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a b s t r a c t

The activation mechanism of the (ORR) on lanthanum strontium manganite (LSM) thin-film electrodes is
investigated by examining the electrochemical behavior with impedance spectroscopy. To clarify
whether surface segregation processes induced by electrochemical polarization are responsible for the
change in catalytic activity of the perovskite electrode, in situ investigations with X-ray photoelectron
spectroscopy (XPS) and static secondary ion mass spectrometry (SIMS) were performed. The surfaces
of the as-prepared thin-film electrodes, which were annealed at elevated temperatures during the prep-
aration process, show an increased strontium surface concentration. The segregated SrO surface layer has
a detrimental effect on the ORR reaction. Cathodic polarization decreases the strontium surface concen-
tration while anodic polarization causes strontium accumulation at the electrode surface, which is pro-
ven by both SIMS and XPS in situ. A mechanism based on the incorporation of poorly conductive SrO from
the electrode surface into the LSM lattice under cathodic polarization is suggested to be responsible for
the observed activation process.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Solid Oxide Fuel Cells (SOFCs) are electrochemical devices that
convert chemical energy of fuels like petroleum, diesel, or natural
gas into electrical energy with very high efficiency. In the last dec-
ades, they have attracted a lot of attention as sources of electricity
with comparably low emissions. A detailed review of SOFC tech-
niques and the SOFC operation principle is given by Minh and Minh
[1].

Commonly used materials are La0.8Sr0.2MnO3 (LSM) cathodes
due to their excellent electronic conductivity and good catalytic
activity toward the oxygen reduction reaction (ORR), Y2O3-stabi-
lized ZrO2 (YSZ) as solid electrolyte, and Ni/YSZ cermet anodes.

Sr-doped LaMnO3 is commonly used as cathode material be-
cause it provides good electrical and ionic conductivity at elevated
temperatures, good thermal and chemical compatibility with YSZ,
and relatively high catalytic activity for the ORR. However, the
low oxygen-ion conductivity limits the operation temperature to
above 800 �C [2]. Much effort has been spent to reduce the
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operation temperature. As a result improved perovskite-type cath-
ode materials have been reported, highlighting the structural flex-
ibility of the perovskite lattice that tolerates different dopants and
allows to tailor the electrode properties to a certain extent – but
leading to complex solid solutions.

An interesting step to enhance the catalytic activity of a given
cathode is the application of an initial cathodic current. For exam-
ple, Jiang and Love [3] reported that the ORR overpotential of a por-
ous screen-printed (La0.8Sr0.2)0.9MnO3 electrode was reduced from
initially 290 mV to 80 mV by applying a cathodic current of
500 mA cm�2 at 1000 �C for 30 min. Similar results were also re-
ported by other authors [4,5].

Activation phenomena are well known in heterogeneous catal-
ysis and have also often been reported for metallic electrodes like
platinum during electrochemical polarization [6–8]. For Pt elec-
trodes, the activation process is explained by the decomposition
of passivating PtOx surface and interface films under cathodic
polarization [6,8,9]. For LSM electrodes as quaternary phases, the
situation is much more complex and less is known about the
mechanism of the electrochemical activation under cathodic cur-
rent treatment.

Several authors have proposed different models to explain the
activation step. In brief, the catalytic activity improvement under
cathodic polarization is attributed to (a) either the partial reduc-
tion of Mn(III) to Mn(II) with simultaneous generation of oxygen
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Fig. 1. Schematic diagram of the cell configuration for the two-electrode measure-
ments used in this study.
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vacancies, finally leading to improved oxygen ion transport
[10,11], (b) microstructural and morphological changes at the
LSM/YSZ interface and at the surface, and in consequence im-
proved oxygen diffusion kinetics [12–14], (c) the removal or incor-
poration of poorly conductive surface layers like SrO and MnOx,
which inhibit surface oxygen exchange kinetics [15], and (d) the
extension of the active area for O2 reduction by spreading of Mn(II)
onto the electrolyte surface and direct incorporation of oxygen into
the electrolyte at the catalytically modified electrolyte surface [16].

The reduction of Mn(III) to Mn(II) with simultaneous generation
of oxygen vacancies was observed by X-ray photoelectron spec-
troscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS)
[17,18], but it is still not proven whether this reduction process oc-
curs also under ambient pressure.

Morphological and structural changes after cathodic polariza-
tion were investigated by X-ray diffraction (XRD), high-resolution
scanning electron microscopy (HSEM), and transmission electron
microscopy (TEM), but these microstructural changes can hardly
explain the large magnitude of the observed electrochemical acti-
vation [19].

Other studies showed that cathodic polarization is accompanied
by significant changes of cation surface concentrations. For exam-
ple, Backhaus-Ricoult et al. [16] proposed a mechanism with direct
incorporation of oxygen from the gas phase into the electrolyte due
to a strong enrichment of Mn(II) at the electrolyte surface induced
by cathodic polarization.

A decrease in surface La concentration and increased Sr and Mn
fractions at the three-phase boundary (TPB) under cathodic polar-
ization were demonstrated by La O’ et al. [20,21]. The removal of
inhibiting La species leads to the formation of Sr-enriched LSM
and oxygen-deficient SrxMnyOz particles at the TPB with enhanced
oxygen permeability and electrical conductivity.

However, the results are in disagreement with the work of
Wang and Jiang [15] who proposed a mechanism that involves
the incorporation of inhibiting SrO species into the LSM lattice un-
der cathodic polarization, thereby facilitating the oxygen surface
exchange reaction, resulting in the observed electrochemical
activation.

An alternative explanation was proposed by Vance and
McIntosh [22]. They compared the activation behavior of pure
LSM electrodes with Mn, Sr, and La surface-doped electrodes. The
Sr-doped electrodes show an activation behavior according the re-
sults of Wang and Jiang [15] and support the concept of inhibiting
SrO surface species. But the activation behavior was removed by La
surface-doped electrodes, suggesting that La species play an
important role in the activation mechanism.

Evidence of Sr surface enrichment on freshly prepared LSM
electrodes has been reported in different studies by XPS, Auger
electron spectroscopy (AES) and low energy ion scattering (LEIS).
Decorse et al. [23] were first to demonstrate higher Sr surface con-
centrations relative to the bulk composition on La1�xSrxMnO3±d

electrodes indicating SrO surface segregation. Sr segregation upon
heat treatment was reported by Wu et al. [24]. They found small
amounts of SrO on the LSM surface after heat treatment under
UHV condition at 600 �C. But a direct evidence for surface chemical
composition changes induced by electrochemical polarization is
still missing.

Therefore, we focused our experiments on the in situ observa-
tion of surface composition changes induced by electrochemical
polarization. We prepared well-defined thin-film model electrodes
with pulsed laser deposition (PLD) to achieve a reasonably defined
surface area and TPB length. The improvement of the electrochem-
ical performance of LSM electrodes under cathodic polarization was
studied by electrochemical impedance spectroscopy (EIS). The ob-
served activation is strongly accompanied by surface composition
changes; therefore, in situ XPS and scanning photoelectron
spectroscopy (SPEM) and static secondary ion mass spectrometry
(SIMS) were used to monitor the effect of electrochemical polariza-
tion on the surface composition of the electrodes. The spectroscopic
measurements have been performed at reduced pressure; thus, in
comparison with observations at atmospheric pressure, one has
to take the ‘‘pressure gap’’ into account. However, as the spectro-
scopic experiments are performed ‘‘live’’ during the electrochemi-
cal experiment, we retain the term in situ. Microstructural and
morphological investigations of the freshly prepared LSM elec-
trodes and of such after cathodic and anodic polarization, respec-
tively, were performed by plan-view HSEM and cross-sectional
TEM.

2. Experimental

2.1. Sample preparation

Square thin-film electrodes with an area of 1 cm2 were depos-
ited through a stainless steel mask on YSZ (111) single crystalline
substrates (8 mol% Y2O3) (CrysTec, Germany) by PLD.

(La0.8Sr0.2)0.92MnO3 was prepared by the citrate complex sol–gel
route. Stoichiometric amounts of La(NO3)3�6H2O (99% ChemPur)
and Sr(NO3)2 (99% Alfa Aesar) were dissolved in ethylene glycol.
The mixed nitrate solution was added to a mixture of
MnN2O6�4H2O (98% Alfa Aesar), citric acid, and ethylene glycol in
the ratio 1:4:3.99. The solution was stirred and heated up to
90 �C for 1 h. For further concentration, the mixture was heated
up to 150 �C then forming a homogeneous brown gel, which was
finally calcinated at 600 �C for 5 h.

The powder was characterized by XRD and inductively coupled
plasma mass spectrometry (ICP-MS) to verify the formation of the
(La0.8Sr0.2)0.92MnO3 perovskite phase (see Supporting information).

The calcined powder was wet milled in isopropanol, isostati-
cally pressed into pellets and sintered at 800 �C for 3 h. The sin-
tered pellets were used as targets for the laser ablation process.

For the PLD process, a KrF excimer laser with a wave-length of
248 nm was used. The laser power was fixed at 300 mJ/pulse with
a pulse frequency of 5 Hz. The oxygen partial pressure in the cham-
ber was held constant at 1 � 10�2 mbar in order to avoid film
cracking, and the temperature of the substrate was 450 �C during
the deposition for 60 min. The as-grown films were annealed at
800 �C for 3 h in an oxygen atmosphere to obtain the perovskite
phase. The samples were characterized by XRD and HSEM (see
Supporting information).

2.2. Electrochemical setup

Polarization measurements were performed in a two-electrode
arrangement (Fig. 1) with a porous Pt counter electrode (CE) sym-
metrically arranged opposite to the working electrode (WE) to
minimize errors in electrochemical measurements [25,26]. EIS
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measurements were performed without bias potential within the
frequency range from 0.1 Hz to 10 kHz and a signal amplitude of
10 mV with a VersaStat3.400 potentiostat frequency analyzer
(Princeton Applied research). The electrode area was 1 � 1 cm2.
The polarization experiments were started by applying a constant
cathodic potential of �2.5 V for different periods at 800 �C. The
electrode resistance R was determined directly by the difference
of the high- and low-frequency intercept with the real axis from
the impedance data.
Fig. 2. Experimental setup for the in situ XPS measurements at Elettra synchrotron
light facility in Trieste.
2.3. In situ XPS

High-resolution XPS and SPEM were performed at the ESCA
microscopy beamline at the ELETTRA synchrotron light facility in
Trieste, Italy [27–29]. For the polarization experiments, the sam-
ples were heated in the ESCA chamber up to 600 �C in an oxygen
partial pressure of 10�6 mbar. The XPS and SPEM measurements
were carried out with the Sr 3d, Mn 3p, and La 4d spectral lines.
The binding energy scale was adjusted by the position of the Fermi
level to compensate possible changes due to the electrochemical
polarization. After Shirley type background correction, the spectra
were fitted by using the XPSPeak4.0 software. The experimental
set-up is depicted in Fig. 2. More experimental details are given
in Supporting information.
Fig. 3. Experimental setup for the in situ ToF-SIMS measurements.
2.4. Quasi in situ SIMS

For SIMS measurements, a TOF.SIMS5 spectrometer (IonTOF,
Münster, Germany) was used. A detailed explanation of the used
SIMS technique is given in Supporting information. The experi-
mental set-up is depicted in Fig. 3. The LSM samples were heated
up to 500 �C in the SIMS chamber with an oxygen partial pressure
of 10�6 mbar. The polarization potentials were applied by a Keith-
ley 2004 SourceMeter, and after continuous polarization for
30 min, the samples were quickly cooled down (the interruption
for cooling down, image uptake, and reheating took approximately
20 min) to minimize the background in the SIMS spectra, and then,
the measurements were performed. Successive heating/polariza-
tion/cooling cycles were performed in order to check the reproduc-
ibility of the experiments. All spectra and images were
standardized and analyzed with the ToF-SIMS software V4.1 (Ion-
Image and IonSpectra).
Fig. 4. Impedance spectrum of a freshly prepared LSM electrode (black dots)
measured at 800 �C in air and the impedance response of the same electrode after
electrochemical activation with a cathodic potential of 2.5 V for 1 min (gray dots)
and 5 min (black circles).
2.5. Morphological and microstructural investigations by HSEM and
TEM

Morphology and microstructure of freshly prepared LSM elec-
trodes and of such after cathodic and anodic polarization, respec-
tively, were investigated by HSEM and TEM. For HSEM, a
scanning electron microscope of type LEO Gemini 982 was applied.
TEM investigations were performed by a Philips CM20Twin micro-
scope at an energy of the primary electrons of 200 kV, applying dif-
fraction contrast to suitably thinned cross-section samples. The
latter were prepared by state-of-the-art mechanical and ion-beam
methods, in particular using a Gatan Precision Ion Beam Polishing
System (PIPS).
3. Results and discussion

3.1. Electrochemical impedance spectroscopy

3.1.1. Cathodic polarization
The impedance response of a freshly prepared LSM electrode on

YSZ (111) (Fig. 4, black dots) was significantly reduced by 15% only
by applying a cathodic potential of �2.5 V for 1 min (Fig. 4, gray
dots).

Before electrochemical polarization, the impedance was charac-
terized by three overlapping semicircles that correspond to the
three elementary steps of the O2 reduction reaction and the related
atomic transport [15]. The low-frequency intercept can be assigned
to the oxygen surface exchange reaction consisting of dissociative
adsorption of oxygen at the electrode surface, ionization of ad-
sorbed oxygen to O2� ions, and incorporation of oxide ions into
the electrode. The mid-frequency part characterizes the oxygen
ion transfer processes, mainly diffusion of adsorbed oxygen ions
to the TPB. The high-frequency circle contains information on the
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charge transfer process and the incorporation of oxide ions into
oxygen vacancies of the electrolyte. The shift of the spectrum on
the real axis corresponds to the electrolyte resistance.

The observed activation of the electrode saturates with advanc-
ing polarization time (Fig. 5a). After 5 min the polarization resis-
tance has already decreased by about 50% of the initial value.
Fig. 5b shows that the activation process is composed of two differ-
ent processes with different time constants. In the first minutes of
polarization, a very fast activation process occurs, and after it, a
slower activation process is visible.

It is important to note that other studies have already shown
that the electrochemical ‘‘history’’ as well as the preparation con-
ditions and thermal treatment strongly influence the impedance
response of the electrode [3,10,30–32]. Therefore, the absolute val-
ues for the different elements of the equivalent circuit required to
fit the electrode impedance are not relevant. We rather focus on
the correlation between electrochemical pre-treatment and sur-
face/interface composition and not on the optimization and maxi-
mum performance of the electrode system.

The observed impedance under cathodic polarization is in good
agreement with the results published by Wang and Jiang [15].
Based on their impedance results, the authors proposed a modified
defect model for the explanation of the observed activation, which
includes the incorporation of poorly conductive SrO from the sur-
face into the LSM lattice under cathodic polarization. This process
is supposed to be fast due to the existence of cation vacancies in
the material under SOFC operation conditions and can explain
the rapid activation mainly in the first minutes of polarization. A
direct evidence for the existence of an insulating layer of SrO on
the LSM surface has not been reported in the literature so far.
Therefore, we performed in situ XPS and SIMS measurements to
investigate the correlation between the observed activation under
Fig. 5. Impedance response for the LSM/YSZ model electrode under cathodic
polarization of 2.5 V for different times (a) and the electrode polarization resistance
after different times of cathodic polarization (b).
cathodic current treatment and changes in the surface composition
– particularly looking for the Sr signal.
3.1.2. Anodic polarization
Several authors [10,15,30,33] have shown that anodic polariza-

tion causes deactivation of the LSM/YSZ electrode characterized by
an increase in the impedance response.

Against all expectations, LSM thin-film electrodes show activa-
tion in the first minutes of anodic polarization as demonstrated in
Fig. 6 and as also reported by La O’ et al. [20]. The decrease in the
interface resistance and therefore the activation of the thin-film
electrodes were accompanied by the formation of blisters and
spalling of parts of the LSM film. This increased the TPB length
and therefore reduced the polarization. However, we consider this
morphological activation of an originally well-covering thin-film
electrode not as a real activation, as it is accompanied by serious
damage of the film.

After a few minutes of anodic polarization and the initial activa-
tion, the expected impedance increase (deactivation) occurs
(Fig. 7a). But, both the magnitude of the deactivation and the rate
of deactivation are much smaller than the observed activation un-
der cathodic polarization (Fig. 7b).

According to Wang and Jiang [15], the deactivation can be ex-
plained by a re-segregation of Sr out of the LSM lattice onto the
LSM surface under anodic polarization. The required formation of
cation vacancies is energetically unfavorable and therefore a very
slow process, which explains the slow de-activation in comparison
with the cathodic activation of the electrode.

To clarify to what extent morphological changes contribute to
the observed activation/deactivation behavior, TEM and HSEM
measurements were performed before and after the electrochemi-
cal polarization steps.
3.2. Morphological changes

3.2.1. Cathodic polarization
In addition to the changes of the impedance in terms of activa-

tion and deactivation under electrochemical polarization, we also
found microstructural and morphological changes after the elec-
trochemical polarization experiments.

A typical HSEM image of a freshly prepared LSM electrode sur-
face is depicted in Fig. 8 (left). The surface is very smooth and
dense with a small number of droplets that are typical for the
preparation of thin-film electrodes by PLD. After cathodic polari-
zation, the surface morphology had altered, and the formation of
distinct grains of submicrometer size with clear grain boundaries
was observed (Fig. 8 right). Mizusaki et al. [34] assumed that the
formation of grain boundaries is accompanied by the formation of
pinholes and therefore an enhanced TPB length which then is the
origin for the performance improvement under cathodic polariza-
tion. But to act as three-phase boundary, the formed pinholes
Fig. 6. Impedance spectra of a LSM electrode (black dots) measured at 800 �C and
the impedance response of the same electrode after electrochemical activation with
an anodic potential of +2.0 V for 1 min (gray dots).



Fig. 9. TEM images of a freshly prepared LSM electrode (left) and the same
electrode (right) after cathodic polarization with an applied potential of �2.5 V for
30 min at 600 �C.

Fig. 7. Impedance response for the oxygen evolution reaction at a LSM model
electrode under anodic polarization of +2.0 V for different times (a) and the
electrode polarization resistance after different times of anodic polarization (b).
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have to extend across the whole film from the surface to the LSM/
YSZ interface. To investigate whether such open pinholes form
under cathodic polarization, cross-sections of the electrodes be-
fore and after electrochemical measurements were studied by
TEM.

Fig. 9 shows that both samples exhibit a regular and smooth
LSM/YSZ interface. The surface of the as-prepared electrode is
plane and smooth with low roughness. In contrast, the surface
after cathodic polarization is very rough with distinctive differ-
ences in grain size. The formation of nanopores near the interface
has occurred under cathodic polarization, but we found no evi-
dence that these holes penetrate the film completely and act as
additional TPB, that is, most probably they only form closed pores
at the LSM/YSZ interface. However, we cannot exclude that they
may act as the origin of interface instabilities in long-term
experiments.
Fig. 8. HSEM image of a freshly prepared LSM electrode (left) and after cathodic
3.2.2. Anodic polarization
Anodic polarization causes an increase in the oxygen activity

mainly in the vicinity of the TPB. As consequence, the well-adher-
ing thin-film electrode peeled off and small holes of a few microm-
eter size appeared (Fig. 10). Thus, additional TPB is formed, which
results in the observed activation and decrease in the impedance
response.

In situ HSEM investigations (Supporting information) show that
the formation of pores occurs mainly in the first minutes of anodic
polarization which explains that the activation occurs only within
the first minutes of anodic polarization, followed by the expected
deactivation.

Fig. 11 shows TEM cross-sections of the anodically polarized
sample in comparison with the as-prepared electrode. The mor-
phological changes at the electrode surface induced by anodic
polarization were similar to those after cathodic polarization. The
surface of the electrochemically polarized LSM film became rough,
but the changes were less pronounced in comparison with the
cathodically polarized sample. In contrast to the electrode after
cathodic load, we observed the formation of an impurity phase at
the interface of the anodically polarized sample. The amount of this
impurity phase is very small, such that the identification in the dif-
fraction pattern was impossible. We hypothesize that this phase
originates from the solid-state reaction between LSM and YSZ. In-
deed, the formation of a pyrochlore phase (La2Zr2O7) between
perovskite cathodes and YSZ electrolytes is often reported in the
polarization (right) with an applied potential of �2.5 V for 30 min at 600 �C.



Fig. 10. HSEM image of a freshly prepared LSM electrode (left) and after anodic polarization (right) with an applied potential of +2.0 V for 30 min at 600 �C.

Fig. 11. TEM images of a freshly prepared LSM electrode (left) and the same
electrode (right) after anodic polarization with an applied potential of +2.0 V for
30 min at 600 �C.

Fig. 12. Sr 3d spectra monitored on the LSM (left) and the YSZ (right) surface with a
distance of 50 lm away from the LSM/YSZ interface at 600 �C under the influence of
different applied voltages (a) without polarization, (b) �2.5 V, +2.0 V.
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literature [35,36]. These phases have insulating properties, and the
formation reduces the cell performance. Thermodynamic investi-
gations by Yokokawa et al. [36] showed that for the formation of
La2Zr2O7, oxygen gas is needed in order to facilitate the oxidation
of manganese. Under anodic polarization, the oxygen activity in-
creases strongly at the LSM/YSZ interface due to the forced oxygen
ion flux from the electrolyte into the electrode. This might be the
reason for the formation of the observed impurity phase and can
contribute to the measured de-activation under anodic
polarization.

The observed changes of the microstructure surely contribute to
the observed activation/deactivation under electrochemical polar-
ization, but they can hardly explain the large magnitude of the ob-
served electrochemical activation.

Moreover, electrochemical polarization mainly influences the
low-frequency intercept of the impedance response, and therefore,
the change of the ORR kinetics is mainly a result of an enhanced
surface exchange reaction. Whether surface segregation, which
can influence the surface exchange reaction severely, is the reason
for the activation of our model electrodes remains an open ques-
tion if we consider without further analysis. In situ XPS and SIMS
measurements were performed in order to obtain more insight
into the surface chemistry.
3.3. In situ XPS

The effect of an applied electrical potential on the surface com-
position of our LSM thin-film electrodes was studied by analyzing
the different relative peak areas of the Sr 3d, Mn 3p, La 4d, and Zr
4d lines.
3.3.1. Sr 3d
Fig. 12 depicts high-resolution XPS spectra of the Sr 3d peak as a

function of different applied voltages, taken at different positions
on the LSM and YSZ surface.

Under cathodic polarization, the LSM surface became depleted
in Sr. Subsequent anodic polarization lead to a reversible segrega-
tion of Sr back onto the LSM surface. A second cathodic step caused
again the complete depletion of the electrode surface in Sr.
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It is surprising that concomitant to the depletion of the LSM sur-
face in Sr under cathodic polarization, a pronounced Sr 3d peak ap-
pears on the YSZ surface. This peak remained clearly visible during
the following experiment, so we conclude that the segregation of Sr
out of the electrode onto the electrolyte is an irreversible process.

Two components separated by 1.8 eV are required to fit the Sr
3d spectrum. The origin for the additional high-binding energy
component (HE) or the so-called ‘‘surface core level shift (SCS)’’
is the existence of a surface species of strontium [37]. The binding
energy of this surface state differs from that of Sr in the bulk of the
electrode.

This is important to note as the developed component on the
YSZ surface shows only the high-binding energy state, and we con-
clude that only SrO surface species exist on the YSZ.

The total depletion of the LSM surface after cathodic polariza-
tion is surprising and implies a non-uniform distribution of Sr to
the interface. We suppose that the depletion is a consequence of
a voltage profile within the LSM particles due to the ionic-elec-
tronic conductivity of the LSM. A SIMS depth profile (see Support-
ing information) after cathodic polarization shows that the Sr
concentration in the volume of the LSM is not uniform with the
highest concentration at the interface region between the LSM
and YSZ.

The SPEM images (Fig. 13) of the LSM|YSZ TPB region emphasize
the diffusion of Sr from the LSM surface into the bulk under catho-
dic polarization and the corresponding diffusion back under anodic
potentials. In the images, bright colors denote high Sr concentra-
tions and dark colors characterize areas with low Sr level.

The SPEM images do not show the development of SrO on the
YSZ surface. This can be a result of the experimental approach.
The XPS measurements were performed within a distance of
Fig. 13. SPEM images (Sr 3d) of the LSM/YSZ TPB and adjacent LSM and YSZ areas at
600 �C under the influence of different applied voltages (a) without polarization, (b)
�2.5 V, +2.0 V.
300 lm away from the interface, the SPEM images show only an
area of 100 � 100 lm2 of the YSZ surface. Additionally, the SPEM
images were taken during the polarization experiments after all
XPS spectra were recorded. Therefore, it is possible that the diffu-
sion front of Sr is visible in the XPS measurement while it is missed
in the SPEM images as a result of a too fast diffusion.

Our XPS results also confirm the activation mechanism pro-
posed by Wang and Jiang [15]. We found surface depletion of Sr
under cathodic polarization and a reverse segregation under ano-
dic voltages accompanied by the corresponding electrochemical
activation or deactivation of the electrode.

3.3.2. Mn 3p
The Mn 3p peak (Fig. 14) appeared as an unresolved doublet and

was accompanied by a satellite peak on the high-binding energy
side. According to literature, these satellite features are associated
with ligand-to-metal charge transfer shake-up transitions [38].

Under cathodic polarization, a complete depletion of the LSM
surface in Mn is visible. A reversible diffusion process of Mn back
on the LSM surface took place under anodic bias (Fig. 14). But
whether Mn only diffuses into the bulk of the electrode or whether
Mn also spreads out of the electrode onto the electrolyte surface as
suggested by Backhaus-Ricoult et al. [16] cannot be verified
unequivocally, as only a small Mn 3p peak appears in the spectra
that cannot be separated accurately from the background.
Fig. 14. In situ XPS measurements of the Mn 3p peak under different applied
voltages (a) without polarization, (b) �2.5 V, +2.0 V monitored on the LSM (left) and
the YSZ surface (right).
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In order to use an even more surface-sensitive method, we fi-
nally applied in situ SIMS to probe the spreading of Mn onto the
electrolyte surface.

It has to be noted that La shows enrichment on the LSM surface
under cathodic polarization and depletion during anodic polariza-
tion, well corresponding to the segregation/spreading behavior of
Sr and Mn (see Supporting information).

3.4. In situ SIMS

SIMS imaging was used as a surface-analytical technique that
provides information exclusively on the topmost surface layer, in
order to clarify whether Mn diffuses out of the electrode onto the
electrolyte as one might conclude from the XPS results.

In the SIMS images, bright colors represent high concentrations
of the observed element and dark colors represent low concentra-
tions. The SIMS images were recorded at the TPB between the LSM
and the YSZ surface and the adjacent areas.

An enriched surface concentration of manganese at the inter-
face is visible already before electrochemical polarization.
(Fig. 15) This is mainly a result of the high-temperature treatment
during sample preparation. Under cathodic polarization, the Mn
concentration on the electrolyte surface increases with the excep-
tion of the first polarization step. Applying an anodic potential
causes diffusion back and a concentration increase in Mn on the
LSM surface. Hence, the SIMS results confirm that the weak Mn
3p peak on the YSZ in the XPS spectra results from the diffusion
of Mn out of the LSM onto the electrolyte.

Our results on the spreading of Mn under cathodic bias from the
electrode surface onto the electrolyte support earlier measure-
ments by Backhaus-Ricoult et al. [16] with sintered electrodes.
With in situ XPS and SPEM measurements, the authors observed a
pronounced spreading of Mn out of the electrode onto the electro-
lyte by applying a cathodic potential. They concluded that the sur-
face enrichment of Mn(II) ions on the electrolyte is the reason for
the electrochemical activation under cathodic polarization, facili-
tating direct oxygen incorporation at the electrolyte surface. But
whether the oxygen ORR can directly occur at the Mn-covered
YSZ surface has to be investigated in further studies. The SIMS re-
sults for Sr and La support the XPS results (Supporting information).
Fig. 15. SIMS images (positive ions) of the Mn surface concentration during an
in situ polarization experiment with an oxygen partial pressure of 1 � 10�7 mbar
and 550 �C. Each image is normalized by division with the corresponding total ion
image. The intensity of the pixels was normalized, such that in all SIMS images of
this series, the same color corresponds to the same intensity.
4. General discussion

Our in situ XPS and SIMS results in combination with imped-
ance data prove that the potential-driven surface composition of
LSM thin-film electrodes strongly influences the electrode
performance.

A performance improvement after electrochemical treatment
was often reported for different types of electrodes. Mainly two
different causes for the activation are known: (a) the removal of
passivating species from the surface of the catalyst/electrode and
(b) the generation of an often transient active species, which in-
creases the reaction rate.

An intensively studied system in this respect is the ORR at a
platinum (Pt) electrode on yttria-stabilized zirconia (YSZ) as elec-
trolyte. The activation behavior is attributed to the change in the
amount of oxygen-containing phases (O–(Pt)n) mainly at the TPB.
These phases block the active reaction sites and cause the de-acti-
vation of the electrode. Under cathodic polarization, the accumu-
lated PtOx decomposes and the electrode performance increases
[6–8].

Besides the removal of a passivating layer, the generation of an
active species is discussed as possible origin for the performance
improvement under electrochemical polarization. A typical exam-
ple for such an activation mechanism is known as NEMCA effect
(Non-Faradaic Electrochemical Modification of Catalytic Activity).
This effect has been studied intensively for the CO oxidation reac-
tion at Pt/YSZ electrodes. Under electrochemical polarization, the
reaction rate for the CO oxidation increases significantly. The com-
monly accepted but still discussed explanation is that the electro-
chemical polarization induces the pumping of a catalytic active
oxygen species, so-called ‘‘spillover’’ species, onto the electrode
surface resulting in an increased reaction rate [39,40].

We relate the observed activation of our LSM thin-film electrodes
upon cathodic treatment to a mechanism based on the removal of a
passivating surface species, and we propose the following mecha-
nism based on the defect model of Wang and Jiang [15].

The defect chemistry of the LSM phase is characterized by an
oxygen nonstoichiometry, meaning that the perovskite phase can
exist with oxygen excess and oxygen deficiency (Fig. 16). The
changes in oxygen content lead to different defects in the perov-
skite phase, depending on the oxygen activity.

In the oxygen deficiency region, the formation of oxygen vacan-
cies is compensated by partial reduction of Mn(III) to Mn(II). By
transition to the stoichiometric region, the oxygen vacancies are
consumed and Mn(II)-ions are re-oxidized to Mn(III). In the oxygen
excess region, additional oxygen ions have to be incorporated in
the LSM lattice. For La1�xSrxMnO3 electrodes, four different mech-
anisms are discussed to explain the defect chemistry at oxygen ex-
cess conditions [41]: (a) the incorporated oxygen ions occupy
interstitial sites, (b) the incorporation is accompanied by formation
of equal amounts of metal vacancies in both sublattices, (c) the cat-
ion vacancies are formed in only one site and the liberated cation
migrates to complete the other sublattice forming anti-site defects,
(d) cation vacancies are formed in only one lattice accompanied by
segregation of these cations out of the lattice. The segregation of
cations out of the LSM lattice onto the electrode and electrolyte
surface is accompanied by oxidation of Mn(III)-ions.

The defect chemistry has a direct influence on the catalytic
activity for the ORR and the cell performance. The formation of
oxygen vacancies under oxygen deficiency conditions enhances
the oxygen diffusion in the LSM phase and therefore activate the
ORR, whereas in the oxygen excess region, the consumption of oxy-
gen vacancies induces a corresponding deactivation. Additionally,
the segregation of cations out of the LSM lattice and the formation
of cation oxide surface layers onto the electrode surface and TPB



Fig. 16. Schematic diagram of the oxygen stoichiometry of the LSM phase at
different oxygen partial pressures and the corresponding defect chemistry.
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impede the surface exchange reaction, and a further deactivation is
the result.

In our experiments, the freshly prepared electrodes were al-
ways annealed at ambient pressure to achieve the perovskite
structure. During the annealing process, oxygen is incorporated
in the LSM lattice and we detected the formation of SrO on the
electrode and electrolyte surface. In conclusion, we propose a de-
fect reaction according to mechanism d). The segregation of Sr
out of the LSM lattice onto the electrode and electrolyte surface
is accompanied by oxidation of Mn(III)-ions. After the annealing
process, the dominant defects in the LSM lattice are probably cat-
ion vacancies [42–44] and the LSM phase shows oxygen excess.

By reducing the oxygen partial pressure for the UHV experi-
ments, the LSM phase is still in the oxygen excess region according
to the study by Mizusaki et al. [44].

Additionally applying an electrical potential to the electrode, we
either increase or decrease the oxygen partial pressure at the elec-
trode and influence the local oxygen activity. As oxygen can be
incorporated or excorporated at different locations at the electrode
Fig. 17. Defect chemistry of the LSM phase during
(TPB, interface between YSZ and LSM or on the LSM surface), differ-
ent local areas may show different oxygen activities. Therefore, we
may have local differences in the defect chemistry according to the
above-mentioned mechanism (Fig. 17).

Under cathodic polarization, LSM is locally reduced and be-
comes oxygen deficient. As observed in the XPS and SIMS experi-
ments, the passivating SrO layer on the LSM surface and at the
TPB then re-dissolves into the LSM lattice (Eq. (1)) accompanied
with the reduction of Mn (Eq. (2)).

This process is supposed to be fast due to the existence of cation
vacancies in the material under SOFC operation conditions and can
explain the rapid activation in the first minutes of polarization
(Fig. 5b).

0:8La�La þ 0:2VjjjLa þ 3O�O þ 0:2SrOsurf þ 0:2V��OðYSZÞ

$ 0:8La�La þ 0:2SrjLa þ 3O�O þ 0:2O�OðYSZÞ ð1Þ

0:4Mn�Mn þ 0:6Mn�Mn þ 0:2ej $ 0:6Mn�Mn þ 0:4Mn�Mn ð2Þ

Further cathodic polarization will lead to the generation of oxygen
vacancies (Eq. (3)). As this step is energetically highly unfavorable,
it will be relatively slow, which explains the slower activation for
the rest of the polarization time (Fig. 5b).

0:8La�La þ 0:2SrjLa þ 3O�O þ 0:2V��OðYSZÞ

$ 0:8La�La þ 0:2SrjLa þ 2:8O�O þ 0:2V��OðLSMÞ þ 0:2O�OðYSZÞ ð3Þ

Reversely, under anodic polarization, the oxygen vacancies are con-
sumed (backward reaction of Eq. (3)), followed by re-segregation of
SrO at the interface and electrode surface that leads to electrochem-
ical de-activation (backward reaction of Eqs. (1) and (2)).

Our results confirm the defect-based mechanism proposed by
Wang and Jiang [15]. We cannot rule out the mechanism based
on Mn-spreading onto YSZ according to Backhaus-Ricoult et al.
[16], and in principle both effects – SrO segregation and Mn
spreading – can occur simultaneously. Backhaus-Ricoult et al.
[16] were the first who proposed an activation mechanism for
perovskite cathodes with Mn(II) as active species, similar to the
activation of Pt electrodes by the spreading of oxygen spillover
species as suggested by Vayenas with the NEMCA [39] effect. Un-
der cathodic polarization, the electrolyte surface becomes enriched
the electrochemical polarization experiments.



88 A.-K. Huber et al. / Journal of Catalysis 294 (2012) 79–88
in Mn(II), which may act as catalytically active species. The Mn(II)
ions may additionally provide electronic surface conductivity and
promote the direct reduction and incorporation of oxygen into
the electrolyte. We found small concentrations of Mn on the free
YSZ surface, but whether these species really act as catalysts for
the direct incorporation of oxygen has to be proven in further
studies.

5. Conclusion

Pulsed laser deposition has been shown to be a technique for
reproducible preparation of thin-film lanthanum strontium man-
ganite model electrodes that are suited for investigations of surface
composition changes. The performance of these LSM thin-film
electrodes is strongly dependent upon the applied electrochemical
potential. The effect of polarization has been studied on freshly
prepared LSM electrodes under different applied electrochemical
potentials in air at 800 �C. Under cathodic polarization, a strong
activation effect occurs while under anodic polarization a deactiva-
tion (after an initial activation) was observed.

Additionally, the polarization treatment has a significant effect
on the microstructure of the LSM electrodes. The formation of
closed nanopores at the LSM/YSZ interface was observed under
cathodic polarization, but we found no evidence that these holes
have an influence on the electrochemical performance of the cell.
Under anodic polarization, the well-adhering electrode peeled off
and additional three-phase boundary is formed, leading to an acti-
vation of the cell performance in the first minutes of polarization.

But, the investigated performance changes are mainly a conse-
quence of surface segregation processes and therefore different
surface compositions. We analyzed in situ both by X-ray photo-
electron spectroscopy and by static secondary ion mass spectrom-
etry an electrochemically induced potential-driven diffusion of
different elements at and near the three-phase boundary. Forma-
tion of SrO on the cathode surface under anodic polarization and
a corresponding removal of SrO from the electrode surface under
cathodic polarization indicates that surface Sr species are responsi-
ble for the observed activation/deactivation phenomenon. Forma-
tion of insulating SrO on the cathode surface inhibits the oxygen
reduction reaction and therefore limits the performance of the
electrode. Cathodic polarization removes the SrO, while anodic
polarization causes its formation.

To get a closer look into the performance of a Solid Oxide Fuel
Cell (SOFC) cathode, it is essential to bridge the gap between exper-
imental and real SOFC working conditions. New high-pressure
equipments like HP-XPS [45] have to be brought forward to under-
stand the surface changes with electrochemical polarization under
real working conditions.
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