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ABSTRACT: The oxygen incorporation and evolution reaction on mixed
conducting electrodes of solid oxide fuel or electrolysis cells involves gas molecules
as well as ionic and electronic point defects in the electrode. The defect
concentrations depend on the gas phase and can be modified by the overpotential.
These interrelationships make a mechanistic analysis of partial pressure-dependent

current—voltage experiments challenging. In this contribution it is described how to

exploit this complex situation to unravel the kinetic roles of surface adsorbates and electrode point defects. Essential is a
counterbalancing of oxygen partial pressure and dc electrode polarization such that the point defect concentrations in the
electrode remain constant despite varying the oxygen partial pressure. It is exemplarily shown for La, ¢St 4FeO;_s (LSF) thin film
electrodes on yttria-stabilized zirconia how mechanistically relevant reaction orders can be obtained from current—voltage curves,
measured in a three-electrode setup. This analysis strongly suggests electron holes as the limiting defect species for the oxygen
evolution on LSF and reveals the dependence of the oxygen incorporation rate on the oxygen vacancy concentration. A virtual
independence of the reaction rate from the oxygen partial pressure was empirically found for moderate oxygen pressures. This
effect, however, arises from a counterbalancing of defect and adsorbate concentration changes.

B INTRODUCTION

In the search for high-performance electrode materials in solid
oxide fuel cells (SOFCs) and solid oxide electrolysis cells
(SOECs), perovskite—tyope oxides are among the most
promising candidates,'"" and many different compositions,
for examlple, (La,Sr)MnO,_s (LSM),"' "* (La,Sr)(Co,Fe)O;_s
(LSCF), >~ and (Ba,Sr)(Co,Fe)O,_s (BSCF),"*~* are being
studied. The key property for the electrochemical performance
of SOFC cathodes or SOEC anodes is the kinetics of the
oxygen exchange reaction at the electrode surface. Under-
standing the factors that limit the oxygen reduction or
evolution is therefore essential for improvement of the
SOFC/SOEC electrode performance and the development of
new electrode materials. Studying reaction rates of oxygen
exchange and their dependence on the atmospheric oxygen
pressure and electrode polarization can give valuable insights
into the fundamental processes and the key parameters
governing this reaction and thus help in determining the rate-
limiting reaction step.46_52 Thus far, experimental evidence was
found that oxygen vacancies can play an important role in the
rate-limiting step of the oxygen reduction.” For example, from
investigations of Ba,Sr,_,Co,Fe;_,O;_; it was concluded that
the oxygen vacancy concentration and mobility are rate limiting
for the oxygen reduction.’* Also, DFT calculations for
La,Sr;_,MnO;_; suggest oxygen vacancy mobility and concen-
tration as limiting factors.

Frequently, experimental studies aiming at mechanistic
information are performed on thin film electrodes, as those
strongly reduce limiting effects of gas or solid-state diffusion
and can be manufactured in a well-defined geometry. Variation
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of oxygen partial pressure is then often employed in
combination with impedance sspectroscopy or conductivity
relaxation measurements.'”******>> There are also several
studies discussin§ the effects of electrode polarization on the
impedance.'”'>* Studies of the dc current voltage character-
istics, however, are rather scarce on thin mixed ionic electronic
conducting (MIEC) thin films, since determination of the true
electrode overpotential (voltage loss at the working electrode)
is often difficult in solid-state ionics.*"***” Two experimental
approaches exist: Manufacturing sufficiently small working
electrodes (microelectrodes) in order to ensure that the
polarization resistance of the counter electrode is much smaller
than that of the working electrode and can therefore be
neglected.'”*>*> However, in previous experiments we found
that the resistance of Lay4Sry,FeO;_; (LSF) thin films can
irreversibly increase by a factor of 10—100 during the
photolithographic microstructuring step. Alternatively, a
reference electrode might be employed in a three-electrode
setup, but in such three-electrode experiments much care is
required to avoid measurement artifacts.”*%>

In principle, studies varying the oxygen partial pressure as
well as the electrode overpotential are highly attractive when
aiming at mechanistic conclusions, e.g,, at the rate-limiting step
or the involved ionic and electronic defects, see sketch in Figure
1 (top). However, it is essential for data analysis and
interpretation that both measurement parameters influence
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Figure 1. (Top) Sketch of the oxygen reduction reaction on LSF. Gas-
phase oxygen (O,) forms oxide ions (O*") by filling oxygen vacancies
(VE). Whether electrons are supplied from the valence band (thus
forming electron holes (h®)) or the conduction band (defect electrons
(¢”)) is not known. (Bottom) Changing the oxygen partial pressure
po, modifies the defect concentrations in the electrode. By

counterbalancing these pg -induced changes with a different over-

potential 7, the oxygen partial pressure can be varied while keeping
defect concentrations constant.

the reaction rates in multiple ways. First, the oxygen partial
pressure affects the adsorbate species and, via the oxygen
chemical potential in the electrode, the defect concentrations.
Second, the electrode polarization does not simply translate to
an electrostatic driving force at the decisive interface, as in the
Butler—Volmer model of aqueous electrochemistry, but instead
acts primarily upon the oxygen chemical potential in the
electrode and thus on the defect concentrations.”>* "%
Furthermore, oxygen partial pressure as well as overpotential
may also affect the surface potential step. Hence, both
experimentally accessible measurement parameters modify the
reaction rates in multiple ways, and this convolution of several
effects complicates the interpretation of oxygen partial pressure-
dependent current voltage curves. This is also discussed by
Chueh et al,, who approached the problem by simulating the
reaction rates for different reaction mechanisms and comparing
the partial derivatives with respect to oxygen partial pressure
and overpotential.**

In this work, we introduce a simple but broadly applicable
approach for analyzing and interpreting partial pressure-
dependent current voltage data of the oxygen exchange
reaction on a mixed conducting thin film electrode. The
analysis is based on the rate equation model suggested in ref 65.
By properly combining overpotential and oxygen partial
pressure changes, reaction rates can be studied for fixed defect
chemistry in the electrode, despite varying oxygen partial
pressure, see Figure 1 (bottom). This procedure gives access to
the true reaction orders of the oxygen release and incorporation
reactions with respect to the relevant adsorbate species
(determined by the gas phase) and the defect species in the
solid phase. The novel approach is exemplified for LSF thin film
electrodes on an yttria-stabilized zirconia electrolyte and reveals
important mechanistic information on the decisive defect
species for oxygen evolution and oxygen incorporation.

B EXPERIMENTAL SECTION

Double-side-polished yttria-stabilized zirconia (100) single crystals
(Crystec) (5 x 5 X 1 mm®) were used as electrolyte substrates. A
reference electrode was produced by brushing a LSF/Pt-paste mixture
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into a notch around the circumference of the substrate and sintering in
air for 2 h at 850 °C. Platinum current collector grids of 30/5 pm
mesh/strip width and 100 nm thickness were prepared on both sides
of the substrates by lift-off lithography and magnetron sputter
deposition (BAL-TEC MED 020) to ensure complete and
homogeneous electrode polarization. Dense Lay Sty FeO;_s (LSF)
thin film working electrodes were fabricated by pulsed laser deposition
(PLD) on top of these current collectors. A cross-section scanning
electron microscope (SEM) image of such an LSF film is shown in the
Supporting Information (Figure S2). The PLD target was made from
LSF powder (Sigma-Aldrich) by cold isostatic pressing (150 MPa) and
sintering in air (12 h, 1200 °C). Ablation was done at 600 °C substrate
temperature and 0.04 mbar oxygen (Alphagaz, 99.995%) using a KrF
excimer laser (Complex Pro 201F, 248 nm) with laser pulses of 400
mJ at 5 Hz. The target to substrate distance was 6 cm. Porous
Lag 651y 4Co0;_5 (LSC) counter electrodes were made by PLD (400
mJ, S Hz, 6 cm) at 450 °C and 0.4 mbar oxygen. A sketch of the
resulting three-electrode samples is shown in the Supporting
Information (Figure S1).

Working and counter electrodes were contacted by clamping the
sample between two platinum sheets; the reference electrode was
contacted with platinum thread around the sample circumference.
Direct current measurements were performed at 600 °C in different
oxygen/nitrogen mixtures (from 2.5 X 107" to 1 bar oxygen) using a
Novocontrol PotGal electrochemical test station and a Novocontrol
Alpha frequency analyzer in potentiostat mode. At each oxygen partial
pressure, one cathodic bias sweep (from 0 to —600 to 0 mV) followed
by one anodic bias sweep (from 0 to 600 to 0 mV) was performed in
steps of S0 mV. Additionally, impedance spectra were measured in all
0,/N, mixtures (from 10° to 10~ Hz, 10 mV rms without dc voltage).
The total measurement time was about 30 min per atmosphere.
Within these short time spans degradation of the LSF surface
resistance was very small, in accordance with the almost identical
currents found for the two branches of a bias sweep.

B RESULTS

First, impedance spectra without dc voltage were measured at
oxygen partial pressures between 2.5 X 107* bar and 1 bar
oxygen. The spectra show one dominant low-frequency
semicircle feature and parts of an additional arc in the high-
frequency domain. These impedance spectra were fitted to an
equivalent circuit consisting of a parallel R-CPE element in
series with a resistance Rgg.. The constant phase element
(CPE) was used to model an imperfect capacitor.”® The
measured spectra and the corresponding fit results are shown in
the Supporting Information (Table S1 and Figure S3). Earlier
studies revealed that the main arc of such spectra reflects the
oxygen exchange resistance at the electrode surface and that the
across plane oxygen transport resistance in these or similar
mixed conducting thin film electrodes is negligible.'®*%*>*
Moreover, the electrode area above the Pt current collector grid
was shown to be inactive for oxygen exchange.”> The values
obtained for resistances and capacitances were thus normalized
to the active area (approximately 73% of the total LSF area),
yielding an oxygen exchange resistance of 13 Q cm® and a
capacitance of 3.3 mF cm™ at 600 °C in 210 mbar oxygen.
These values are comparable to data for oxygen surface
exchange and chemical capacitance of similar LSF films
reported in the literature.”> The resistive high-frequency offset,
Rofeery 0f 60—70 Q is attributed to the ionic resistance of the
electrolyte and minor contributions from the wiring, i.e., the
sum of all voltage losses not caused by the surface exchange
reaction.

The resistance Rpg i used to calculate the electrode
overpotential # according to
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(1)

where Upc is the measured voltage between the working and
the reference electrode and I is the measured current through
the working and counter electrode. This overpotential acts as
the driving force for the net oxygen incorporation or oxygen
evolution at the LSF surface. After this first impedance
characterization the partial pressure-dependent dc polarization
sweeps were performed.

Figure 2 shows a 3D plot of the entire experimental data set,
i.e., the measured net current density j (normalized to the active

N = Upc — Ipc'Roet

Current density (A/m?2)

Figure 2. Measured net current density at 600 °C as a function of
oxygen partial pressure and overpotential. Projections of this data set
to the j—po, plane (i, current vs oxygen partial pressure at fixed
overpotentials) and the j— plane (i.e., current vs overpotential curves
at fixed oxygen partial pressures) are indicated on the vertical sides of
the figure. Bottom shows a projection of the data set to the #—pg,

plane.

electrode area, approximately 73%) as a function of electrode
overpotential and oxygen partial pressures from 0.25 mbar to 1
bar O, for an LSF thin film electrode at 600 °C. Projections of
this data set to the j—# plane for selected oxygen partial
pressures (i.e., current density vs overpotential curves) are
displayed in Figure 3. The highest overpotential values could be
experimentally achieved in the cathodic regime and at low
oxygen partial pressure due to the high working electrode
resistance and thus small relative electrolyte losses. At high
oxygen partial pressure and in the anodic regime the working
electrode resistance becomes low and thus the relative voltage
drop in the electrolyte increases, leading to a smaller attainable
overpotential range. A first obvious result is the absence of any
strong po, dependence of the j—# curves for oxygen partial

pressures above 25 mbar, see Figure 3, right.
From the measured current density vs overpotential and
oxygen partial pressure data, projections to the j—pg, plane, i.e.,

current density vs oxygen partial pressure curves at constant
overpotentials, are accessible. However, since during these
experiments only the dc voltage between the working and the
reference electrode Up is controlled, the specific electrode
overpotentials # differ for different oxygen partial pressures
despite the same nominal dc voltage. Hence, these curves were
obtained by linear interpolation of the current density vs
overpotential curves between the two closest measured data
points. This point by point interpolation was necessary since
simple analytical functions such as exponentials cannot describe
the experimental data sufficiently. The resulting plots are shown
in Figure 4. Separating these data into high oxygen partial
pressure (>10 mbar) and low oxygen partial pressure (<10
mbar) and into cathodic and anodic polarization yielded four
different regimes.

Under anodic polarization and at high oxygen partial
pressures, the oxygen evolution exhibits only little oxygen
partial pressure dependence. For the highest oxygen partial
pressures (0.5—1 bar) the oxygen evolution rate shows even a
slightly negative trend versus the oxygen partial pressure. At
first glance, this part of the curve seems easy to understand,
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Figure 4. Current versus oxygen partial pressure for different anodic
(top) and cathodic (bottom) overpotentials. Data were obtained from
the measurement results shown in Figure 3 by linear interpolation
between the two nearest data points.

assuming oxygen in the gas either being irrelevant for oxygen
evolution or even hindering it. However, below 10 mbar oxygen
the oxygen release rate quite surprisingly decreases with
decreasing oxygen partial pressure. Here, the empirical reaction
order with respect to pg_ is in the range of 0.5—1, see Figure 4

(top), meaning that a higher product concentration, pg,
enhances the reaction rate of oxygen evolution.

Under cathodic polarization and at oxygen partial pressures
below 10 mbar, the oxygen incorporation rates distinctly
increase with increasing po, see Figure 4 (bottom). This rate-
enhancing effect of oxygen seems intuitively understandable,
and simple models of pg -dependent adsorbate concentrations

suggest a slope of either 1 for molecular oxygen involved in the
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rate-limiting step or 0.5 for atomic oxygen. However, here the
empirical reaction order is close to 0.9. Moreover, above 10
mbar the reaction order with respect to gaseous oxygen
surprisingly decreases to almost zero and even gets slightly
negative above 0.2 bar.

Altogether it is obvious that empirical j—po, curves can be

very nontrivial, and a straightforward interpretation is not
possible. The same is true for the j—# data in Figure 3, where a
simple Tafel analysis (linear lines in the log(j) vs # plots) fails
for many curves. This is due to the nontrivial and largely
nonelectrostatic effects of the overpotential as discussed in the
following.[w’é5

Bl DATA ANALYSIS AND DISCUSSION
Rate Equation and General Approach. In an empirical
analysis of the j—# and j—po, curves in Figures 3 and 4, one

might assume that the anodic oxygen evolution current density
j. and the cathodic oxygen reduction current density j. can be
split into constant prefactors jo, j0 and voltage and partial
pressure-dependent factors

c,emp

i = —iof. (n)po; @)
j, = +iof, (n)pos= (3)
The total current density is j = jc + jo. Vyemp a0d Vg ey are the

empirical reaction orders with respect to gaseous oxygen; f, and
f. are functions of the overpotential #. For sufficiently anodic
polarization, j, > j. is valid, and the anodic reaction order v, oy,
can be extracted from the anodic branch of the j—pq, plots in

Figure 4. In the same way, V .y, can be extracted from the
cathodic branch. However, as already discussed above, the
gaseous oxygen affects both the adsorbate species and the
defect concentrations in the electrode. Thus, there is no simple
mechanistic meaning behind the empirical reaction orders.

In the following, a different approach is therefore introduced,
which does not rely on the experimental parameters po, and 7

but instead considers the truly reacting local species (surface
adsorbates and point defects in the solid electrode) and the
local electrostatics at the decisive gas/solid interface (surface
potential). A rate equation was suggested in ref 65 to
deconvolute the effects of adsorbates and defects. An alternative
approach was described by Chueh et al. and specified for
different reaction mechanisms.”® In the Supplementary
Information, a specific rate equation is deduced for an
exemplary reaction mechanism of electrochemical oxygen
surface exchange. When generalizing this deviation for other

possible mechanisms we get
EXP( )

In eq 4 cp, is the relevant defect species concentration and
Up,. is the respective reaction order. If more than one defect has
to be considered this factor has to be replaced by a product

—Pey,
kT

—peldy
kT

P .0 Upe, Yo
jo = . cp,cpoy”" exp

12 12 . . .
such as CD?‘CDZZ. U, is the true reaction order with respect to
the oxygen partial pressure, po. In contrast to the empirical

reaction order in eqs 2 and 3, this “true” oxygen reaction order
only involves the effect of gas-phase oxygen via oxygen
adsorbates but not effects via po -dependent defect concen-

trations in the electrode. The symbols y, and Ay represent the
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surface potential step in equilibrium and its change under
current, respectively; Ay might largely come from changes of
charged adsorbates under current.”” 8 is a factor that depends
on the reaction mechanism. The prefactor j0 may depend on
the concentration of catalytically active sites, if those are not the
defects already considered by cp. Symbols k, T, and e denote
Boltzmann constant, temperature, and elementary charge. In
the same way, the oxygen evolution current density can be
described by an equation however with usually different
relevant defect species and reaction orders.

The experimental parameter # acts on the defect
concentrations ¢y but may also affect the surface potential
(Yo Ax).* The experimentally given oxygen partial pressure
affects the adsorbate concentration and the oxygen chemical
potential in the solid phase and thus the defect concentrations.
Furthermore, po, may influence the surface potential via

charged adsorbates. In the following, we simplify this very
complex situation by assuming that, at least for low oxygen
partial pressures, the surface potential step does not change
much with voltage and po . XPS studies on LSF support this

assumption.”’ Thus, Po, mainly affects rates by adsorbate

concentrations and the electrode defect chemistry, while the
overpotential acts mainly by changing the defect concen-
trations. We thus get a simplified relation from eq 4, with
prefactor j'° that includes the constant y and Ay terms
. 20 Up, v,
Jo = 7] pPo, (5)
Since the defect concentration depends on the oxygen
chemical potential in the electrode yo we may express ¢y by
the relation f'.(1o) and thus get
; 20 v
o= S oded, (6)
This equation explicitly expresses that the cathodic current
density is determined by gas adsorbates (via psl’) and by the
2

defect chemistry (via f'.(4o)) in contrast to the mechanistically
much less insightful eq 2.

On the basis of this model we can now approach a
mechanistic interpretation of our experimental data, ie, the
current density as a function of oxygen partial pressure and
overpotential. The main advantage of this analysis relies on the
fact that the defect concentrations can be tuned independently
by either oxygen partial pressure or overpotential. More
specifically, the defect concentrations are determined by the
chemical potential of oxygen in the electrode o, which

depends on the experimental parameters po and # according
23,67
to™”

= 2en + k—TIn &
Ho 1 2 1bar 7

Here the oxygen chemical potential is referenced to 1 bar
oxygen (4o = 0 for 1 bar and 7 = 0 V). Hence, a certain defect
chemical state can be established by different combinations of
oxygen partial pressure and overpotential. By an appropriate
choice of 7 we can thus counterbalance any po, change such
that the oxygen chemical potential and thus the defect
concentrations remain fixed.

In order to exploit the advantages of eq 6, we first have to
transform our data set from j(1,po,) to j(o,po,) by using the

relation in eq 7. Then a two-step analysis follows. First, we
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analyze the j—po dependency at fixed oxygen chemical

potential and extract the true reaction order with respect to
oxygen partial pressure. This true reaction order only involves
the effect of adsorbed oxygen species and does not include any
effect of defect concentrations. In terms of eqs 5 and 6 we fix
Mo, and thereby cp, and thus get v,,. Second, from the j—pq
curves at fixed oxygen partial pressures we can extract the
dependencies on the oxygen chemical potential (and thus on
the defect chemistry) in the electrode, ie., f'.(o) in eq 6. By
comparing these dependencies to the Brouwer diagram of the
electrode material (defect concentrations vs oxygen chemical
potential), we can get information on the relevant defect
species. In the following, this approach is exemplified for the
experimental LSF data shown above.

B ANALYSIS OF LSF CURRENT—VOLTAGE CURVES

Recalculation of the Data Set. From the experiments,
current density vs overpotential curves for different oxygen
partial pressures were obtained. This j(7,po,) data set was

converted to current density vs oxygen chemical potential data,
j(Hopo,) by eq 7. This is essentially a shift of the current

density vs overpotential curves (Figure 3) by the Nernst voltage
term in eq 7. Figure S displays selected current density vs
oxygen chemical potential curves for the anodic and cathodic
branch. The shape of these curves corresponds to the f' (i)
term in eq 6 and its anodic counterpart f’,(s0).

From this recalculated data set, the current density vs oxygen
partial pressure characteristics at constant oxygen chemical
potentials were extracted in the same manner as described
above for the j—# curves, i.e., by linear interpolation between
the two closest data points. From the resulting plots we can get
the partial pressure dependency, ie, the pyr factor in eq 6.

Several current density vs po, curves are shown in Figure 6. The

number of data points on these curves strongly differs for
different oxygen chemical potentials. This is simply due to the
fact that some oxygen chemical potentials were only accessible
in a limited po, range in the experiment. For example, in the

anodic regime high oxygen chemical potentials were only
reached at high po. For low oxygen partial pressures, the

overpotentials in the experiment were not sufficiently high to
induce large shifts toward a high oxygen chemical potential. In
the cathodic regime, on the other hand, the slightly negative
oxygen chemical potential range with respect to the reference
state at 1 bar was only accessible for high oxygen partial
pressures. The resulting data set can again be divided into a
high po, regime and a low po, regime for both anodic and

cathodic branches. These are discussed below, based on the
following defect chemical model for bulk LSF.

Defect Model of Bulk LSF. A quantitative bulk defect
model of LSF is described in refs 68 and 69. The main defect
species in this model are oxygen vacancies V¢, electrons Feg,,
and electron holes Fep,. The reaction enthalpies and entropies
for electron/hole pair formation (2Fef, = Fep, + Feg,) and
oxygen incorporation reaction (V& + 1/20, + 2Fef, =

S+2Fef,) were determined via thermogravimetry and
coulometric titration, see Table 1.** From these data, the
defect concentrations can be calculated, and Figure 7 shows the
corresponding Brouwer diagram for LSF at 600 °C.

Mechanistic Analysis of Anodic Oxygen Evolution. For
low oxygen partial pressures and anodic polarization, the
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current density vs oxygen chemical potential curves approx-
imately coincide, see Figure S (top), i.e., the true reaction order
with respect to gaseous oxygen 1F is almost zero, see Figure 6
(top). Thus, the surprisingly positive empirical reaction order
mentioned above, see Figures 3 and 4, suggesting an
acceleration of the oxygen evolution reaction by gas molecules,
is only an indirect effect due to the dependence of defect
concentrations on po . Therefore, this phenomenon vanishes
when keeping the defect chemistry (i) constant. As a first
result of our analysis we can thus conclude that for low oxygen
partial pressures the true reaction order of gas molecules is
close to zero.

The dependency of the current density on the oxygen
chemical potential at fixed po, (Figure S), on the other hand,
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Table 1. Thermodynamic Defect Data of LSF**

AH (k] mol™) AS(J mol™ K)
oxygen incorporation —95.62 —54.27
electron/hole formation 95.75 —21.63

reflects f',(4o) and thus the dependency on the defect
concentrations, ie., ¢ in eq S. These curves can be compared
with the known relation between bulk defect concentrations
and the oxygen chemical potential calculated from bulk data,””
see the Brouwer diagram in Figure 7. Only electron holes
exhibit a similar shape as the current density vs oxygen chemical
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Figure 7. Brouwer diagram of LSF at 600 °C, calculated from
literature data on bulk LSF.*®

potential curves, suggesting that electron holes are the defect
species determining the oxygen evolution rate.

For a more detailed analysis, we may use the current density
at a given oxygen chemical potential and plot it versus the
electron hole concentration calculated from the defect model
for this oxygen chemical potential. The resulting double-
logarithmic plot shows a clear correlation between electron
holes and the oxygen evolution current density, see Figure 8
(top). The relation does not follow a simple power law and
additionally shows an extremely high slope (roughly 20 on
average), i.e., a very strong dependency of the oxygen evolution
current density on the hole concentration. However, we have to
keep in mind that the calculated bulk defect concentrations can
severely differ from the local defect concentration at the surface.
Simulations of the related perovskite material LaCoO; revealed
a lower formation energy of oxygen vacancies at the surface,
resulting in a more reduced state of the surface and thus less
electron holes compared with the bulk.”’

Owing to the lack of experimental data on the exact defect
chemical state of our LSF surfaces, we tried to consider the
effect of such a reduced surface by simply shifting the bulk
Brouwer diagram toward higher oxygen chemical potentials.
We then used the shifted Brouwer diagrams to calculate the
defect concentrations for the respective oxygen chemical
potentials. For a ug shift of 160 meV, ie, a shift on the
oxygen partial pressure axis by a factor of 70, the resulting
oxygen evolution current density versus electron hole
concentration plot (Figure 8, bottom) shows a linear
correlation between the electron hole concentration and the
oxygen evolution rate in the double-logarithmic plot. Thus, a
simple power law relation exists, and a fit revealed an exponent
of 6.7. Owing to the given assumptions and uncertainties, we
do not dare to interpret the exact value of 6.7 mechanistically,
but such a high value strongly suggests involvement of multiple
electron holes in the mechanism of oxygen evolution. However,
these electron holes do not necessarily enter the rate-
determining step as reacting species but may also be included
in preceding equilibrium steps.
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Figure 8. Oxygen evolution current density vs electron hole
concentration. (Top) Hole concentrations were calculated based on
the bulk defect model for LSF.*® (Bottom) Hole concentrations were
calculated from a Brouwer diagram shifted to higher oxygen chemical
potential by 160 meV.

In the anodic regime above 10 mbar p, (Figure 6, top), the

current density decreases with higher oxygen partial pressure,
i.e, the true reaction order becomes negative. Since the defect
chemistry is fixed, this effect has to be caused by gas adsorbate
species. Hence, the only weak empirical dependence of the
oxygen evolution rate on oxygen partial pressure (see Figure 4,
top) turns out to be just an incidental counterbalancing
between the true, negative reaction order of po, and an

accelerating effect due to the oxygen partial pressure-dependent
defect concentrations. Possible explanations for this negative
true reaction order are a blockage of catalytically active sites for
oxygen evolution on the surface by gas adsorbates or a change
in the surface potential step due to higher adsorbate coverages
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(only considered in eq 4). A gas diffusion limitation would still
be reflected by an increase of the current with increasing p .

The defect chemical dependence of the current density, given
by f'.(#o), again suggests an important role of electron holes,
but a more quantitative analysis as for low po, is beyond the

scope of our study.
Mechanistic Analysis of Cathodic Oxygen Reduction.
Under cathodic polarization and low pg , the current vs oxygen

partial pressure plots at constant yo (see Figure 6, bottom)
reveal a clear dependence of the oxygen reduction current on
the oxygen partial pressure, with a true reaction order close to
1. This true reaction order again reflects the pure effects of gas
phase and adsorbate species and does not include any influence
of defect chemistry. A true reaction order of 1 with respect to
molecular oxygen suggests either molecular oxygen adsorbates
of unknown charge being involved in the rate-determining step
or gas diffusion/adsorption as rate-limiting step. The empirical
reaction order of 0.9 found in our first analysis, see Figure 4, is
thus a convolution of the true reaction order of 1 and a slightly
negative indirect effect of po via an impact of po, on defect

concentrations. This negative impact of the oxygen partial
pressure on the defect chemistry already hints at oxygen
vacancies as the relevant defects, since their concentration
decreases with increasing p .

At high oxygen partial pressure and cathodic polarization
(Figure 6, bottom), the true reaction order with respect to
oxygen gas continually decreases and reaches almost zero. This
is again a true gas species/adsorbate effect and not a result of
changes in defect concentrations. It means that more gas
species no longer accelerate the reduction rate via more
adsorbates. The onset of this decrease in reaction order is at
around 10—20 mbar oxygen partial pressure. Interestingly, this
is exactly the pressure range where the oxygen partial pressure
begins to have a negative effect on the anodic reaction rate, see
Figure 6 (top). Moreover, in the same oxygen partial pressure
range the po, dependence of the polarization resistance from

impedance spectroscopy changes its sign, see Figures S3 and $4
in the Supporting Information. A common mechanism behind
these three observations is likely. As already mentioned above,
the saturation of catalytically active sites with oxygen adsorbate
species may be responsible. Another possible reason for the
onset of deviations is a change in the surface potential, due to
higher surface coverage of charged adsorbates for higher oxygen
partial pressure.

The current density vs oxygen chemical potential curves at
constant po reflect the influence of the defect chemistry on

oxygen reduction, see Figure S (bottom). When comparing the
shapes of the current density vs oxygen chemical potential
curves and the defect concentrations in the Brouwer diagram
(see Figure 7), we find a good agreement for oxygen vacancies.
Therefore, we assume that oxygen vacancies are the limiting
defect species for oxygen incorporation. Oxygen vacancies are
also suggested in the literature as the rate-limiting defect species
for oxygen incorporation on related perovskites of the
(La,Sr)MnO;, (La,Sr)(Co,Fe)O;, and (Ba,Sr)(Co,Fe)O; fam-
ies, 145471

The current density as a function of calculated bulk oxygen
vacancy concentration is shown in Figure 9 (top) for oxygen
partial pressures of the entire investigated pressure range. To a
first approximation, these curves exhibit close to linear relations
between oxygen vacancy concentration and oxygen reduction
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Figure 9. Oxygen incorporation current density vs oxygen vacancy
concentration. (Top) Vacancy concentrations were calculated based
on the bulk defect model for LSE.*® (Bottom) Vacancy concentrations
were calculated from a Brouwer diagram shifted to higher oxygen
chemical potential by 160 meV.

current density, indicating a reaction order close to one with
respect to oxygen vacancies. For high concentrations of oxygen
vacancies, however, the current densities deviate from the linear
relationship. As these deviations occur where the overpotential
was highest, a slight surface potential change with bias is a
possible explanation.

Moreover, we again have to emphasize the possible
difference between bulk and surface defect chemistry. In
accordance with the bulk-to-surface difference introduced
above for electron holes and anodic current densities, we
shifted the bulk Brouwer diagram by 160 meV toward higher
oxygen chemical potentials. Then we calculated the oxygen
vacancy concentration of the more reduced surface for each
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experimental oxygen chemical potential, and the resulting plot
is shown in Figure 9 (bottom). The current density vs oxygen
vacancy concentration curves again show an approximate power
law relation but with a higher exponent in the range of 2. This
dependence of the defect-related reaction order on the shift due
to a more reduced surface shows that a final elucidation of the
mechanism is problematic without a detailed knowledge of the
surface defect concentrations. Still, to the best of our
knowledge, the plot in Figure 9 gives the first semiquantitative
relation between the oxygen reduction rate and the oxygen
vacancy concentration determined for one and the same
material. Thus far, similar plots (e.g, surface exchange
coefficient vs vacancy concentration) were published only for
different materials or doping levels.”*”!

We may also consider the consistency of the main qualitative
and semiquantitative conclusions drawn so far and thus can
speculate about the reaction mechanism. First, it is consistent
that all of the deduced reaction orders are comparatively high:
for oxygen vacancies involved in oxygen reduction it is possibly
two, for molecular oxygen in the gas phase it is one, and for
electron holes during oxygen evolution it is very large; a value
of more than six is found, which means that it is probably at
least in the range of three to four or even larger. Finally, all
reaction orders have to be in agreement with the thermody-
namic mass action law, given by

[O5] [Fer)*
[VET [Fer)'po,

(8)

We can conclude that the measured reaction orders are
indeed in acceptable agreement with this equation, which
supports the consistency of our analysis. Please note: High
reaction orders do not mean that many particles or defect
species have to be involved in the rate-determining step. Rather,
also species in fast preceding steps enter the rate equation. The
reaction orders of gas (1) and oxygen vacancies (possibly 2)
would be in accordance with incorporation of an adsorbed
oxygen molecule into two neighboring vacancies as the rate-
limiting step (probably accompanied by further reduction).
However, only further studies may reveal the validity of this
hypothesis.

Altogether, this example demonstrates that the analysis of
measured j(#7,po,) data in terms of j(so,po,) allows important

mechanistic conclusions. In our specific case of LSF electrodes,
most effects can be explained by changes in either adsorbate or
defect concentrations when varying overpotential and oxygen
partial pressure. Accordingly, the measured nonlinearity of
current density vs overpotential curves is largely the result of
voltage-induced defect concentration changes. This is in strong
contrast to a charge transfer-limited kinetics at aqueous/metal
interfaces described by Butler—Volmer’s equation. There
electrostatic potential changes rather than concentration
changes cause the nonlinearity of the often exponential
current—voltage curve. Accordingly, analysis of solid-state
electrochemical measurements cannot simply rely on estab-
lished concepts from aqueous electrochemistry but has to
implement novel analysis tools. The concept introduced in this
paper may serve as the basis for future data analysis of similar
experiments. It is applicable not only to other mixed
conducting electrodes but also for investigating other electro-
chemical reactions such as water splitting or CO, reduction.
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B CONCLUSION

A simple empirical analysis of po, and overpotential-dependent

oxygen exchange currents in terms of reaction orders may be
highly misleading in mechanistic discussions. Current—over-
potential curves of dense LSF thin films, for example, yield
surprising results, such as an apparent reaction order of zero
with respect to the oxygen partial pressure for oxygen reduction
in high po or acceleration of oxygen evolution by increasing

Po, For the analysis and mechanistic interpretation of such or

similar experiments we propose a novel approach. In a first
step, the oxygen chemical potential in the electrode is kept
constant while analyzing the effect of the oxygen partial
pressure on the oxygen evolution or incorporation current. A
second step considers the dependence of these currents on the
defect chemical state, defined by the oxygen chemical potential.
The defect chemical state is varied by the overpotential at
constant oxygen partial pressure. In this manner, the effects of
the experimental parameters oxygen partial pressure and
electrode overpotential can be deconvoluted, and the true
dependencies of the oxygen reduction and evolution currents
on the concentration of gas phase or adsorbate species and on
the point defect concentrations can be obtained.

This way of analysis can become a powerful tool when
aiming at a better mechanistic understanding of oxygen
exchange reactions, as exemplified for LSF. For the oxygen
evolution on LSF we found strong indication for a limitation by
the electron hole concentration. Oxygen gas species or
adsorbates had no effect at low po and even slowed the

oxygen evolution reaction at higher oxygen pressures. For
oxygen incorporation, a linear dependence of the oxygen
reduction current on pg via gas adsorbates was found for pg,

up to 10 mbar. This indicates that a molecular oxygen species is
involved in the rate-determining step. Additionally, a clear
correlation between oxygen vacancy concentration and reaction
rate could be deduced. Such a correlation was already
hypothesized in the literature from measurement on different
materials, but here experimental evidence is given for one and
the same material. This strongly suggests oxygen vacancies as
the rate-limiting defect species for oxygen reduction. Non-
linearities of the current voltage curves seem to be largely the
result of voltage-induced changes in defect concentrations
rather than due to electrostatic effects. To finally clarify the
exact reaction mechanism on LSF a more detailed investigation
of the defect chemistry of the perovskite surface is essential.
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