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Oxygen Transport Kinetics of Mixed Ionic-Electronic Conductors
by Coupling Focused Ion Beam Tomography and Electrochemical
Impedance Spectroscopy
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The oxygen reduction reaction of mixed ionic-electronic conducting (MIEC) cathodes Bag 5Sry5CogsFep203.5 (BSCF) and
Lag 58Sr9.4Cop.2Fep 8035 (LSCF) is investigated by detailed electrochemical impedance spectroscopy and focused ion beam to-
mography. The oxygen transport parameters of these materials are usually determined for model systems, such as dense bulks or
thin films. However in the present study, probable differences regarding the time and thermal history of the samples (e.g. ambient
poisoning gases, grain coarsening, secondary phase or surface segregation, etc.) were avoided by the in situ sintering of electrodes
with nominal stoichiometry under synthetic air. The microstructural parameters of the electrodes are obtained by 3D FIB-SEM re-
construction tomography and subsequently used in combination with the Adler-Lane-Steele analytical model to calculate a simulated
cathode resistance. Large discrepancies are observed compared to the electrochemical impedance measurements. In particular, the
electrochemical impedance measurements do not show a Gerischer behavior, as expected for MIEC materials controlled by a coupled
surface-exchange and bulk diffusion. Analysis by distribution function of relaxation times (DRT) reveals four individual processes
taking place, indicating a surface-exchange controlled behavior with a reaction zone similar to the particle size. Bulk diffusion (D)
and surface-exchange (k) coefficients from literature are critically discussed and tentative surface-exchange coefficients (k) for both
MIECs are given.
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High-temperature devices such as solid oxide fuel cells (SOFCs)
and oxygen transport membranes (OTMs) are promising systems
for working towards zero-emissions power generation. The selected
materials require high chemical and microstructural stability, as
well as high catalytic activity during the oxygen reduction reaction
(ORR), under normal operational conditions (i.e. operational tem-
perature and oxygen partial pressure). Particularly interesting are the
mixed ionic-electronic conducting (MIEC) materials, based on the
ABO; perovskite structure. Their material properties can be flex-
ibly customized, giving solid solutions with high ionic-electronic
conductivity and hence good transport properties. More specifically,
Lag 53Stg4C0g2Feg 3055 (LSCF) has become established as the state-
of-the-art SOFC cathode, while Bag 5Sry5CoggFe,03.5 (BSCF) has
presented outstanding oxygen permeation flux in its cubic phase.'

The surface-exchange coefficient (k) and the oxygen diffusion
coefficient (D) provide key information about the oxygen transport
mechanism that dominates the cathodic ORR. Many publications
have assessed the D and k values of MIEC materials, most com-
monly by; electrical conductivity relaxation (ECR) measurements for
dense bulks**® or thin-films”'° (k*, D*) and by oxygen tracer diffusion
experiments for thin-films'' or powder'? (k*, D*).

The oxygen transport parameters are usually determined by ex situ
experiments for model systems (i.e. dense ceramics or thin-films).
Differences are expected in comparison with in situ measured elec-
trodes, regarding microstructural, ambient or chemical aspects implic-
itly involved (e.g. surface area, poisoning ambient gases, surface or
secondary phase segregation, etc.) which clearly impact the oxygen
exchange kinetics."?

Adler Lane and Steele (ALS) proposed a continuum analytical
model to determine the chemical surface-exchange coefficient (k?)
and the solid state oxygen diffusion coefficient (D®) values using
the impedance of porous MIEC cathodes.'*!* In the same direction,
Leonide et al. reported a method to render the specific k* and D?
values of MIEC cathodes by combining electrochemical impedance
spectroscopy with an analysis of the distribution of relaxation times
(DRT) and the electrode geometry.'® Most recently, Endler-Schuck
et al. published the evolution of these parameters as a function of time
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and temperature for LSCF cathodes.!” Here it should be pointed out
that the well-known ALS model can only be applied if the measured
impedance shows a Gerischer impedance, which indicates that the
surface-exchange and the oxygen bulk diffusion are strongly coupled.

On the other hand the performance of thin-films, nanostructured
or high surface-area electrodes are only controlled by their surface-
exchange coefficients. Improving the surface-exchange kinetics of the
cathode leads to a cathode solely controlled by the surface-exchange in
which the ALS-model could not be applied and a Gerischer impedance
is not observed. For instance, Fleig et al. studied the impedance of
dense, thin-film cathodes'® with surface-exchange controlled kinet-
ics. The measured resistance (a RQ-element) is directly assigned to
surface-exchange coefficient k®; the D?, however, could not be deter-
mined. Another prominent example is the nanoscaled LSC cathode
presented by Hayd et al., which showed a significantly higher k® value,
due to a highly active and dispersed hetero-interphase.'’

The present work focuses (for the first time) on the oxygen trans-
port kinetics of in situ sintered BSCF and LSCF electrodes. The study
was conducted at temperatures from 900 to 600°C in synthetic air
(79% N, and 21% O,) and at T = 700°C in mixtures of N, and O,
from pO, = 0.02 to 1 atm to avoid any microstructural, thermal or
environmental degradation. The electrode microstructure parameters
were determined by FIB-SEM tomography. They were then fully char-
acterized by impedance spectroscopy (EIS) and the different physical
processes involved were identified and quantified by distribution of
relaxation times (fitted by complex, nonlinear least squares). After a
critical discussion regarding the limits of the ALS-model, the oxygen
transport parameters of both MIEC cathodes were assessed.

Experimental

Symmetrical cells fabrication—The Baj;Sry5CoggFer,035s
(BSCF) powder used in the porous electrodes of the symmetrical cells
was synthesized by a solid-state reaction route. Firstly, the precursors
were separately ball-milled (@ 2-10 mm ZrO, balls) in isopropanol
to a mean particle size of dsp = 0.5 wm (CILAS 1064L) (precursors:
BaCO; (99.5%, Merck Technipur), SrCO; (99.7%, Merck Technipur).
C0304 (> 98%, ChemPur) and Fe, 03 (99.5%, Alfa Aesar). After that,
a stoichiometric amount of the precursors was mixed and ball-milled
(@ 20-25 mm ZrO, balls) in distilled water for 24 h to a mean particle
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size of dsp = 2 pm with a final calcination step at 900°C for 4 hours.
A paste was prepared by calendering, composed of 60% wt solid
concentration of the corresponding powder and an organic binder.

The LagsgSrg4Cop,Feqs055 (LSCF) screen-printing paste was
supplied by the Forschungszentrum Jilich (IEK-1). The powder was
synthesized by spray-drying and after calcination at 900°C the LSCF
powder was ball-milled to a mean particle size of dsp = 0.8 wm, as
described elsewhere.?’

Each paste was screen-printed onto CeoGdg ;0,5 (GDC) elec-
trolyte pellets (Daiichi Kigenso Kagaku Kogyo Co. Ltd., Japan) with
a thickness from 700 to 800 wm and dried at 60°C for 24 h. Both
the fabricated BSCF/GDC/BSCF and LSCF/GDC/LSCF symmetri-
cal cells have active electrode areas of 1 cm?.

Electrochemical and microstructure characterization.—The un-
sintered samples were placed in a test bench for symmetrical cells
between two gold meshes (>99.99% Au, 1024 meshes cm~2, 0.06
mm wires) and pressed with Al,Os3 blocks equipped with gas chan-
nels, as described in Refs. 21-23. The BSCF based, symmetrical cells
were in-situ sintered with a final temperature step at 900°C, while the
LSCEF required a higher temperature step at 1000°C for 3 hours, to
achieve a good attachment between electrode and electrolyte. The in
situ sintering and all the measurements were done under a controlled
atmosphere, with a total flow rate of 500 ml-min~!. Temperature
variation measurements from T = 900 to 600°C were done under syn-
thetic air and at a fixed temperature (T = 700°C) the oxygen partial
pressure was varied from 0.02 to 1 atm.

The electrochemical impedance spectroscopy (EIS) data were
recorded with a Solartron 1260 frequency response analyzer in the
0.05-10° Hz frequency range. The amplitude of the current stimulus
was chosen to have a voltage response lower than 30 mV. Impedance
data analysis was carried out by simultaneously fitting the impedance
spectra and the distribution of relaxation time (DRT) curves by com-
plex nonlinear least squares (CNLS) using a self-written MATLAB
code based on the Tikhonov-regularisation.?*

The 3D-microstructure reconstruction of the BSCF cathode was
performed by combining focused ion beam (FIB), scanning elec-
tron microscopy (SEM) (Zeiss 1540XB, Carl Zeiss NTS GmbH,
Oberkochen, Germany) and data processing. More than 600 cross-
sectional images were collected to obtain a representative volume of
4704 pm? (1.74 - 10 voxel) from the studied electrode, using a 30
nm voxel size (volumetric pixel). The SEM tomography data was
afterwards segmented by a global threshold and the essential mi-
crostructure parameters were calculated.

More details on sample preparation, FIB-SEM microstructure re-
construction procedure, processing of the images and calculation of
the parameters can be found in previous studies.?>” The microstruc-
tural parameters of the LSCF cathode were obtained by a linear ap-
proximation of the FIB-SEM tomography reconstructed microstruc-
ture data of cathodes sintered at 960°C and 1030°C for 3 hours (with
the same LSCF paste used in this study).?®

Results and Discussion

Microstructure characterization.—SEM cross-section images
display the cathode microstructures of the BSCF in Fig. 1a and of
the LSCF in Fig. 1b, detailing the cathode/electrolyte interface. De-
spite the reported thermal mismatch of BSCF on GDC,? good attach-
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Figure 1. SEM cross-sectional image of the (a) BSCF-CGO interface and
(b) LSCF-CGO interface after the electrochemical measurements. 3D-
reconstructed volume of (¢c) BSCF at 900°C and (d) LSCF at 1030°C obtained
by FIB-SEM tomography.

ment was achieved. It probably benefited from the in situ sintering,
performed at AT = 100°C temperature steps, from 500 to 900°C.
The BSCF cathodes show a uniform thickness of 30-35 pm and the
LSCF cathodes showed 35-40 pwm. Fig. 1¢ shows a cut (1519 um?) of
the representative 3D reconstructed volume (4704 jum?) of the BSCF
cathode and Fig. 1d shows the comparable 3D reconstructed volume
(1519 wm?) of a LSCF cathode sintered at 1030°C. As explained the
experimental part, the microstructure parameters of the LSCF cath-
ode sintered at 1000°C were obtained by a linear interpolation of
two LSCF cathodes, sintered at 1030°C (Fig. 1d) and 960°C. The
calculated microstructure parameters are summarized in Table 1. The
porosity fraction (¢) was obtained by dividing the voxels assigned
as pore by the total number of voxels, the surface area (a) was ob-
tained by using the marching cube algorithm and the tortuosity of the
solid-phase (tymipc) Was obtained by solving the transport equation
directly from the 3D data tomography (as described in detail previous
studies®>?7).

The porosity fraction () is slightly above 50% and similar for both
BSCF and LSCF cathodes, although the average particle size of the
LSCF (discr = 282 nm) is smaller than that of the BSCF (dgscr =
567 nm). As it can also be observed in the SEM cross-section images
of Fig. 1, LSCF exhibits a significantly higher surface area (apscr
= 5.41 pm™), according to the higher sintering activity of BSCF

Table I. Microstructure parameters obtained by the FIB-SEM reconstruction. BSCF cathode in situ sintered at 900°C and LSCF cathode sintered
at 1000°C (obtained by linear interpolation of two LSCF cathodes sintered at 960 and 1030°C).

Bag 5Sr0.5C00.8Fe0203-5 Lag 58Sr0.4C09.2Fe0 035

Porosity fraction e (%)
Surface area a(um™)
MIEC tortuosity TMIEC

Particle size MIEC dmiec (nm)

511 533
1.69 5.41
1.77 2.62
567 282
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Table II. Simulated Rchem and tehem values from 600 to 800°C if the ALS-model is applied for BSCF and LSCF electrodes with the microstructure
parameters obtained by 3D-FIB tomography and D® and k® values from Refs. 5 and 8, respectively.

BSCF LSCF

T (°C) 600 700 800 650 700 800

pO; (atm) 021 0.21 0.21 0.21 0.21 0.21

D? (cm?/s) 221-107° 5.96-107° 9.00-1076 ™ 7.18-1077 2.04-107° 7.32-107¢
k® (cm/s) 3.50-107* 1.25.1073 5.00-1073 2.28-107* 7.03-10~* 1.50-1073
15 (jum) 321 2.79 1.71 1.02 0.98 1.27
Rehem (2cm?) 0.167 0.067 0.025 0.591 0.163 0.042
tehem () 0.0705 0.0196 0.0049 0.0376 0.0122 0.0057

(extrapolated D® and k® value from literature.’

(apscr = 1.69 pm™). 4393 Implicitly the use of a higher sintering
temperature to achieve a good LSCF cathode/electrolyte attachment
is justified.

Simulation of the cathode impedance.—One can simulate the ex-
pected Gerischer impedance by applying the ALS-model taking the
microstructure parameters obtained by FIB-SEM tomography and the
oxygen transport (k> and D?) values determined by electrical conduc-
tivity relaxation (ECR) measurements for dense bulks.*® The ALS-
model is an analytical 1D-model developed for semi-infinite thick-
ness, porous, mixed-conducting cathodes with high ionic-electronic
conductivity and no gas phase diffusion limitations. It is generally
accepted that for thick cathodes the oxygen surface-exchange and
the solid-state diffusion processes are coupled and can be described
by the following equation, mathematically equivalent to a Gerischer
impedance:'*

Rchem
Zepem (@) NS (1]
where Ripem 1S the chemical resistance and t.n.,, the time constant
describing the chemical contributions to the cell impedance and that
they are related to the thermodynamic, the oxygen transport properties
and the electrode geometry as follows:

R-T
Rechem = \/ i [2]

4.F2 V(d—e)-c,-Dy-a-ro-(ay +a)

Cv'(l_s)
Yo-a-ro- (o +ap)

Lehem = [3]
where R is the gas constant, T the temperature, F the Faraday constant,
¢, the vacancy concentration, € the porosity, a the surface area density,
Y. the thermodynamic factor of vacancies, r the exchange neutral flux
density and where o, and o, are constants of the order of unity.

Simulated values of Repen and teen are calculated taking the
Equations 2 and 3, 7o - (ay + o) =y~ - (k® - ¢), the microstructure
parameters shown in Table I and the D® and k® values of BSCF from
Bucher et al.> and of LSCF from Bouwmeester et al.® (further details
of the derived equations can be found in Ref. 17). For BSCF, the values
of the oxygen lattice sites concentration (cp) and 02~ concentration
were calculated from the constant lattice parameter at each temper-
ature and the thermodynamic factor (y) was taken from literature,’
while for LSCF we assumed the same values used by Endler-Schuck
et al17:3233

Simulated Repems tehem and s (penetration depth of the cathodic
reaction) are shown in Table II at different temperatures from 600 to
800°C under synthetic air. Fig. 2 depicts the impedance spectra of the
cathodes where the typical Gerischer impedance and the correspond-
ing DRTs can be observed. BSCF shows a lower chemical resistance
than LSCF across the temperature range (as expected). The excellent
oxygen transport kinetics and large concentration of oxygen vacancies
of BSCF led to lower polarization resistance (especially pronounced
at lower temperatures) despite its coarser microstructure. The DRT

shows a main peak at lower frequencies with a tail end at higher fre-
quencies. The low frequency process which dominates the resistance
is associated to the surface-exchange process while the higher fre-
quency tail end includes the oxygen diffusion (bulk) in the cathode,
when the oxygen is incorporated over a certain cathode extension
length.3*

Electrochemical characterization.—Figure 3 shows a comparison
between the simulated and the measured impedance spectra and the
corresponding DRTs of the BSCF/GDC and the LSCF/GDC cells at
T = 700°C under synthetic air. Please note that the impedance always
shows the contribution of one cathode (half of the symmetrical cell).

A comparison was made between the measured impedance spec-
tra and the simulated impedance spectra for cathodes co-controlled
by the surface-exchange and the solid state ionic diffusion. It is un-
ambiguous that the simulated resistances values of 0.067 and 0.163
Qcm? are higher than the measured 0.014 and 0.025 Qcm? for BSCF
and LSCF cathodes, respectively (T = 700°C). Interestingly, the DRT
curves of the measured cells do not reveal the shape associated to
the Gerischer impedance (i.e. a dominating, low frequency process
with a higher frequency tail due to the surface-exchange and oxygen
diffusion co-controlled regime). Rather, four processes could be iden-
tified (Fig. 4 shows a larger magnification of the measured DRTs).
The fact that the measured impedance does not show the Gerischer
impedance explained in the previous section has the following reasons
and subsequent consequences:

1. The measured system is realistic and molecular gas diffusion
limitations might occur. Consequentially, an additional process at
low frequencies occurs, which can be modeled by an additional
RQ-element.'*

2. The use of MIECs with fast surface-exchange kinetics influence
the oxygen reduction reaction in the cathode in such a manner
that it might occur in a smaller extension region adjacent to the
electrolyte. Adler et al. suggested that if this extension region is
very small, the chemical capacitance would be the same order of
magnitude as the interfacial capacitance. Resultantly, one could
lose the ability to distinguish chemical processes from other pro-
cesses near the triple phase boundary.'>!® As a consequence, the
Gerischer (chemical) process is faster, smaller and may overlap
with the interface processes (higher frequency processes /> 1000
Hz'®). The bulk diffusion shortens the pathway, becoming a non-
limiting parameter. At a certain point the model breaks down and
the impedance spectra no longer appears as a Gerischer, but as a
semicircle.'’

3. The frequency of the second peak in the measured impedance
spectra is higher (f > 100 Hz at 700°C) than expected from
non-charge transfer related processes (f = 1-100 Hz at 700°C)
(Zepem)-'* A faster process is a direct indicator of a higher surface-
exchange (k%), since only k® influences the characteristic fre-
quency and not the oxygen diffusion (D?).3*

Allin all, the electrochemical behavior of the measured cells seems
unsuitable to be fitted by a Gerischer impedance. Thus, extensive
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Figure 2. Simulated impedance and corresponding distribution of relaxation time (DRT) curves from T = 600 to 800°C and pO, = 0.21 atm applying the
ALS-model (coupled processes of surface-exchange and solid-state diffusion) with the microstructure parameters obtained by 3D FIB-SEM tomography (a, b) for
a BSCF-based symmetrical cell and (c, d) for a LSCF-based symmetrical cell (n.b. the impedance shows the contribution of one cathode, half of the symmetrical

cell).
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Figure 3. Comparison between the simulated and the measured impedance at T = 700°C and pO, = 0.21 atm and the corresponding distribution of relaxation
time (DRT) curves (a, b) for the BSCF/GDC cell and (c, d) for the LSCF/GDC cell.
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Figure 4. Electrochemical response of a BSCF/GDC/BSCF cell with in situ
sintered electrodes at different temperatures from 900 to 600°C at a constant
oxygen partial pressure (pO, = 0.21 atm), (a) impedance spectra (ohmic losses
were subtracted for clarity reasons) and (b) corresponding DRTs.

electrochemical characterization is required to identify all physical
processes involved within the MIEC cathode, with respect to the fast
oxygen-exchange kinetics. After that, the appropriate equivalent cir-
cuit model could be chosen to fit and quantify the different processes.
The impedance results of the BSCF/GDC/BSCF cell are shown in
Fig. 4a as a function of temperature from 900 to 600°C. Figure 4b
shows the corresponding DRTs where four different processes can
be clearly distinguished. A temperature decrease leads to a slight de-
crease of process P1, while the magnitudes of processes P2, P3 and
P4 increase, shifting to lower frequencies.

Fig. 5a shows the impedance of the BSCF/GDC/BSCF cell when
varying the oxygen partial pressure from 0.02 to 1 atm at T = 700°C.
The corresponding DRT curves (Fig. 5b) show that processes P1 (with
the strongest pO, dependency), P2 and P3 decrease in magnitude if
the oxygen partial pressure increases, shifting to a higher frequency.
Process P4 remains almost unaffected.

According to the four processes identified in Figs. 4 and 5, the
impedance spectra and the DRT curves were fitted by a complex non-
linear least square (CNLS) to the equivalent circuit shown in Fig. 6a.
The area specific resistance (ASR) of the cathode and the single con-
tribution of the processes is presented as a function of the temperature
(pO, = 0.21 atm) in Fig. 6b and as a function of the pO, at T = 700°C
in Fig. 6¢. A plausible physical explanation based on the characteristic
time, the tendency and the dependency of each process is given in the
following:

- Process 1 (P1) shows low thermal deactivation and has a strong
oxygen partial pressure dependency. Since this low frequency
process exhibits an oxygen partial pressure dependence of
pO, %% close to n = —1, it is associated to molecular oxygen
diffusion within the cathode setup, the contacting gold meshes
and the porous cathode.’ The exponent is in agreement with
other reported literature values (pO, ™", n = 0.93-1.08).2336:37
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Figure 5. Electrochemical response of a BSCF/GDC/BSCF symmetrical cell
with in situ sintered electrodes at different oxygen partial pressures pOy =
0.02—1 atm at T = 700°C, (a) impedance spectra (ohmic losses were subtracted
for clarity reasons) and (b) corresponding DRTs.

- Process 2 (P2) shows thermal activation and is oxygen partial
pressure dependent. This mid-frequency is most likely to be
caused by the cathodic electrochemical reaction. As explained
above, it is faster and smaller than the Gerischer process pre-
dicted by the simulated spectra (Fig. 3), which supports the idea
of a change in ORR kinetics - from coupled surface-exchange
and bulk diffusion to solely surface-exchange controlled. An
oxygen partial pressure dependency of pO, %% is in good
agreement with the literature values for the surface-exchange
reaction (pO, ", n = 0.5-0.6).233>38

- Process 3 (P3) is thermally activated and shows slight pO, de-
pendency (pO,~%%). This process with a capacitance of 0.05
to 0.08 F/cm? from 600 to 900°C has the same order of mag-
nitude as for previously reported interfacial capacitances. It is
therefore attributed to oxide transfer losses across the cath-
ode/electrolyte interface (also see'>3%)

- Process 4 (P4) is thermally activated but does not change with
the oxygen partial pressure. This high frequency process is thus
attributed to electronic current losses between the electrode and
the current collector (gold mesh), as suggested Adler et al.'?

The total polarization resistance of the BSCF/GDC/BSCF cell
(ASR.y), calculated by the sum of the P2, P3 and P4 resistance
(ASR., = ASRp, + ASRp; + ASRpy), shows a low value of 47.8
mS - cm? at 600°C (much lower compared to the simulated values,
Table II).

The electrochemical characterization of the LSCF/GDC/LSCEF cell
shows a similar behavior compared to the BSCF/GDC/BSCF cell
(see Supplementary Information). This emphasizes that the physical
origin of the identified processes seems to be generally valid for
MIEC cathodes with fast oxygen surface-exchange properties. Small
differences were observed for process 3 (P3) which can be attributed
to a slightly slower transfer of oxygen ions across the LSCF/GDC
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Figure 6. Total area specific resistance and individual process resistance cal-
culated by fitting the impedance and the DRT of a BSCF/GDC cell to the
equivalent circuit shown in (a), (b) in a temperature range from 600 to 900°C
at pO; = 0.21 atm and (c) in an oxygen partial pressure range from 0.02 to
1 atm at T = 700°C.

interface. The cause of a smaller process 4 (P4) may be related to: (1)
a different contact quality between contact mesh and electrode, or (2)
secondary phases at the BSCF/GDC interface, or (3) secondary phases
at the grain boundaries of the GDC electrolyte (Cgg ~10~% F/cm?).!8
Transmission electron microscopy performed at the interface between
the BSCF and the electrolyte did not detect any secondary phase at
the interface. Only the expected cubic, the hexagonal phase and some
cobalt oxide nanoparticles were detected in the porous electrode. A
comprehensive analysis of the BSCF/GDC interface is ongoing, but
beyond the scope of the present paper. Nevertheless, P4 cannot be
attributed to the hexagonal phase formation, since it appears at T >
840°C and pO, dependency was not observed with changing partial
pressure of oxygen.*’

Determination of k®>.—Once all cathode processes and microstruc-
ture parameters have been identified and quantified, an alternative
approach is needed to calculate the oxygen kinetic coefficients, with-
out the Gerischer impedance. It should be taken into account that
the mathematical Gerischer impedance expression in the ALS-model
was derived for the limiting case of semi-infinite (thick) cathodes
(lear > 3 - I5) (Fig. 7a). The penetration depth (/5 defined as the dis-
tance that the mixed conductor becomes reduced, i.e. participates in

the oxygen-reduction reaction) can be calculated as follows:'*

c, D, -(1—c¢ 1—¢) Db
= (-9 _ [( ). D "
a-ro-(oy — o) a-t k

For the simulated impedance spectra of the BSCF based symmetrical
cells, a penetration depth of 3.21, 2.79 and 1.71 wm at 600, 700 and
800°C is obtained. For the LSCF cells the /5 is 1.02, 0.98 and 1.27 pum
at 650, 700 and 800°C respectively (Table II).

For thin-film cathodes, however, the penetration depth shifts to
a greater length than the cathode thickness (l.,, < I;), therefore
the complete cathode volume is reduced and involved in the ORR
(Fig. 7b). In this case the oxygen diffusion process becomes neg-
ligible; the cathode becomes surface-exchange controlled and the
impedance spectra can be fitted as one RQ-element. This expression
is normally used for dense thin film cathodes, although J. Hayd et al.
derived an expression to take the porosity of a thin-film into account
(Fig. 7b-bottom): "’

R-T 1 !
4_F2 ro‘(af—{—ab)-(l—"jw'tchem) a.lcal

where /.., is the cathode thickness and the rest of parameters were
defined in Equations 1 and 2. The length of the electrode which par-
ticipates in the ORR was calculated to be ca. 200 nm due to the high
k-values, while the coarse current-collector layer was electrochemi-
cally inert.

As shown in the previous section, the shape of the impedances and
DRTs examined in this work indicate a surface-exchange controlled
behavior. Thus, a penetration length of a few micrometers and high
k® values are expected. The penetration depth is expected to be within
the order of magnitude of the particle size (dgscr and dpscp) and
therefore, the other processes localized at the triple phase boundary
would become visible. As mentioned by Adler et al., most of the
electrode length would be electrochemically inactive and acts only as
current collector (Fig. 7¢).!*

In these latter cases the oxygen surface-exchange coefficient k®
can be determined by taking ro - (a; + o) = y~' - (k* - ¢p) and
the chemical resistance (Repem) from the fitting results (2 - ASRp, =
Rehem) Using the Equation 5:'9#

_R-T Y 1
T 4. F?

Zepem (©) = [5]

K [6]

R('hem Cme A l:,“

The Equation 6 has been widely used to calculate the k-value of
dense thin-films.'® Here the area enlargement introduced by the porous
cathode is given by the additional term (@ - [%,,)~". In this equation [* ,
represents the electrochemical active thickness, i.e. the penetration
depth in the ALS-model. As discussed, the ALS-model is valid in the
case that a Gerischer impedance dominates the impedance behavior.
It is therefore expected that for a surface-exchange controlled regime
the I, would be in the range of the penetration depth, calculated from
literature, or thinner. Using Equation 6 one can calculate k® values
for both BSCF and LSCF electrodes under synthetic air at T = 600—
900°C (assuming plausible values of [, range from the penetration
depth obtained with the literature values (/5) (see Table II) down to
the particle size (see Table III). Fig. 8a shows the k* values for BSCF
under synthetic air at T = 600-900°C converted accordingly to k* =
y~! .k, to avoid potential errors in the non-trivial determination of y,
especially at lower temperatures.!” The k* values obtained by tracer
experiments for BSCF thin-films'! and by ECR measurements for
BSCF bulk samples calculated applying the thermodynamic factor,’
are shown as comparison. Meanwhile, Figure 8b shows the k* values
of BSCF at pO, from 0.02 to 0.21 atm at T = 700°C, assuming the
same, plausible, I}, values. The concentration of oxygen lattice sites
(cme) Was also calculated from XRD measurements, performed at each
corresponding condition.*?

For the same electrochemically active thickness, BSCF presents a
higher k® value than LSCF, due to the larger amount of oxygen vacan-
cies, so that even a coarser microstructure shows higher performance.
More interestingly, the surface-exchange coefficients calculated for
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Figure 7. Schematic of different MIEC electrode/electrolyte configurations and their impedance response, with respect to the oxygen kinetic controlling mecha-
nism. (a) Thick porous MIEC cathode, co-controlled by the surface-exchange and bulk diffusion, Gerischer impedance response. (b, ¢) Thin-film or porous MIEC
cathode solely controlled by the surface-exchange, RQ-element impedance response, i.e. (b-top) dense thin-film, (b-bottom) porous thin-film and (c) microscaled
MIEC cathode with a high surface-exchange coefficient (presented in this work).

Table III. Fitted chemical resistance (Rchem) and surface-exchange coefficients (k%) of the BSCF and LSCF porous cathodes. Surface-exchange
controlled at T = 600-900°C under synthetic air.

BSCF LSCF
T (°C) 600 700 800 900 700
pO, (atm) 0.21 0.21 021 0.21 0.21
Rehem (€2 - cm?) (2- ASRp») 0.0226 0.0055 0.0023 0.0007 0.0063
Db (cm?/s) G8) 221107 5.96-107° 9.1076 ™ - 2.04-107°
K. (cm/s) G.8) 3.50-107* 1.25-1073 5.1073 ™ - 7.03-107*
Kk® (cm/s) (lea™ = 1 pum) 8.30-1073 422-1072 9.35.1072 2.80-107! 1.78-1072
k® (cm/s) (eat™ = 15_1it) 2.59.1073 1.51-1072 5.47-1072 - 1.81-1072
Kk (cm/s) (leat™ = dmiec) 1.46-1072 7.45-1072 1.65-107" 493.107! 6.31-1072
(*)extrapolated D® value from literature.’
T(°C)
900 800 700 600 500
(a)' ] ] ] I Literature values for BSCF:
* -3 -
102 - 102 ® Kk -Wangetal. 10 (b) i
. o k" -Bucher et al. | =
10° ) ; 10° . k8 -Bucher et al. . T o
— P, ~ - K -Riedetal . o
‘» PO '« . ) o e
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Figure 8. Surface-exchange coefficient (k*) of BSCF porous cathodes surface-exchange controlled at (a) T = 600-900°C under synthetic air in comparison with
k* literature values for thin-films from Wang et al.'! and for bulk samples from Bucher et al.> (converted according to k® = y - k*). The chemical surface-exchange
coefficient (k%) for thin-films from Burriel et al.!” and Asano et al.” and for bulk samples from Bucher et al.,’ Ried et al.* and Girdauskaite et al.® are also given
as comparison. (b) Surface-exchange coefficient (k*) of BSCF porous cathodes at pO; = 0.02-0.21 atm at T = 700°C.
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the plausible effective cathode thicknesses are in general higher than
the literature values.>® The k* values determined for BSCF thin-films
by tracer experiments show the smallest difference to the values cal-
culated in this work.'! In any case, the k values plotted in Fig. 8a
reveal clearly a scatter which is independent of the technique used i.e.
ECR measurement (k) or oxygen tracer diffusion experiments (k*)
and of the nature of the ceramic sample itself i.e. thin-film or dense
bulk. In fact, divergence is observed in k-values determined with the
same sample and experiment.*%%1°

The most feasible explanation of the difference in values is there-
fore a differing nature of the materials themselves along the time
or thermal history of the samples which can surmise degradation of
the active surface of the materials. Recently, Druce et al. studied the
chemistry of the outer atomic layers of a series of perovskite ceramic
materials by Low-Energy lon Scattering (LEIS) and were able to prove
that the outer atomic layers show segregation of the A-site cations.'>*?
The very high k-values obtained at the confined cathode/electrolyte
interface are prone to change, depending on different fabrication pro-
cesses or operation conditions. Many recent studies have focused on:

1: the LSCF surface segregation,'>*?

2: secondary phase formation at the interface cathode/electrolyte,**

3: degradation due to gas contaminants (CO,, SO,, Cr, Si, etc.),*
which affects the k-value and the controlling kinetic mechanism.

This approach was investigated by Endler-Schuck et al., who ex-
tracted the evolution of k® and D® as a function of temperature for
porous LSCF cathodes in full cells for several hundred hours of op-
eration. A comparison between the k? and D? obtained in their study
to the literature values gives the same order of magnitude after a 200
hour degradation test at 750°C.!7 In this case, the impedances of the
LSCEF cathodes were fitted with a Gerischer impedance, which was
by far the smallest contribution to the overall polarization resistance
of the investigated anode supported cells. It is worth noting that this
work investigated in situ sintered and non-degraded electrodes, oper-
ated in synthetic (79% N, and 21% O,) air and that the symmetrical
cells only display cathode contributions.

Further interesting studies are currently carried out. One approach
is to perform experiments in CO, and SO, containing atmospheres
to observe the change to a regime co-controlled by the surface and
the bulk diffusion (Gerischer impedance). Another approach could
be sintering at higher temperatures, which might lead to an acceler-
ated surface segregation and (one would expect) k-values closer to the
dense bulk samples found in literature. Moreover, analysis by analyti-
cal (scanning) transmission electron microscopy ((S)TEM) combined
with energy dispersive X-ray spectroscopy (EDXS) to study the chem-
ical composition of the electrodes and of the electrode-electrolyte
interface are in process.

As a whole by this study, the identification and quantification of
the different processes involved during the oxygen reduction reaction
of non-degraded porous MIEC cathodes were obtained. Moreover,
their actual microstructural parameters were calculated and tentative
k-values of the solely oxygen surface-exchange cathodes are given,
depending on plausible effective cathode thicknesses.

Conclusions

The exceptionally fast oxygen surface-exchange properties of
BSCF and LSCF were tested. The MIEC cathode materials were
in situ sintered and electrochemically characterized as porous elec-
trodes in symmetrical cells. The microstructure parameters were de-
termined from FIB-SEM tomography and data processing. Analysis
of the DRTSs curves allows the identification of four different physical
processes: gas diffusion losses, chemical losses (i.e. oxygen surface-
exchange), interfacial ionic and electronic losses. The contribution
of the different processes was quantified by CNLS fitting of the
impedance spectra and the DRT curves to a meaningful electrical
equivalent circuit. Specifically, a very low cathode specific resistance
of 47.8 mQ cm? at 600°C and 0.21 atm was achieved for BSCF.

According to the impedance analysis, the oxygen transport kinet-
ics of the in situ sintered cathodes is solely oxygen surface-exchange

controlled. The penetration depth decreases to the size of the cath-
ode particle (approximately) determined as 567 nm for BSCF and as
282 nm for LSCF by FIB-SEM tomography. Therefore, a Gerischer
impedance is not observed and the ALS-model cannot be used to
determine k® and D?® values. An alternative approach to determine
the oxygen surface-exchange coefficient is presented and tentative
values are calculated depending on the plausible effective cathode
thicknesses. Overall the in situ sintered MIEC cathodes examined
in this study present a higher k-value (by an average factor of 32)
than previously reported in literature, most likely due to the different
degradation mechanisms that have been always implicit in the history
of the conventional model samples, i.e. dense and thin-films.
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