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The effect of an applied overpotential on oxygen isotope incorporation and diffusion in oxide thin film electrodes is investigated
by a novel experimental approach. A special electrode geometry leads to in-plane electron flow, perpendicular oxide ion flow and a
well-defined laterally varying driving force. This design allows one to obtain a series of tracer depth profiles induced by a range of
overpotentials on one and the same thin film. The approach was applied to Lag gSro2MnO3 (LSM) thin films deposited by pulsed
laser deposition (PLD) on yttria stabilized zirconia (YSZ) single crystals. Tracer depth profiles were measured by secondary ion
mass spectrometry (SIMS). These depth profiles include examples of pronounced apparent uphill diffusion that can be explained
by considering an interplay of polarization-induced changes in stoichiometry within the LSM grains combined with fast oxygen

transport along the grain boundaries.

© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any

medium, provided the original work is properly cited. [DOI: 10.1149/2.0711707jes] All rights reserved.

@) |

Manuscript submitted March 2, 2017; revised manuscript received May 3, 2017. Published May 16, 2017.

Solid oxide fuel cells (SOFCs) offer some of the highest chem-
ical to electrical energy conversion efficiencies, exhibit high fuel
flexibility — i.e. able to operate with hydrocarbon fuels in addi-
tion to hydrogen and show a high tolerance to typical catalyst poi-
sons, all associated with their elevated operating temperatures, typi-
cally above 600-700°C. Cathodes of SOFCs are generally based on
perovskite-type oxides such as La;  Sr,MnOs,'* La; Sr,FeO;.5>’
and La;_Sr,Co0055.5!" The electrocatalytic properties of these elec-
trode materials depend not only on their cation composition and their
detailed surface chemistry, but can also be strongly impacted by the
chemical potential of oxygen and, in turn, by applied overpotentials.
Depending on the ionic conductivity of these electrode materials, oxy-
gen reduction may take place via the so-called bulk path (two phase
boundary), with oxygen reduction at the oxide surface followed by
oxygen ion transport through the electrode to the electrolyte. An active
and fast bulk path, together with an optimal microstructure, enables
low polarization resistances and thus superior electrochemical per-
formance of SOFC electrodes. For an effective electrode design, it is
thus important to know the kinetic parameters associated with both
surface and bulk related electrochemical processes associated with
oxygen reduction, incorporation and diffusion via the bulk path, in-
cluding their dependence on current load. However, it is not always
simple to deconvolute these contributions to overall voltage dependent
polarization resistances associated with SOFC electrodes.

Several approaches are commonly used to attempt such decon-
volutions. One approach employs impedance spectroscopy and the
modelling of the spectra in terms of equivalent circuits.'”> Another
powerful technique is based on oxygen tracer incorporation and the
subsequent analysis of the resulting depth profiles. This yields surface
exchange parameters and diffusion coefficients'>!* and may also indi-
cate reaction pathways, particularly when under bias.'>'® In a recent
study, we examined bias-voltage-induced tracer incorporation into
lanthanum strontium manganite (LSM) thin film electrodes. This lead
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to surprising tracer profiles with apparent uphill diffusion at higher
overpotentials.'” However, given the nature of oxygen exchange ex-
periments, in contrast to bias dependent impedance measurements, a
systematic study of the bias dependent tracer incorporation requires
many different samples, one for each bias voltage.

In this contribution, we suggest a novel approach that markedly
simplifies bias dependent tracer incorporation measurements. A spec-
ified electrode geometry allows one to spatially vary the overpotential
for oxygen reduction along a mixed conducting electrode in a well
defined manner. This then enables us to obtain tracer incorporation
data as a function of electrochemical driving forces on one and the
same thin film electrode. The method is applied to LSM thin films
deposited onto yttria stabilized zirconia (YSZ) solid electrolytes with
a variety of LSM microstructures with the results analyzed and the
opportunities and limitations associated with this approach discussed.

Experimental

Two types of LSM thin films, with two different microstructures
and thicknesses, were prepared from a Lag § St ,MnOj; target by pulsed
laser deposition (PLD) at 600°C (LSMgn) and 800°C (LSMg) re-
spectively. Both layers were deposited on yttria stabilized zirconia
(YSZ, 9.5 mol% Y,0, CrysTec GmbH, Germany) single crystal sub-
strates. Deposition was performed at 4- 10~ mbar oxygen partial
pressure using a KrF excimer laser with a wavelength of 248 nm and a
pulse frequency of 5 Hz. The laser beam energy was set to 400 mJ per
pulse and a target-substrate distance of 6 cm was used. For the given
deposition parameters, columnar structured LSM layers resulted.'*
Topographical images of the LSM thin films obtained by atomic force
microscopy are shown in Figs. la and 1b. The LSM thin film de-
posited at 600°C shows a surface topography with well-defined and
narrow grains, with a grain diameter of about 30 nm estimated from
a line scan. As shown by transmission electron microscopy (TEM) in
Refs. 14,19, LSM layers deposited at 600°C had grain diameters of
ca. 30 nm. The LSMgq, sample was post-annealed at 940°C to induce
further grain growth, resulting in grains nearly twice as large as those
of LSMgqo. The surface coarsened LSMgyy exhibited a much higher
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Figure 1. The AFM images of as deposited LSMgp (a) and LSMggg (b) thin films show different surface topography due to different thin film microstructure. c)
The electron source is the negative Pt stripe with two electron sinks: Either electrons flow to the positive Pt stripe electrode (e in-plane) OF they are consumed in the
oxygen incorporation reaction (I¢,in-plane). Due to high oxygen incorporation and diffusion resistance most of the current flows to the electron sink at the 0 V Pt
stripe; only very little electronic current is transferred to ionic current at the surface. d) Sketch of the sample design with two Pt stripe electrodes on top of LSM,
one connected to the bottom counter electrode. Also the local overpotential and the different types of current (e~, O?~) are sketched.

average surface roughness (Fig. 1b) hindering determination of the
exact grain width from AFM images.

After PLD deposition two parallel platinum electrodes were pre-
pared on top of the LSM layers by UV lithography and subsequent
DC magnetron sputtering (MED 020 Coating System, BAL-TEC,
Germany). The stripe distance was ca. 7.5 mm, with stripe widths of
1 mm. Porous Pt counter electrodes were applied with the aid of Pt
paste on the back side of each YSZ single crystal and connected to
one of the Pt stripe electrodes on top. A sketch of the sample geometry
is given in Fig. 1d. Electrical measurements were performed by ap-
plying a DC voltage between the two Pt electrodes using a POT/GAL
30V 2A test interface together with an Alpha- A High Resolution Di-
electric Analyzer (both Novocontrol, Germany) in DC mode (software
WINCHEM and WINDETA Novocontrol, Germany).

Additionally van der Pauw measurements were performed on LSM
films deposited on YSZ or sapphire substrates with the films contacted
at their edges by Pt electrodes. This allowed determination of the tem-
perature dependent in-plane electronic conductivity. Electrochemical
polarization resistances were estimated from DC current measure-
ments on polarized microelectrodes (490 x 490 jum?), prepared from
LSMyy thin films on YSZ by PLD.' In this case a porous Pt counter
electrode applied to the back of the YSZ substrate was used.

Oxygen tracer incorporation into the sample with Pt stripes on the
LSM film took place in a symmetrically heated quartz oxygen tracer
exchange chamber (Huber-Scientific, Austria) in a tube furnace. The
symmetrical heating ensures a homogeneous temperature distribution
within the sample. The experiments were performed at 603°C for
LSMgq and at 642°C for LSMyg. 80, oxygen tracer gas (200 hPa,
97.1%, Campro Scientific, Germany) was filled into the chamber and
within a few seconds a cathodic bias of —-500 mV for LSMg, and
—600 mV for LSMgg was applied for 10 minutes between the two
platinum stripes. The DC current was monitored during the isotope
exchange experiments. After 10 minutes, the voltage was switched off,
and the sample was quenched to room temperature. A pre-annealing
step of the thin films prior to the tracer gas exposure was performed
in lab air for 60 minutes to ensure equilibration of the specimen with
the atmosphere. Please note that evacuation prior to tracer gas filling,
given its lower effective pO,, partly compensates this equilibration
step and at least for the very near surface region places the LSM thin
films in a not completely defined defect chemical state prior to tracer
and voltage exposure. Hence, the driving force for tracer incorporation

is not only the tracer concentration difference and the applied local
overpotential, but also some oxygen chemical potential difference.
A further equilibration step in the tracer gas prior to voltage load,
however, would be even more problematic, since it would lead to a
tracer profile determined by a certain time span without voltage and
the time upon applied voltage. Fortunately, in the case of LSM the
errors due to chemical potential differences between sample and gas
at the beginning of the experiment are considered negligible, due to
the very small oxygen vacancy concentration present in unpolarized
LSM.?° More detailed information on this topic, with oxygen isotope
exchange experiments on Sr-doped LaCoOs; thin layers, is given in
Ref. 21.

The resulting '30 depth profiles were subsequently investigated by
time-of-flight secondary ion mass spectrometry (ToF-SIMS 5, ION-
TOF GmbH, Germany). Measurements were done in the collimated
burst alignment (CBA) mode with Bi*** primary ions (25 keV). Neg-
ative secondary ions were analyzed in the area of 70 x 70 um?”. The
sputtering of LSM was performed with Cs™ ions (2 keV, Lputter_current
= 115 nA) with a defined sputter crater of 350 x 350 wm?. Surface
charging was compensated with an electron flood gun. The isotope
exchange depth profiles (tracer fraction f{’0)) were obtained by nor-
malizing integrated intensities / of 80 and '°O in the mass spectra
according to

8 I (IS 0)
10 = o a0y [1]
The sputtering rate (0.4 nm/s) of LSM thin films was determined
from the depth of the sputtered crater for a given sputtering time.
This depth was measured by digital holographic microscopy (DHM,
Lyncee Tec, Switzerland) and revealed layer thicknesses of 190 nm
and 770 nm for LSMggo and LSMgg, respectively.

Results and Discussion

Working principle of the novel electrode design for voltage driven
tracer incorporation.—The “unusual” electrode geometry used here
leads to a special charge carrier flow in the sample with a mixed ion-
electron conducting top electrode. Since YSZ is blocking for electrons,
electrons only flow within the mixed ionic and electronic conductor
(MIEC) used as a thin film electrode. The electron source is the neg-
ative Pt stripe, while two electron sinks are present: Either electrons
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flow to the positive Pt stripe electrode or they are consumed in the
oxygen incorporation reaction (1/20, + 2e~ — O?") as shown in Fig.
1c. Let us assume that the sum of the oxygen incorporation resistance
into the MIEC and the ion transport across the MIEC are much higher
than the resistance of in-plane electron transport. Then most of the
current flows to the electron sink at the 0 V Pt stripe (g, in-piane); only
very little electronic current is transferred to ionic current at the sur-
face (Iech,acmxs-plane)- If this condition of Ie,in-plane >> lech,across-plane is not
fulfilled, the MIEC layer thickness and the distance between the Pt
stripes may be modified. Both geometrical parameters affect the two
currents in opposite ways: A larger Pt stripe distance, for example,
increases Lochacross-piane DUt decreases I in.piane. Moreover, we assume
that the conductivity of the MIEC is not affected by the local electro-
chemical potential of electrons, but is constant along the entire film.
In such a situation, the resulting electrochemical potential distribution
of electrons in the MIEC can be approximated by a linear voltage
drop in a homogeneous conductor, see sketch of the linearly changing
voltage U in Fig. 1d.

The current due to oxygen incorporation into the MIEC thin film
electrode and subsequent ion transport across the YSZ layer is thus
small compared to the measured current. However, this does not imply
that the corresponding driving force is small as well. Rather, this
driving force can be as large as the entire applied voltage (close to the
negative Pt stripe). It decays linearly toward the positively polarized Pt
stripe and hence a well-defined (but varying) voltage can be attributed
to each position in the MIEC electrode. Provided the electrochemical
resistances of the YSZ electrolyte and the counter electrode are much
smaller than that of oxygen incorporation and transport in the MIEC,
the applied local voltage is nearly equal to the overpotential of the
MIEC electrode at the given position. The electrochemical processes
are also sketched in Fig. 1d: Close to the left Pt stripe much more
oxygen is reduced and transported to the counter electrode than close
to the Pt stripe at O V. This is the novelty of our cell design: an electrode
with laterally varying but still with a well-defined overpotential. In
conventional DC or impedance measurements such a spatially varying
overpotential would strongly complicate the analysis of any measured
current and should be avoided. In a tracer experiment with spatially
resolved detection of tracer profiles, however, this variation allows us
to probe the effect of different overpotentials within one and the same
MIEC thin film and from a single tracer incorporation experiment.
Close to the left Pt stripe and thus for high cathodic driving force the
tracer incorporation is strongly affected by the voltage while close to
the other Pt stripe mainly thermally driven oxygen tracer exchange
takes place.

Applicability of the method to LSM.—The prerequisite for
straightforward application of the method to our LSM thin films is
the need for a much larger electronic in-plane current compared to the
across-plane ionic current due to oxygen reduction at the LSM sur-
face. In our specific case this was confirmed by pursuing the following
experiments. First, the electronic conductivity of the LSM films was
measured by the van der Pauw technique. The resulting temperature
dependent conductivities are shown in Fig. 2a. Obviously, the LSMgq
film with small grains exhibits a smaller conductivity than the film
with larger grains. The LSMgq electronic conductivity nearly reaches
the literature value of bulk LSM.?>?* The grain boundaries are be-
lieved to lower the conductivity of LSMgg; a detailed discussion of
this will be given in a forthcoming paper. From these conductivity
values we can predict the expected electronic in-plane current in our
polarization experiments; I, in-piane = 0.59 mA (LSMeoo) and 1, in-piane
= 6.71 mA (LSMg) result from the data in Fig. 2a for our electrode
geometry. The much larger value for the LSMgy film is primarily
due to its larger thickness (t(LSMggpp) = 770 nm and t(LSMggo) =
190 nm). The measured current versus time curves after switching on
the voltage is shown in Figs. 2b and 2c. The sharp decay for short
times can be assigned to capacitive charging. The steady state currents
(Ie,in-plane =130 mA (LSMGOO) and Ie,in»plane = 6.07 mA (LSM8OO)) are
in good agreement with the predicted currents and indicate that in our
experiment, the current is indeed largely the in-plane electron current

between the two Pt stripes. The very small increase in the current on
a longer time scale, visible for the LSMgy, sample with larger grains,
possibly reflects the change of the (small) electrochemical part of
the current, i.€. Loc across-piane> due to stoichiometry polarization of the
LSM film.

For the given electrode geometry the electrochemical polarization
resistance of LSM due to oxygen reduction cannot be measured electri-
cally. Hence, an estimate of this polarization resistance was obtained
from experiments with LSMgyy microelectrodes on YSZ measured
against a porous Pt counter electrode. Figs. 2d and 2e display cur-
rent versus time curves of such electrodes for different temperatures
and voltage values. The interpretation of the detailed time depen-
dence is beyond the scope of this paper. Essential for our discussion is
the steady state current found after some time, indicating resistances
larger than 1.5 - 10° Q- cm? at 608°C even for the highest polarization
of —450 mV. This can be transferred to an upper estimate of the ionic
across-plane current in our tracer exchange experiments. For the val-
ues in Fig. 2e (—450 mV) we get Lech across-plane = 7 NA and thus a value
that is much smaller than I ... Hence, our prerequisite assumption,
in terms of predominant electron current between the Pt stripes, is
fulfilled.

Still, we have to be aware of the fact that parts of the LSM film are
at a low oxygen chemical potential due to the applied cathodic voltage.
Hence, also the lateral homogeneity of the electronic current should
be checked. According to existing defect chemical models of LSM,
the voltage or partial pressure range considered here should only lead
to minor changes in the electronic charge carrier concentration and
thus a significant drop of the electronic conductivity along the LSM
film is not expected.?’

Measured tracer profiles.—Isotope depth profiles were measured
at different positions of the LSM film after exposure to a bias voltage
in an '30, tracer atmosphere. Different distances from the negatively
polarized Pt stripe can be assigned to different local overpotentials.
The optical microscopy images of the LSM films with the SIMS
sputter craters are shown in Figs. 3a and 3d, together with local over-
potentials calculated from the model assumption of a linear voltage
decay between the electrodes. The corresponding tracer depth profiles
at different locations of the LSM films are shown in Figs. 3b and 3e
on a linear scale and in Figs. 3¢ and 3f on a logarithmic scale.

The SIMS measurements close to the zero volt stripe electrode
lead to tracer profiles that consist of two parts, a steep '*O decrease
close to the surface followed by a shallow '*O decay (Figs. 3b, 3c
at —0.033 V). In accordance with Refs. 14,19 this indicates two par-
allel diffusion processes: The first profile part is dominated by dif-
fusion via the bulk of the LSM grains, while the second part comes
from diffusion along grain boundaries and continuous tracer “leakage”
from the grain boundaries into the grains. Essentially, this is similar
to a situation known as Harrison’s Type B regime.>* When mov-
ing closer to the negative Pt stripe, the tracer depth profiles change
their shape. In particular for LSMgq, the tracer fraction decrease
near to the surface is followed by an increased isotope concentra-
tion at deeper depths (Figs. 3b and 3c at voltages larger than about
200 mV). A maximum is reached at some depth and the tracer frac-
tion again decreases toward the LSM/YSZ interface. Similar appar-
ent uphill diffusion profiles were already reported in our previous
study on LSM microelectrodes.!® They result from a combination of
fast oxygen diffusion along grain boundaries and depth dependent
bias activated “leakage” into the bulk, see the detailed discussion
below. It should be emphasized that only the given electrode geom-
etry with well-defined lateral variation of the overpotential enabled
us to collect this large amount of information from a single tracer
experiment.

Measurements on the thicker LSMg thin film with larger grains
also show a dependence of the shape of the diffusion profile on the
driving force, but with a reduced apparent uphill diffusion and then
only found for the highest polarization values and only very close to
the surface. The modified shapes compared to the non-biased situation
can again be explained by considering the combination of fast grain
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Figure 2. a) Plot showing the electronic in-plane conductivity of LSM thin films with different microstructures deposited at 600°C and 800°C. The in-plane
current over time was measured during polarization experiments in 180, atmosphere on LSMggg (600°C, —500 mV) (b) and on LSMggp: (640°C, —600 mV) (c)).
Across-plane current measurements on LSMgoo (d) and LSMg (e) microelectrodes at different temperatures and voltages.

boundary diffusion and stoichiometry polarization of the bulk; see be-
low. The larger grains obviously reduce the impact of grain boundary
diffusion on the inbound flux of 'O and moreover, a higher fraction of
the driving force drops at the LSM surface due to surface degradation
(keeping in mind that the LSMgq sample was post-annealed). This
results in a less pronounced stoichiometry polarization of the grain
bulk.

Interpretation of the measured tracer profiles.—In order to an-
alyze the bias modified profiles, including the uphill-type isotope
profiles in LSMg, the effect of bias voltage on oxygen incorporation
and diffusion in LSM has to be discussed in more detail. Firstly, two
parallel diffusion pathways exist for oxygen ions in columnar LSM:
oxygen diffusion through the LSM grain and diffusion along the grain

boundaries. It was already shown in Refs. 13,14,19 that grain bound-
aries exhibit tracer diffusion coefficients that are several orders of
magnitude larger than in the bulk. Still, for the diffusion times em-
ployed here, the concentration of tracer ions decays strongly along
a grain boundary, i.e. from the surface to the LSM/YSZ interface,
see width of the blue arrows in Fig. 4a. Secondly, application of a
voltage to LSM/YSZ causes stoichiometry polarization of the LSM
layer since the YSZ substrate is electronically blocking. This leads to
a depth-dependent chemical potential |Lo which drastically changes
the oxygen vacancy concentration as shown in Fig. 4a. Hence, the
concentration of oxygen vacancies in the bulk becomes much higher
close to the LSM/YSZ interface than at the LSM surface and the
tracer diffusion coefficient in the LSM bulk is modified accordingly:
tracer diffusion in LSM grains is rather slow close to the surface but
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Figure 3. The overpotential related oxygen isotope depth profiles were measured at different positions which refers to different local biases (a and d). The
obtained SIMS isotope depth profiles on LSMgoo (b) have pronounced uphill diffusion shape at higher overpotentials. In the logarithmic plot the change of the
second diffusion part is well visible: close to the O V Pt stripe (—0.033 V) the diffusion profile looks like that known from columnar LSM thin films, while SIMS
measurements close to the negative Pt stripe have well pronounced uphill diffusion profile shape. The uphill diffusion part becomes less pronounced in LSMggg

(e and f) due to the wider grains and different surface properties.

becomes faster toward the LSM/Y SZ interface (shown by red arrows in
Fig. 4a).

The combination of these two aspects can explain the occur-
rence of the “tracer hill” in the center of the sample. As sketched
in Fig. 4b the combination of still reasonably high tracer concentra-
tion in the grain boundary and already substantially increased tracer
diffusion coefficient in the grain leads to the strongest flux (“leak-
age”) of tracer ions from the grain boundary into the grain and thus

180, exchange under
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grain grain
boundary
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Mo in grain ¢y in grain

£(130)
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to the “hill” measured in the tracer profile. Depending on the lo-
cal overpotential of the film, the stoichiometry polarization in the
grain changes and the accelerating effect of the stoichiometry po-
larization in terms of high tracer diffusion coefficient due to high
oxygen vacancy concentration becomes less pronounced for smaller
overpotentials. Therefore, the tracer hill is most pronounced for the
highest overpotential. Please note that the depth profiles obtained by
SIMS always represent an integration over the entire investigated area

>

a) YSZ substrate b)

depth, nm

Figure 4. a) The oxygen chemical potential and vacancy concentration redistribution under applied bias leads a higher oxygen vacancy concentration at the
YSZ/LSM interface. In the fast diffusing grain boundaries, more isotope is available at the surface and less at the interface, which in combination with the oxygen
vacancy redistribution under bias, leads to a maximum concentration in the middle of the LSM layer (b).
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(70 pm x 70 pwm) and thus includes regions with slightly varying
overpotential (ca. 5.6 mV variation within each measurement spot).

Conclusions

This study introduces a novel experimental design to facilitate volt-
age driven tracer exchange experiments on thin film electrodes. The
design allows one to investigate multiple applied overpotentials on
one and the same sample during a single tracer experiment. In com-
parison to microelectrode measurements, this geometry has a number
of advantages: It becomes i) easier to establish the electrical contact,
ii) faster compared to many individual tracer measurements, iii) pos-
sible to analyze the impact of every overpotential value (from 0 V to
Unmax applied) on oxygen diffusion and incorporation. The prerequi-
site of this method is an electrochemical polarization resistance that
is much larger than the in-plane electronic resistance that may be in-
sured by selecting an appropriate film thickness and current collector
distance. This new experimental approach was applied to LSM thin
films with two different microstructures. The isotope diffusion pro-
files under bias, at times show an unusual apparent uphill diffusion
that can be explained by a combination of stoichiometry polarization
and fast grain boundary diffusion in the LSM layer.
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