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Abstract Prasecodymium-Cerium Oxide (PryCe; O, s;
PCO), a potential three way catalyst oxygen storage material
and solid oxide fuel cell (SOFC) cathode, exhibits surpris-
ingly high levels of oxygen nonstoichiometry, even under
oxidizing (e.g. air) conditions, resulting in mixed ionic
electronic conductivity (MIEC). In this study we examine
the redox kinetics of dense PCO thin films using impedance
spectroscopy, for x=0.01, 0.10 and 0.20, over the tempera-
ture range of 550 to 670°C, and the oxygen partial pressure
range of 10* to 1 atm O,. The electrode impedance was
observed to be independent of electrode thickness and in-
versely proportional to electrode area, pointing to surface
exchange rather than bulk diffusion limited kinetics. The
large electrode capacitance (10 2F) was found to be consis-
tent with an expected large electrochemically induced
change in stoichiometry for x=0.1 and x=0.2 PCO. The
PCO films showed surprisingly rapid oxygen exchange
kinetics, comparable to other high performance SOFC cath-
ode materials, from which values for the surface exchange
coefficient, k7, were calculated. This study confirms the
suitability of PCO as a model MIEC cathode material
compatible with both zirconia and ceria based solid oxide
electrolytes.
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1 Introduction

Cerium dioxide (ceria, CeO,) and ceria related materials
have been used extensively in automotive exhaust three
way catalysts (TWCs) [1, 2] and are prime candidates for
the oxygen electrolyte and electrodes in solid oxide fuel
cells (SOFCs) [3]. The latter applications are based on the
high oxygen ion conductivity of ceria upon doping with
acceptor ions such as trivalent Gd [4] and Sm [5, 6] as well
as its mixed ionic electronic conduction (MIEC) in reducing
atmospheres [7]. The TWC application derives from the
ability of ceria to store and release oxygen, related to the
existence of the Ce**/Ce®" redox couple in oxidizing (e.g.
NOy) and reducing (e.g. CHy, CO) atmospheres, respec-
tively. The oxygen storage capacity of ceria in TWCs is
normally further enhanced by the addition of Zr [8]. In
addition to fixed valence additives (e.g. Gd®" and Zr*"), it
is also possible to substitute elements that exhibit multiple
valences with changing temperature and oxygen partial
pressure (pO,). One such element, Pr, is particularly inter-
esting given its similar ionic radius to that of Ce, leading to a
wide solid solubility with ceria, and its ready reduction from
Pr** to Pr’* even under oxidizing conditions [7, 9].

The authors and others have reported on the defect and
transport properties of the Pr,Ce;_ 0,5 solid solution system
(PCO) and found it to have an ionic conductivity comparable
to that of Gd doped ceria (GDC) but with a significant elec-
tronic contribution at high pO, due to electron hopping
between adjacent Pr ions [9—12]. Furthermore, high levels of
oxygen nonstoichiometry (& = x/2) are already achieved at
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pOy>1 08 atm, i.e. at pO,’s much above that needed to reach
similar levels of & in un-doped ceria. Given its MIEC character,
together with oxygen deficiency under relatively oxidizing
(e.g. air) conditions, Pr,Ce;(O,_5 serves well as a model
system to examine SOFC cathode [13] and TWC oxygen
storage material [14] properties.

The key figures of merit for performance of SOFC cath-
odes and TWC materials include the rate at which oxygen
exchanges between gas and solid phases, the magnitude of the
oxygen diffusivity through the lattice, and the change in
stoichiometry (8). The main objective of this study is to
examine the first figure of merit: oxygen incorporation reac-
tion rate as a function of Pr concentration, temperature, and
pO,. Well defined and reproducible, dense PCO thin films
with different Pr levels are prepared by pulsed layer deposition
(PLD) and deposited onto yttria-stabilized zirconia (YSZ)
single crystal substrates. In this way, the geometry of the films
could be well defined, thereby allowing for a quantitative
analysis of their electrochemical properties by normalization
of the experimental data with respect to geometry, such as
triple phase boundary length (TPBL), surface area, and film
thickness [15—17]. Electrochemical impedance spectroscopy
(EIS) was used to aid in the deconvolution of bulk and
interfacial processes, resulting in the isolation of the surface
exchange contribution to the electrode impedance for the
present work. The results are examined in relation to the defect
structure and bulk transport properties of PCO.

2 Experimental

Pr,Ce;xO,_; films with x=0.01, 0.1, 0.2 (denoted through-
out the text as PCO100x; i.e. PCO10 is for x=0.1) were
prepared by PLD from oxide targets. The films were depos-
ited onto (001) oriented single crystal YSZ (8 mol% Y,0;
stabilized) substrates (10x10x0.5 mm®; MTI Corporation,
Richmond, CA). 2.5 cm diameter oxide targets were fabri-
cated from PCO powders prepared through a Pechini-based
gel process described briefly below [18]. The following
starting materials were utilized: cerium (III) nitrate hexahy-
drate, 99.99% (Sigma Aldrich), praseodymium (III) nitrate
hydrate, 99.9%, ethylene glycol (Alfa Aesar) and anhydrous
citric acid (Fisher Scientific). Citric acid and ethylene glycol
were mixed with aqueous solutions of Ce(NOs); and Pr
(NO3); at 80°C until polyesterification resulted in the forma-
tion of a gel. After drying in an oven at 110°C, the as-obtained
powder was fired at 450°C for 4 hours and then at 700°C for 3
hours in flowing air. The PCO powders were examined by X-
ray diffraction (Rigaku H3R Cu-source Powder Diffractome-
ter) and were found to have a single phase fluorite structure.
Dense PLD targets were then prepared by isostatic pressing
PCO powder followed by sintering at >1400°C.

The PLD system (Neocera Inc., Beltsville, ML) was
operated with a KrF excimer laser (Coherent COMPex Pro
205), emitting at 248 nm, at energy of 400 mJ/pulse and
with a repetition rate of 8 Hz. The substrates were heated to
725°C during deposition, while the oxygen pressure was
maintained at 10 mTorr after pumping the background pres-
sure to less than 9x10°® Torr. Following deposition and
prior to cooling, the oxygen pressure in the chamber was
increased to approximately 6—7 Torr to facilitate more
complete oxidation of the films. A stainless steel mask with
holes to produce 1 and 2 mm diameter and 4 mm x4 mm and
9 mmXx9 mm square films was used to fabricate PLD films
with different surface areas.

Figure 1 is a photograph of an approximately 9 mmx9 mm
PCO film prepared by PLD. Its reddish color is a consequence
of a photon induced transition of electrons from the ceria
valence band to Pr*" levels lying within the ceria band gap
[19].

Film structure characterization was performed using x-ray
diffraction (XRD; X’Pert PRO MPD, PANalytical). Approx-
imate grain size and surface roughness were measured by
atomic force microscopy (Digital Instruments Nanoscope
[IIa), while film thickness, ranging between 100 and
500 nm, was determined by taking the height difference with
a surface profilometer (KLA-Tencor P-16+ stylus profiler)
between masked and unmasked areas.

Two different sample geometries were prepared for EIS
measurements: a symmetrical structure with identically
sized (9x9 mm?) PCO electrodes on both sides of the
YSZ electrolyte, and an asymmetrical structure of 1-
10 mm diameter PCO working electrodes with a porous
Ag counter electrode (SPI Silver Paste Plus, SPI Supplies,
Chester, PA, USA) on the opposite side of the YSZ
substrate/electrolyte. In both configurations, Au paste (Fuel
cell materials, Lewis Center, Ohio), serving as a current
collector, was applied to the top surface of the PCO electrode.

Fig. 1 Photograph of a PCO10 film deposited onto a YSZ substrate by
PLD
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The EIS measurements were performed at temperatures be-
tween 550 and 670°C and oxygen partial pressures
between 2x107* and 1 atm controlled by mixing N2
and O2 with the aid of mass flow controllers and
monitored by an in-situ YSZ Nernst type oxygen sensor.
EIS measurements, covering the frequency range from
1 MHz to 0.032 Hz, with AC amplitude of 20 mV,
were performed using an impedance analyzer (Solartron
1260) and fit with equivalent circuits using Zview and
Zplot software (Scribner Associates).

3 Results and discussion
3.1 Film characterization

Figure 2 shows the XRD pattern obtained from 20-w
coupled scans of the YSZ single crystal with (Fig. 2(a))
and without the 10PCO film (Fig. 2(b)). Only the {001}
peaks are observed for the film, which confirm that the
PLD films exhibited the fluorite structure with highly
(100) oriented texture.

Surface analysis by AFM showed a dense and smooth
film indicating a grain size of approximately 50 nm and
surface roughness of approximately 0.5 nm.

3.2 Impedance spectra and model

Figure 3 shows typical impedance results obtained for
the asymmetric cell. The spectrum exhibits two adjacent

semicircles offset from the origin. The one at higher
frequencies is smaller and more highly distorted. The
second, at lower frequency, is larger and is a near-ideal
semicircle.

One can assign this response to a resistor in series with
two R-Q circuits (R-Q: a resistor in parallel with a constant
phase element [CPE]) as shown by the inset in Fig. 3. The
three resistors are defined as R, Ry and R; and their
origins are defined later. CPEs are used given that electrode
impedances are typically characterized by a distribution of
time constants resulting from morphological variations
within the electrode and at the electrode/electrolyte interfa-
ces resulting in “depressed” arcs not well represented by an
ideal capacitor [20]. The impedance of a constant phase
element is given by

1
Z=_—— (1)
O(io)
from which the capacitance is derived using the following
equation [21]
1
C = Q0w = (R7"0)" )

The fit, applying the equivalent circuit (shown in the
inset of Fig. 3) to the data, is observed to be quite good.

3.3 Origin of R,y

Several features of the offset resistance (R,y) are consistent
with the YSZ single-crystal substrate. This includes the

Fig. 2 XRD analysis of the 6
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Fig. 3 Typical impedance spectra of an asymmetric cell of PCO10/
YSZ/Ag at 650°C in air, where variables are defined in the text. Film
thickness is 249 nm and the denoted frequencies correspond to the top,
or peak, point in their respective semi-circles. Inset shows the equiv-
alent circuit fit to the data using the Zview program.

activation energy, its pO, independence, and its magnitude
of conductivity.

In Fig. 4(a), R,z extracted from the impedance spectra
obtained for the asymmetric cell, and normalized to the
geometry of the cell, is plotted as log 67 vs T/ to facilitate
calculation of an activation energy (£,) consistent with the
following equation for ionic conductivity.

- [ EA
o= exp( E) (3)

The data obtained in this study are characterized by
E,=1.14£0.03 ¢V, typical of values obtained for ionic con-
duction in YSZ [23]. In Fig. 4(b), the offset resistance is
recalculated as above and plotted as logo vs log pO2, and
within the experimental error, one finds that this resistance
is independent of pO,, consistent with acceptor (Y) doped
zirconia. R,y derived from the impedance spectra of cells
using PCO1 and PCO20 exhibit a similar temperature and
pO2 dependence. One can thus confidently conclude that
R, simply reflects the series YSZ ohmic contribution to the
overall cell impedance.

3.4 Origin of Ry and Cy

Figure 5 shows impedance results obtained for both the
symmetric and asymmetric structures for PCO10 samples.
Going from the asymmetric to the symmetric cell, the high
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Fig. 4 (a) Temperature dependence of 0T extracted from R, using the
substrate size in the conductivity calculation for a PCO10 sample in air
and, compared with: 10 mol% YSZ film [22], 9.5 mol% YSZ single
crystal [23], and 8.7 mol% YSZ film [24] (b) Oxygen partial pressure
dependence of o calculated from R,

frequency semicircle disappears while the diameter of the
low frequency semicircle doubles in magnitude. Given that
the only features in the impedance spectrum of the symmet-
ric structure is the semicircle with diameter of 155 (2 and the
previously defined R, the semicircle can confidently be
assigned to the PCO electrodes, with each electrode contrib-
uting half this value (~77 €2). On the other hand, the asym-
metric structure exhibits both a small distorted high
frequency semicircle with a 9.5 ) diameter and a nearly
ideal low frequency semicircle with a 79.9 Q) diameter.
Comparing the two structures, it becomes obvious that in
the asymmetric structure, the larger low frequency semicircle
(roughly half that in the symmetric structure) should be
assigned to the PCO electrode, while the smaller high
frequency semicircle (characterized by Ry and Cy) should
be attributed to the porous Ag electrode.

@ Springer
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Fig. 5 Complex Impedance plot of symmetric and asymmetric cell of
PCOL10 at 650°C in air with peak frequencies indicated

3.5 Origin of R; and C;,

Given the ability to confirm that the low frequency semicircle
comes from the PCO electrode, the R and C values derived
from this part of the impedance spectra are therefore desig-
nated as Rpcp and Cpcp. In the following, the focus shifts to
identifying the electrode processes controlling Rpco and
Crco-

In an MIEC electrode, three key rate limiting processes
need to be considered for oxygen transport from the gas
phase into the dense electrode and ultimately into the elec-
trolyte [19]. These are (i) oxygen surface exchange at the
electrode-gas interface, (ii) mass transport through the
electrode, and (iii) transfer of oxygen ions across the PCO/
YSZ interface. In electrodes like La;_Sr,MnOs which are
not significant MIECs (i.e. they display predominant
electronic with minimal ionic conduction), oxygen reduc-
tion and insertion at the triple phase boundary (TPB)
between electrode, electrolyte, and gas phase dominates
(Fig. 6). The oxygen insertion process thus will have differ-
ent dependencies on electrode geometry depending on
whether, for example, the exchange reaction is limited to
the TPB or can occur anywhere along the 2 phase boundary
(electrode surface). In addition, reaction products can form
at the electrode/electrolyte interface, blocking ion transport.

)

2 phase boundary Surface reaction

Bulk transport
Interface transfer
|g =z

Fig. 6 Typical dominant reaction paths for oxygen reduction on MIEC
(2-phase boundary) and non MIEC (3 phase boundary) electrodes

3 phase boundary

@ Springer

As the use of dense thin-film electrodes enables one to
easily control geometry, one can deduce the dominant reac-
tion site(s) by obtaining a quantitative relationship between
electrode impedance and geometry. These relationships are
summarized in Table 1.

Log RPCO for PCO10 is plotted vs. log (electrode area,
S) in Fig. 7 and shows a power law dependence of —1. One
can thus conclude that the oxygen reduction reaction occurs
over the full electrode surface area of PCO, rather than being
limited to the TPB (see Table 1), as also reported for thin-
film SrTiFe; (O35 (STF) [25], La;_(Sr,CoO5_s (LSC), and
La; Sr,Co,.yFe,O3.5 (LSCF) [26] MIEC electrodes. In
Fig. 8, log RPCO vs T ' is plotted with film thicknesses
varying by as much as a factor of 3. Rpco is observed,
within experimental error, to be independent of film thick-
ness, confirming that oxygen diffusion through the film
(Bulk transport in Table 1) is not controlling the electrode
response. Rpco for PCO1 and PCO20 films showed a sim-
ilar geometrical dependence. Lastly, a blocking tertiary
phase is not expected (nor observed via XRD) at the elec-
trode/electrolyte interface since both YSZ and PCO exhibit
the fluorite structure and indeed other studies intentionally
use doped ceria as a protective buffer layer to avoid a
reaction product to form between, for example, LSC and
YSZ [14, 27]. We are thus confident in concluding that
Rpco is limited by surface exchange kinetics for all three
PCO compositions studied here.

Next, turning to C; (=Cpco), it too has different possible
origins. These are (i) Bulk capacitance, (ii) capacitance at
the electrode-electrolyte interface, and (iii) defect concen-
tration dependent chemical capacitance. As in the resistance
study, one can also deduce the type of capacitance by
controlling the sample geometry (Table 2).

Log CPCO for PCO10 is plotted vs. logS in Fig. 7 and
shows a power law dependence of 1. In Fig. 9, log CPCO is
plotted vs. log h, and shows a power law dependence of 1.
Both of these results point to the capacitance as being
“chemical capacitance”. The fact that the fitted line in
Fig. 9 passes through the origin, further confirms the absence
of interfacial capacitance contributions (interface capacitance
typically results in an offset on the y axis of Fig. 9 [28]). PCO1
and PCO20 show a similar geometrical dependence of capac-
itance as PCO10. Additionally, the CPCO values are excep-
tionally high, e.g. 25.0 mF/cm? for a 333.4 nm thick PCO10
film at 670°C (typical n value between 0.979 and 0.997, see

Table 1 Possible origin of Rpcp and its geometric dependences

Surface Area (S) Film Thickness (h)

Surface exchange RxS™! Roxh?
Bulk transport RxS™! Roxch!
TPB RxS ' Roch’
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Table 2 Possible origin of Cpco and its geometry dependence

Surface Area S

Film Thickness h
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Fig. 7 Double-logarithmic plots of Rpco and Cpco for the PCO10
electrode vs surface area (S), measured at 670°C in air using the
asymmetric cell configuration

Eq. 2), in agreement with the magnitude of chemical capaci-
tance reported in other thin film MIEC systems [25, 29]. The
authors will be presenting a more detailed analysis of PCO
thin film chemical capacitance in a forthcoming publication.

3.6 Surface exchange

3.6.1 Values for the area specific resistance and surface
exchange coefficient

Since the surface exchange reaction has been identified as
being the rate limiting process for oxygen exchange, the
corresponding surface exchange rate coefficient can now be
extracted from the measured electrode resistance. Previously,
the electrically derived surface oxygen exchange coefficient

TrC
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A
[ ]
A
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E s
8 .
c
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o A °
o A L]
1
= 113nm
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4 333nm
10‘ T ’ T . T ’ T ' T ’ T + I T
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Fig. 8 Temperature dependence of Rpcp for PCO10 electrodes with
three different film thicknesses, as indicated. Measured in air using the
asymmetric cell configuration

Bulk capacitance CoxoxcS! Coxch™!
Interfacial capacitance CxS' Coxh®
Chemical capacitance CxS' Coch!

(k7) has been defined as inversely proportional to the
resistance as [30]

kT

k=
482Rsc0

(4)

Where k is the Boltzmann constant, e is the electron
charge, T'is the temperature, Rs is the area specific resistance
(equal to Rcpp), and ¢, is the total concentration of lattice
oxygen (~5.04x10%2 cm ).

Calculated &7 values are listed in Table 3. Further confirma-
tion of surface exchange control can be obtained by examining
the so-called characteristic thickness L, the ratio of the oxygen
self-diffusion coefficient and the corresponding surface ex-
change coefficient, LC=D*/? [25, 31], above which mass
transport through the electrode thickness becomes dominant
relative to the surface exchange reaction. Values for the oxygen
diffusion coefficient are derived from an analysis of electrical
conductivity measurements performed on PCO [10]. The char-
acteristic thickness of PCO10 and PCO20 at 670°C is approx-
imately 3.58x10° and 2.20x10° um, respectively, much
thicker than the PCO film thicknesses used in this work.
Furthermore because LC becomes thicker with decreasing
temperature, given the larger activation energy of &7 than D*,
it is clear that the surface exchange reaction remains dominant
in the temperature range of this work, 550-670°C.

Ry and k? obtained for dense thin films of other MIEC
electrodes prepared by PLD are compared in Fig. 10 with
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Fig. 9 Thickness dependence of Cpcp of a PCO10 electrode measured
at 670°C in air using the asymmetric cell configuration
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Table 3 Surface exchange coefficient, oxygen self-diffusion coef-
ficient and characteristic thickness of PCO with different Pr
concentrations

k7 (cm/s) D* (cm*/s) L, (um)
PCO1 1.38x10°8 231x107° 1.68x10°
PCO10 3.73x10°8 1.34x10°8 3.58x10°
PCO20 459%10°8 1.01x10°8 2.20%10°

PCO, helping to ensure that morphology differences
between typical bulk MIEC electrodes and the dense thin
film PCO electrodes used in this study played no role in
influencing comparison of performance. The Rg and k“
values for PCO are comparable with those of LSC, LSCF
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Fig. 10 Temperature dependence of Rg=Rpco (a) and k7 (b) of PCO
compared with other dense thin-film MIEC electrodes fabricated by

PLD: Lag¢Sro.4FeO3.5 [26], LagSro.4Fep3Co00205.5 [26], LageSro.4-
COO:‘,,@ [26] and SrTi0_5F60_503,5 [25]
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Table 4 Surface exchange coefficient, electronic and ionic conductiv-
ity, and electronic transfer numbers at 800°C in air (k¢ for PCO are
extrapolated to high temperature, enabling comparison with STF and
LSCF)

K(cm/s)  og(S/em)  6;0n(S/cm) 1,
PCO1 1.02x107 291x107° 3.21x1072 0.009
PCO10 3.90x1077 1.73x1072 2.64x1072 0.396
PCO20 475%1077 3.48x1072 1.89x1072 0.648
SrTig sFeg s03.5[15] 17x107° 18 3.6x1072 0.9804

Lag Sr9.4C002Fe0s05[32]  5.6x107° 3.02x10° 8x107> 0.9997

and STF pointing to the suitability of PCO as a realistic
model MIEC cathode material. Interestingly, as shown in
Table 4, PCO displays high &7 values despite having a
considerably lower electronic conductivity than the previ-
ously listed cathode materials (a high value is often sug-
gested as a necessity for high k7 [33]). The origin of this
unexpected phenomenon is under further investigation.

3.6.2 Temperature and pO2 dependence of Rpco

The activation energies (£,) derived from, the Arrhenius
dependence of R on reciprocal temperature

R =R, exp(—E,/kT) (5)

for PCO1, PCO10, and PCO20 in air for temperatures from
550°C to 670°C are compared with other MIEC materials in
Fig. 10 and one finds that they are closest to that of LSC,
ie. ~1.3 eV.

The pO2 dependence of the electrode resistance is shown
in Fig. 11 in the form of a log-log plot. The slope is close to
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Fig. 11 pO, dependence of Rpcp of PCO10 at 670°C. The pO, at
which an apparent transition in rate limiting mechanism occurs is
indicated by the vertical dashed line
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—1/3 at high pO, and close to —1 at low pO,. This implies a
mechanism change between the two regions. A similar shift
in pO, dependence of the electrode resistance in the
SrTi; «Fe O35 was ascribed to a shift from charge transfer
control at high pO, to the availability of adsorbed oxygen
species at low pO2 [32]. The source of this observation in
the PCO system is under further investigation.

4 Conclusions

PCO cathodes, prepared as dense films with well-defined
area and thickness, were demonstrated to exhibit typical
MIEC behavior with the electrode reaction occurring over
the full electrode surface area, rather than being limited to
the TPB. The electrode impedance was observed to be
independent of electrode thickness and inversely propor-
tional to electrode area, pointing to surface exchange rather
than bulk diffusion limited kinetics. The large measured
chemical capacitance (107> F) was found to be consistent
with an expected large electrochemically induced change in
stoichiometry of the PCO10 and PCO20 electrodes, further
confirming the electrode controlled surface exchange
reaction.

The PCO films showed surprisingly low oxygen ex-
change resistances between 550 and 670°C. Values for the
surface exchange coefficient, k7, were calculated and found
to be comparable in magnitude to those exhibited by other
high performance MIECs such as LSC and LSCF, thereby
confirming the suitability of PCO as a model high perfor-
mance MIEC cathode material, in spite of the fact that the
electronic conductivity of PCO is several orders of magni-
tude lower than that of typical perovskite MIEC electrodes.
Furthermore, PCO, in contrast to many perovskite based
cathodes, is expected to be chemically compatible with both
zirconia and ceria based solid oxide electrolytes.
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