibly as fuel cell systems, for example during night time to
generate power by converting stored H,. On the downside, a critical issue that hinders
commercialization of SOECs is associated with degradation issues [3,4]. A particular challenge,
especially in case of reversible solid oxide cells, is the lack of fuel electrodes that can operate in
various atmospheres with high efficiency and stability [5].

Perovskite-based oxides offer high flexibility in their structure which constitutes them an attractive
candidate for electrodes able to operate both in fuel cell and electrolysis operation mode [6]. The
chemical formula of an ideal perovskite-type oxide is ABOs;, with A-site cation surrounded by 12
oxygen ions while the B-site by 6 oxygen ions. Besides, the perovskites crystal can be readily doped
with aliovalent cations with different ionic radius, which may deform its structure and create
different types of point defects. The most extensively used perovskite electrode is lanthanum
strontium manganite (LaixSrxMnOs or LSM), as an oxygen electrode, due to its high stability in
oxidizing atmospheres, its sufficient electrical conductivity and the thermal expansion coefficient
matching the one of YSZ electrolyte. However, the absence of oxygen vacancies in LSM results in
conductivities that are almost purely electronic, therefore appropriate doping or replacement of Mn
sites in the perovskite structure is used in order to convert them into mixed ionic and electronic
conductors (MIEC).

Apart from their use as oxygen electrodes, MIEC perovskites can be efficient fuel electrodes with
comparable electrochemical performance to Ni/YSZ cermets as first demonstrated by Irvine and co-
workers [7,8]. Furthermore the use of perovskite instead of cermet electrodes facilitates the stack
design since perovskites are potentially redox stable and therefore can operate under 100% steam,
without co-feed of H,. Therefore, recently several types of perovskite materials have been developed
and evaluated as fuel electrodes for steam and CO; co-electrolysis [6]. Among them, doped-
lanthanum chromites show one of the highest efficiencies and stable performances during both H,0
electrolysis and H,0-CO; co-electrolysis [8—10]. While initial works mostly focus on optimizing the
perovskite crystal structure, in recent years the surface chemistry of the electrodes has gained
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importance since can have a dramatic impact on the performance [6,11-14]. In particular, both A-
and B-site cations may leave their sites in perovskite crystal and segregate to the surface region,
leading to the formation of secondary phases in the form of nanoparticles. Typically oxidizing
atmospheres promote surface segregation of A-site cations while in reducing environments B-site
segregation (also referred to as exsolution) appears more favourable [12].

Here we report an operando NAP-XPS and NEXAFS study of porous Lao 755r0.25CrosFeo103 perovskite
electrodes under steam electrolysis conditions. We show that aside from the well-known surface
segregation of Sr cations (A-sites), Cr segregation (B-site) can also take place under oxidation and
steam electrolysis conditions. Notably, this is accompanied by a change in the Cr valence from Cr3* to
Cr®. A remarkable finding of this work is that the formation of Cr® species on the surface of the
LSCrF electrode is not detrimental for the steam electrolysis performance, but on the contrary, may

improve the electrode conductivity and the reaction kinetics.

2. Experimental Section

Sample preparation and morphology characterization

For the combined spectroscopic/electrochemical analysis two-electrode miniature electrochemical
cells were prepared, consisting of an Yttria-Stabilized-Zirconia (YSZ) electrolyte sandwiched between
perovskite (working) and Pt (counter) electrodes. In particular, Lao75Sro2sCrogFeo10s perovskites
(hereafter abbreviated as LSCrF) were synthesized using a previously reported method [15] and
formed as inks (solids content 70 % wt.). They were thereafter applied on a 150 um YSZ pellet
(Kerafol, 8YSZ) by means of screen printing (STV, mesh 40 um), following a typical preparation
procedure for solid oxide button cells [16]. The mean electrodes’ thickness was about 40 um as
estimated by cross-sectional SEM images. Before being introduced in the NAP-XPS chamber, the
electrodes were calcined in air at 1200 °C for 3 h. The Pt counter electrode was painted at the
opposite side of the cell using platinum paste (ESL, 542-DG). The cell was fired once more at 600 °C in
air in order to remove organic residuals of the platinum paste. Platinum was chosen as counter
electrode due to its known performance stability in oxidizing and reducing environments [17]. The
surface morphology was inspected by SEM using a Zeiss GeminiSEM 500 microscope. Energy-
dispersive X-ray spectroscopy (EDXS) mapping was combined with the SEM images to resolve the

different elements on the surface of the electrodes.
Synchrotron-based experiments

Operando near ambient pressure X-ray photoelectron and near-edge absorption fine
structure spectroscopies (NAP-XPS and NEXAFS, respectively) were carried out at two different end-

stations at the CIRCE [18] and ISISS [19] beamlines at ALBA (Barcelona) and BESSY (Berlin)
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synchrotron radiation facilities, respectively. Both setups were equipped with a SPECS Phoibos 150-
NAP electron analyzer. Cells were mounted between two stainless steel clamps and gold wires were
acting as the current collectors (please refer to fig. S1 in the supporting information for more details
on the maunting and dimensions of the cell). Heating was performed from the rear side using an IR-
laser, while the temperature was monitored at the centre of the working electrode using a
recalibrated pyrometer. The gas flows into the analysis chamber were regulated either by leak valves
(ALBA) or by calibrated mass flow controllers (BESSY) and monitored by a quadrupole mass
spectrometer. Current flow was applied between the working and the counter electrodes and the
potential were measured using a computer-controlled VersaSTAT3-200 potentiostat/galvanostat
(Princeton Applied Research). The working electrode was grounded in order to avoid electrostatic
charging problems. Initial annealing of the cells in 0.5 mbar O, was used prior to spectroscopic
measurements to eliminate residual carbon from the surface. After this procedure the C 1s signal
was within the noise level during all experiments. Unless otherwise stated, the total pressure during
the electrochemical experiments was kept constant at 1 mbar. No significant electrostatic charging
was observed under the working temperature and pressure conditions. NAP-XPS spectra were
collected using selected photon energies, so that the obtained photoelectrons have the same kinetic
energy (KE = 190 eV or 595 eV) and thus similar sample information depths. Please note that the
angle between the surface normal and the analyzer in CIRCE and ISISS end-stations is different (50
degrees for CIRCE and 0 degrees for ISISS end-station). This influences the information depth in each
set of measurements, which for KE=190 is estimated around 1.3 and 2 nm for CIRCE and ISISS end-
stations, respectively. Details regarding the estimation of the information depth are given in
supporting information 2, while more information about quantification of the XPS measurements can
be found in a previous publications.[20—22] The peak areas were estimated after subtraction of a
Shirley background and the quantitative calculations were performed based on the peak areas of La
3d, Sr 3d, Fe 2p and Cr 2p photoelectron peaks, taking into account the photo-ionization cross-
sections dependence of the atomic subshells [23]. It is worth mentioning that the absolute values of
the elemental atomic concentrations obtained by this approach are approximative due to the
complex sample morphology, however, it is safe to compare relative values between different
measurements. For the Sr 3d peak fitting we used two Sr 3d doublets with a fixed width, peak area
ratio, and spin-orbit splitting, while for Cr 2p the peak profile of reference spectra was used for Cr3*
and a symmetric 65% Gaussian-35% Lorentzian peak for Cr®* components. Photon beam damage
effects were tested by shifting the analysis spot to a new sample position and the lack of differences
in the spectra manifests the stability of the samples under the photon beam in the time frame of the
experiment. The NEXAFS spectra were recorded in the Total Electron Yield mode (TEY-NEXAFS),
4



enhanced by additional electrons created by ionization of the gas phase above the sample. The
estimated information depth of NEXAFS measurements is about 5 nm [24]. The theoretical L, 3-edge
spectra were calculated using the charge-transfer multiplet (CTM) approach [25,26] The calculations
were done using the CTM4XAS vs 5.5 program [27] and literature values were used as guides for the
Slater integrals (Faq, Fos, Gpd), the spin-orbit spitting parameter (SO), the difference between the core
hole potential Ups and the 3d-3d repulsion energy Uqgq, as well as for the hopping parameters (e; and
t25) [28]. The octahedral symmetry is chosen for the calculations of both Cr®* and Cr®* [29]. For Cr*
octahedral coordination with a crystal field value of 10Dg=1.2 eV, and a charge transfer energy value
A=7 gave the best accordance with the experimental spectra. The other parameters used for this
simulation were (Faq, Fpg, Gpd)=0.9, SO=1.04, Ups-Ugs =1 eV, ey =1.35 eV and t;,=0.65 eV. For Cr®*
tetrahedral coordination with a crystal field value of 10Dg=1.1 eV, and a charge transfer energy value
A=2 eV were used. The other parameters used for this simulation were (Fg, Fps, Gpd)=0.7, SO=1.05,

Dt=0.1 eV, Ds=-0.1 eV, e, =5 eV and t;;=0 eV.

3. Results and Discussion

3.1. Thermal stability of LSCrF surface under O, and H,O environments

Initially, the chemical stability of the LSCrF electrode in equilibrium with 0.5 mbar O, or H,O
atmospheres at 3 characteristic temperatures 450, 740 and 890 °C was evaluated. The
measurements were performed as follows: first, the sample was annealed at the indicated
temperature and atmospheric conditions for 10 min and subsequently the temperature was
decreased to 350 °C in the same gas atmosphere for NAP-XPS and NEXAFS measurements. Each gas
atmosphere experiment (O, or H,0) was performed on a fresh sample in order to avoid the influence

of possible aging phenomena on the starting material.
3.1.1. Surface oxidation state

Photoemission spectra of the Sr 3d and Cr 2p regions measured after annealing at 450 and 890 °C in
0, or H,0 atmospheres are displayed in figures 1a and b. The Sr 3d peak (figure 1a) is composed of
two doublets at 131.5+0.1 eV and 133.1+0.1 eV which according to depth profiling measurements
(Figure S2a) are assigned to subsurface (subs-SrO) and surface (s-SrO) Sr species respectively, in
agreement with previous reports on Sr-containing perovskites [30]. The subs-SrO Sr 3d component is
enhanced in H,0 as compared to O,, while for both atmospheres it decreases with the annealing
temperature due to surface enrichment with s-SrO species.

The Cr 2p spectra measured in H,O have a characteristic binding energy (576.210.1 eV) and peak
shape previously attributed to chromium in the Cr®* oxidation state [30,31] and it is unaffected by the
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annealing temperature (Figure 1b). By contrast, in O, a new feature appears at the higher binding
energy side and its intensity is enhanced with temperature. Deconvolution of the Cr 2p is
complicated by the asymmetry at the high BE side of the peak which is a characteristic of chromium
oxides, with the exception of Cr® valence. Therefore the Cr 2p peak profile recorded in H,O was used
to fit the low BE feature and an extra symmetric peak was added for the high BEs component. The
fitting procedure provided two Cr 2p components at 576.2 eV and 580 +0.1 eV ascribed to Cr** and
Cr® species, respectively [31]. Depth profiling measurements (Figure S2b) show that the peak at 580
eV attributed to Cr® diminishes when increasing analysis depth, suggesting that Cr®" is segregated
over the Cr* cations located in the bulk of the perovskite phase.

The Cr Ls, edge of NEXAFS spectra are sensitive to the oxidation state and the local symmetry of
chromium oxides and provide not only an important confirmation of photoemission results but also
some additional insights. Figure 1c shows the Cr L; edge measured after annealing at 890 °C in H,0
and O,, while the calculated difference between the two spectra peaks is included at the bottom of
the figure. The Cr L3, edge spectra recorded at lower temperatures can be found in figure S3. In
addition, theoretically simulated spectra for tetrahedrally (Or4) and octahedrally coordincated (On)
Cr® and Cr3* species respectively, have been included in the graph for comparison. The Cr L; edge
measured in H,O resembles the theoretical Cr** (Oy) peak and is in good agreement with previously
reported spectra of Cr,03 [32,33]. This confirms the presence of Cr®* species, while the fact that it is
not dependent on the annealing temperature (figure S3a) validates the stability of Cr** in H,0 already
shown by NAP-XPS. The difference curve matches the theoretical Cr® (Or4) while also resembles
previously reported spectra of hexavalent chromium compounds such as K;CrOs [32], PbCrO4 [34]
and SrCrO4 [35] but deviates from that of CrOs powder [36]. NEXAFS spectra validate the
photoemission results in O, showing partial oxidization of Cr®* cations to Cr® and indicates possible
reaction of Cr® cations with SrO to form SrCrO; compound. This is in accordance with earlier findings
showing that surface segregated Sr from the A-site of the perovskite lattice is prone to react with
volatile Cr species [37]. It is worth noting that in our previous work on LSCrF electrodes we found an
evident increase of Sr surface concentration, but unlike in the present case formation of Cr®* was not
observed [30]. This difference should be mainly attributed to the significantly higher annealing
temperatures employed in this work (up to 890 °C) as compared to [30] (up to 500 °C) in agreement

with previous findings [38].
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Figure 1. NAP-XPS (a) Sr 3d (hv = 325 eV), (b) Cr 2p (hv = 770 eV) spectra recorded on a LSCrF electrode after
annealing for 10 min at the conditions indicated in the figure. For clarity, the spectra are normalized to the
background and offset (c) Cr Ls-edge TEY-NEXAFS spectra (top) recorded on an LSCrF electrode after annealing
for 10 min at the conditions indicated in the figure. The lower curve (diff.) is obtained after subtracting the
spectrum recorded in H,O from that in O, after proper normalization. Theoretically simulated Cr Ls-edge
spectra (dot lines) for octahedrally coordinated Cr3* (Oy) and tetrahedrally coordinated Cr®* (Orq) cations are
included for comparison.All spectra are intensity normalized.

The formation of SrCrQ;, is also indicated by the XRD analysis of the electrode after the oxidation
treatment. X-ray diffraction (XRD) patterns of O, treated-LSCrF are shown in Figure S4. The XRD
analysis showed the expected phases of LSCrF according to the JCPDS data of PDF #70-2695, and the
strong diffraction peaks of YSZ (JCPDS 70-4436) electrolyte support as indexed in Figure S4. In
addition, four new peaks were observed between 24° and 30° which can be assigned to the
characteristic peaks of SrCrO, (JCPDS file No 35-0743).

The La 3ds/, spectra, shown in figure S5a, consists of two main photoelectron lines at 834.6 and 851.3
eV and their corresponding shake-up satellite peaks located at about 4 eV higher in binding energy.
The La 3d spectra are not considerably affected by the treatment conditions while corresponding to
La®* cations [30,39]. The Fe 2ps/, spectrum (Figure S5b) is centred at about 711 eV as expected for
Fe3* cations [40], however due to the low signal-to-noise ratio, it is difficult to perform a detailed
analysis of the iron valence during the various treatments and hence the chemical state of iron

cations will not be discussed in detail here.

3.1.2 Surface composition



The intensity of core-level photoemission spectra can provide information about relative changes in
the surface composition during the various treatments. Figure 2a compares the evolution of the
cationic surface concentration in H,O and O, as a function of the annealing temperature. In both
environments, La and Fe decrease while Cr and Sr increase, with annealing temperature. The
variations are notably higher in O, as compared to H,0 atmosphere. In particular, annealing in O; at
890 °C increases the Cr (B-site) concentration by a factor of two and reduces this of La (A-site) almost
to the half as compared to 450°C. This result indicates that annealing at high temperature influences
the cation distribution causing surface segregation of Cr and Sr cations over La and Fe. Please note
that the surface composition deviates from the nominal bulk stoichiometry at almost all annealing
temperatures and atmospheres. This might be due to inaccuracies either of the theoretical sensitivity
factors or to the cation distribution model (homogenous) used for the calculations. Therefore only
the relative changes of composition and not its absolute values will be discussed here.

In order to distinguish the arrangement between Cr and Sr, we present in figure 2b the Cr 3d and Sr
3d peak area ratio (Cr/Sr), which is characteristic of the relevant amount of the two cations at the
outermost surface layers. In H,O, the Cr/Sr ratio decreases with temperature reflecting a progressive
segregation of Sr over Cr cations located in the perovskite lattice. On the contrary, in O, atmosphere
the Cr/Sr ratio increases with temperature, which implies that in this case surface Sr is gradually
replaced by Cr cations. Overall, the results presented above demonstrate that in O, the Cr® cations
are partially oxidized to Cr® and diffuse over the outermost surface layers of the electrode. Analysis
of the NEXAFS spectra indicated that Cr® species are most probably react with s-SrO to form SrCrO,
in agreement with several previous findings regarding Cr deposition over SrO containing surfaces
[41,42]. Oxidation of Cr was not observed when the electrode is treated in H,O atmosphere and, in
this case, it is mainly Sr segregation that dominates the surface. A schematic representation of the
proposed surface composition in each atmosphere is given in figure 2c. Cr surface enrichment in O3 is
remarkable taking into account the fact that B-site cations of perovskite oxides are considered to
segregate to the surface in reducing and not oxidizing atmospheres [12]. Oxidation of Sr ions in the A
site of the perovskite structure is well-known, but here we show that in oxidative atmospheres the B
site (Cr) cation can be also oxidized and segregate to the surface. This knowledge will be used in the
next paragraph in order to differentiate the effect of the applied current under reaction conditions

from that of the reacting gas phase environment.
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Figure 2. a) The cationic surface composition as a function of the annealing temperature in O, and H,0
atmospheres. The surface composition is calculated on the basis of the NAP-XPS peak areas measured for
photoelectron peaks with 190 eV kinetic energy (estimated analysis depth 2 nm) and normalized by the
theoretical sensitivity factors b) Ratio of Cr 2p/Sr 3d NAP-XPS core level intensities (recorded with photon
energies of 770 and 325 eV respectively) recorded at conditions mentions above c) Schematic illustration of the
proposed Sr and Cr surface arrangement upon high temperature annealing in H,O and O, atmospheres.

3.1.3 Surface morphology

The morphology of the pristine and O, treated LSCrF electrodes was investigated by SEM and EDXS.
Comparison of the surface morphology between pristine and O, treated LSCrF electrode (Figure S6)
did not show any noticeable modifications, therefore in figure 3 typical SEM micrographs recorded
on O, treated LSCrF are discussed. The SEM micrographs recorded in two different magnifications
(figures 3a and c) demonstrate that the electrode is porous but the grain size is not uniform. It is
composed of small particles with sizes between 0.1-0.2 microns, while few bigger particles of about
1-3 microns (indicated by an arrow in figure 3a and b) are noticed. The EDXS analysis (figure 3b)
reveals that the bigger particles are rich in Sr, while Cr and La are homogeneously distributed all over
the sample. In a higher magnification SEM image (figure 3d) it is seen that the surface of the particles
is not smooth but exhibit clear facets and is decorated with small particles with a triangular shape.
Formation of nanoparticles on the surface of bigger perovskite particles may involve cation
segregation to the surface (often called exsolution), which is frequently observed in perovskite

electrodes under high-temperature pretreatment and operation conditions [12].
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Figure 3. Characteristic top-view SEM micrographs, in various magnification levels, of the LSCrF electrode
recorded after annealing for 30 min at 700 °C in air. Bigger particles are indicated with an arrow in fig. a. Fig. b
shows the EDXS map of the image a, where Cr, Sr and La concentration is indicated by different colours (the
EDXS signal of Fe was in the noise level, therefore it is not represented). Magnification a and b:x4500, c:
x10000, d: 50000 times.

3.2 Evolution of the surface composition on LSCrF electrode during steam electrolysis

3.2.1 Electrode polarization in 100% H,O environment

Having established the influence of the humid and oxidative environments on the surface oxidation
state, in this part we use NAP-XPS to investigate LSCrF cathodes during steam electrolysis operation.
Since, NAP-XPS analyses electrode areas away from the YSZ electrolyte and close to the current
collector, it is essential to discuss first the implication of this zone to the electrochemical reaction. It
is generally accepted that the area at the electrode/electrolyte interface is the most active region of
the electrode during the electrochemical reaction.[43] However, what is crucial for the relevance of
NAP-XPS measurements is the thickness of the electrochemical active region, sometimes also called
the “Electrochemically Active Thickness, EAT”. The EAT depends both on the microstructure and the
operating conditions,[44] therefore reported values range from few to several tenths of microns. For
example in case of Ni-YSZ electrodes EAT was calculated around 4 microns from the interface with

YSZ electrolyte[45] while other reports extent this up to 30 micorns.[44] On GDC-based electrodes
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the active region may extents inside to the whole volume of the electrode[46] while on perovskite
LSM 22-31 % of overall electrochemical reaction occurs at the electrode/electrolyte interface and the
rest inside the electrode above it.[47]

It has been previously shown that the overpotential can be directly measured by XPS without the
need of a reference electrode.[48][49-51] B.W. Eichhorn and co-workers used this approach to
determine the electrochemically active region of ceria-based model electrodes in water electrolysis
and found that may extent up to 150 um from the current collector.[49] In the present work the
potential difference between the working (LSCrF) and counter (Pt) electrodes can be followed by
measuring the BE shifts of the NAP-XPS spectra at different current densities. A linear correlation
between the Vw.c, which reflects the potential losses inside the cell, and the shift of the valence band
cut-off measured by NAP-XPS, is found as shown in figure S7. This validates the use of NAP-XPS since
it demonstrates that the LSCrF zone close to the current collector is polarized by current flow and
therefore it is actively involved in the electrochemical reaction.

The cell was subjected to galvanostatic steam electrolysis conditions by stepwise increasing the
applied current while recording NAP-XPS spectra. Experiments were performed at a constant
temperature of 700 °C and 1 mbar H,0. Figure 4 shows the |-V characteristics obtained from an
electrolyte-supported LSCrF/YSZ/Pt cell and the evolution of working electrode cationic composition
based on operando NAP-XPS spectra. The potential between the LSCrF and Pt electrodes (Vw.c) is
correlated with the overpotential on the cathode (LSCrF) via the measured BE shifts of the valence
band given in the right-hand axis of figure 4 (for the correlation of BE shift and the potential please
see figure S7) [49,52,53]. As expected, the Vw.c, and consequently the cell overpotential, is increasing
with the applied current. The evolution of the surface takes place into two stages. First, up to 4 mA
cm? the Sr concentration increases, while the concentration of the other cations decreases or
remains stable, indicating segregation of Sr on the electrode surface. Notably, when currents higher
than 4 mA cm™ are applied the concentration of Sr stabilizes, or even slightly decreases, followed by
a clear increase of Cr. La concentration decreases monotonically independently from the applied
current, while Fe concentration is practically unaffected. The Cr/Sr intensity ratio shown at the top of
Figure 4 firmly confirms that the surface arrangement between Cr and Sr is inverted with the

application of current densities higher than 4 mA cm=.
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Figure 4. The surface cationic concentration (solid points) and the evolution of the potential measured
between the LSCrF and the Pt electrodes (Vw.c) as a function of the applied current at 700 °C and 1 mbar H,0.
The corresponding binding energy shift of the valence band measured with NAP-XPS for each Vw.c is shown at
the right-side axis. The top graph shows the Cr 2p/Sr 3d NAP-XPS intensity ratio. The part of the graph
highlighted in yellow corresponds to the operation conditions associated to the segregation of Sr on the
electrode surface. (Estimated analysis depth:1.3 nm)

The evolution of the LSCrF electrode surface composition with the applied current can be interpreted
considering the modification of the Cr oxidation state during polarization. As is evident by the Cr 2p
peak shown in figure 5, up to 4 mA cm? Cr remains in the Cr®* state while above this current the
characteristic contribution of Cr® appears in the Cr 2p spectrum. Therefore, similar to the

observations in O, atmosphere (figure 2), oxidation of Cr® to Cr® is accompanied by surface

enrichment of Cr, implying that segregation of Cr is driven by the changes in its oxidation state.
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Figure 5. NAP-XPS Cr 2p spectra (hv = 770 eV) recorded on an LSCrF electrode at different current densities
(indicated in the figure) under 1 mbar H,0 at 700 °C. The spectra are normalized to the background and offset
for clarity.

The Sr 3d spectra are dominated by the surface component (Figure S8) around 133 eV, while apart
from an evident shift of the peak due to the induced overpotential, the peak shape is not modified.
Since, as shown in Figure 1, further oxidization of Cr3* cations is not happening in H,O atmosphere, its
observation during H,0 electrolysis experiments should be related to the increased oxygen partial
pressure on the electrode. This can be caused either electrochemically by the applied current or
thermochemically due to O, produced at the anode side. In the first scenario one can argue that after
water dissociation, O anions are formed and while migrating towards the counter electrode react
with Cr® to form Cr®. Obviously, these oxygen anions will not reach the anode electrode, therefore,
the measured electrochemical current will be lower. According to the second scheme, in the NAP-
XPS setup both electrode sides faces the same gas environment (single chamber cell), therefore
unavoidable the cathode will exposed to gas phase O, produced in the anode side during steam
electrolysis. To clarify this point we have used ex situ XPS to measure LSCrF electrodes from
conventional two compartments LSCrF/YSZ/LSM cells after polarization in steam electrolysis
conditions. The Cr 2p spectra (not shown here) indicated the presence of the Cr® component at the

cathode LSCrF electrode after operation, which was not the case of pristine LSCrF. This result suggest
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that the origin of the Cr® species in the NAP-XPS measurements is related to the measured potential
(at least in part) and is not solely the consequence of molecular oxygen produced at the anode side
of the cell. In either case, surface oxidation of the LSCrF electrode during steam electrolysis will be
exploited in the next sections in order to deliver valuable information about the electrode

deactivation paths.

3.2.2 Electrode polarization in Hy/H,0 mixture

The Cr® component in the Cr 2p spectrum, which is characteristic of surface SrCrO4; formation,
progressively disappears upon annealing the electrode at 700 °C in H,/H,O mixture for about 1 hour.
This is in accordance with previous temperature-programmed reduction studies in H, of bulk SrCrO,
compounds which showed that reduction takes place in the temperature range between 500 and
700 °C [54]. After reduction, the surface is dominated by s-SrO and Cr3* cations in accordance with
the expected products of SrCrO, reduction [54]. Consequently, electrolysis experiments were
performed in Hy/H,O mixture. The i-V curve in H,/H,0 shown in figure 6, is similar to the one
measured in H,O, but with slightly higher Vw.c voltages and significantly higher overpotentials. The
perovskite composition presented in the same graph shows that the surface is dominated by s-SrO,
which is increasing even further with the applied current. The concentration of Cr®*, which was quite
significant at the initial state, withdraw progressively as can be observed in the Cr/Sr peak area ratio
shown at the top of the figure 6. The analysis of Cr 2p photoemission spectra show that the addition
of H, in H,O feed prevents oxidation of Cr®* to Cr® at all the applied currents (see figure S9) and
evidently suppress the driving force for Cr surface segregation. This experiment affirms that surface
segregation of Cr is directly related to its oxidation state and is only observed when Cr3* is oxidized to

Cr® either thermochemically or electrochemically.
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Figure 6. The surface cationic concentration (solid points) and the evolution of the potential measured
between the LSCrF and the Pt electrodes (Vw.c) as a function of the applied current at 700 °C and 1 mbar
H,0/H, (1/1). The top graph shows the Cr 2p / Sr 3d NAP-XPS intensity ratio.

3.3 Effect of the surface state on the LSCrF electrode performance during steam electrolysis

In order to examine the effect of surface SrCrO, formation on the electrochemical performance, we
compare the cell overpotential under upward and downward polarization where the cathode
electrode surface contains different amounts of Cr® species. Figure 7a presents the i-V (the
overpotential was measured by the valence band maximum shift) curves of a cell measured under
electrolysis conditions during the upward (increasing current) and downward (decreasing current)
galvanostatic cycles (the current was applied for about 45 min in each step). As expected, the
overpotential increases monotonically with the applied current, however, for the same current
densities lower overpotentials were required at the downward cycle as compared to those of the
upward. Practically, this implies that the cell electrolysis performance has been improved during the

downward polarization cycle.

Operando NAP-XPS results can help to elucidate the improvement of the LSCrF cathode
performance. Since the segregation of Cr® and Sr cations to the surface under these conditions were
clearly shown above, we focus on the detailed understanding of their role in the reactivity. Figure 7b
presents the ratio between SrCrO; and SrO deduced by the analysis of Cr 2p and Sr 3d NAP-XPS

spectra (for more details on the calculation of this ratio please refer to supporting information 10).
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The SrCrO4/SrO ratio can give a direct measure of the relative amount of the two compounds on the
LSCrF surface, helping to compare their influence on the electrode performance. Initially, the
electrode surface is dominated by segregated surface SrO (estimated average thickness around 1-2
nm) which is expected to negatively influence the electrochemical performance [55]. As seen in
figure 7b, during the upward electrolysis cycle the SrCrO,/SrO increases monotonically suggesting
that SrCrO, is gradually formed at the expense of the initially present SrO. However, after the
maximum applied current (20 mA cm?) and during the consequent downward electrolysis cycle, the
ratio remains practically stable at around 0.8. Keeping in mind that the expected surface
stoichiometry of Sr and Cr in SrCrO4 is 1, this ratio implies that the great majority of the initially
present s-SrO has been transformed to SrCrO,4. Accordingly, it becomes clear that the improvement
of the cell performance shown in figure 7a is correlated with the partial replacement of SrOx by

SrCrOy on the perovskite cathode surface.

Electrochemical impedance spectroscopy (EIS) is often used in order to distinguish the contribution
of different cell components or processes to the total electrode impedance. The galvanostatic EIS
spectra measured at 10 mA cm™ during the up and down potential cycles are compared in the
Nyquist plots given in the inset of figure 7a. Commonly, in the Nyquist plot the high-frequency
intercept of the real axis represents the ohmic resistance (Ronm), While the difference between the
high frequency and low-frequency intercepts corresponds to the electrode polarization resistance
(Rp). The Ronm includes both electronic and ionic resistances, while R, reflects the reaction kinetics
typically influenced by electrochemical, gas diffusion and conversion resistances. It can be seen that
the Ronm decreases about 12 Ohm cm? in the downward cycle. This suggests an increase of the
electronic and ionic conductance of the electrochemical cell in the downward cycle. Since the
temperature is constant the ionic conductance of YSZ should be considered stable and the Ronm
decrease mainly attributed to changes in the electrode conductivity. In addition, the decrease of Rohm
is accompanied by a decrease of R, of about 7 Ohm cm?, which can be assigned to the improvement
of the reaction kinetics in the downward cycle. Since NAP-XPS results showed that SrO has been
replaced by SrCrQ, at the surface of the LSCrF electrode during the downward cycle, it is reasonable
to assume that the SrCrO, improves the electrical conduction and the electrocatalytic activity of the

LSCrF electrode, as compared to its previous state where the surface was dominated by SrO.
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Figure 7. a) The shift of the Fermi edge as compared to O.C.P conditions (derived by NAP-XPS spectra recorded
using 725 eV photon energy and corresponding to the overpotential) of an electrochemical cell with LSCrF
cathode electrode as a function of the applied current density. Measurements were performed at 700 °C and at
constant H,O pressure of 1 mbar during consecutive current step-up and -down cycles. The inset shows
impedance spectra presented in Nyquist form, obtained under constant applied current of -10 mA cm™. b) The
ratio between SrCrO,/SrO4 derived by the analysis of Cr 2p and Sr 3d NAP-XPS peaks at the conditions
mentioned in a.

Sr enrichment in the surface region is well documented in perovskites containing Sr at the A-cation
site and is often associated with the decrease of the electrocatalytic activity of the oxygen electrodes
under fuel cell operation conditions [55,56]. Recent studies on perovskite oxygen electrodes
proposed that Sr segregation may be prevented under polarization, leading to more stable and
efficient electrochemical cells [57]. Apart from Sr segregation, another common cause of cell
performance degradation is chromium deposition on the electrode coming from the stainless steel
components of the cell [58]. It has been reported that surface Sr oxides readily reacts with volatile Cr
species to form SrCrO,4 [35,59] according to the reaction 2S5rO+Cr,03+3/20,2>2S5rCrO4 [60]. Here, we
found that the appearance of SrCrO4 on the surface of the LSCrF electrode does not poison the cell,
but on the contrary enhances its performance as compared to its prior state. Before trying to

elucidate this effect, it is necessary to establish the fundamental difference between the mechanisms

of Cr deposition on electrodes containing Cr in their lattice, like the LSCrF perovskite and studies
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where the chromium source is external to the electrode, e.g. the stainless steel interconnect
components.

First of all, previous studies looking at the effect of surface chromites were dealing with significantly
higher Cr deposition amounts (e.g. able to reproduce clear diffraction patterns in the XRD diagrams)
[60,61] coming from volatile chromium oxide compounds. Deposited Cr is thought to block the
electrochemically active sites and/or the decrease of the electrode conductivity [38]. The present
work has two basic differences as compared to the previous Cr deactivation studies. First SrCrO,4
exists in very low quantities as compared to the electrode volume, with an average thickness which
should not exceed the analysis depth of NAP-XPS method, even if some thicker areas able to produce
the XRD diffraction pattern of SrCrO, are not excluded. This implies that, in contrast with typical Cr
poisoning effect [60], SrCrO, formation does not induce changes in the electrode porosity (as also
shown by SEM) which can hinder the gas transport into the cathode. Second, SrCrO,4 is not an
additional compound deposited on the surface from the gas phase but is induced by bulk Cr cation
diffusion. Notably when Cr is segregated onto the surface of the electrode reacts with Sr and replaces
the previously existing SrO surface layer. Therefore SrCrO4 formation should be considered as a way
to mitigate the detrimental effect of SrO surface layer [62]. This is consistent with the significantly
lower intrinsic band gap of SrCrO, (2.45 eV) [63] as compared to SrO (ca. 6 eV) [64] which is expected
to enhance the LSCrF cathode conductance. In addition, the formation of oxygen vacancies is
promoted on chromate compounds [65], which in turn might improve the electrochemical reaction
kinetics. Our electrocatalytic results show that the addition of segregated Cr on the surface of the
perovskite cathode contributed to the overall stability of SOEC cell, since it reduces the negative
effects caused by the unavoidable Sr cation segregation. Therefore, at least in this particular case,

surface Cr should be consider as a promoter, instead of being a poison, of the SOEC cell performance.

Conclusions

We have shown here that besides the well-known Sr segregation on the surface of perovskite
electrodes, the B-site Cr cation can also segregate in oxidative conditions. This segregation is driven
by oxidation of Cr3* cations to Cr® and can take place upon steam electrolysis without the presence
of H,. In contrast with the expected deactivation effect of chromium previously described for solid
oxide cell electrodes, our operando studies suggest that Cr® does not inhibit, but rather promotes
the electrode performance during electrolysis. A possible scenario which can explain the positive role
of Cr® is the suppression of surface SrO which is known to be detrimental for the performance of

perovskite electrodes.
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