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Reaction kinetics of nanostructured SOFC cathodes

1. Introduction

The electrochemical efficiency of solid oxide fuel cells (SOFC) at reduced operating temperatures
can significantly be increased by the application of nanostructured electrodes [1-9]. Both aspects, a
reduction of operating temperatures along with an increased electrochemical performance, are
crucial for SOFC-based Auxiliary Power Unit (APU) systems providing electrical energy in
automobiles, ships and aircrafts. The demand for high power densities arises from the limited space
in automotive applications. The reduction of operating temperatures (7' < 700 °C) allows short start-
up times of APU systems. For the realization of these goals an improvement of the
electrochemically active single cell with special emphasis on the oxygen electrode (cathode) is
critical.

In order to do so, it is crucial to understand the reaction kinetics of such nanoscaled cathodes. A
thorough understanding is necessary for further optimizing the electrodes in terms of microstructure
and material choice. Preliminary work revealed the high performance that can be achieved with
nanostructured cathodes, however, a systematic study of the different parameters particle size,
porosity, film thickness and material composition has not been performed so far.

In the former projects D5 and D7.2 a novel preparation method for nanostructured layers in
association with the Fraunhofer Institute for Silicate Research (ISC), Wiirzburg, has successfully
been implemented. A metal organic deposition (MOD) process facilitates a reproducible preparation
of homogeneous, crack-free thin-films with adjustable grain sizes, rendering possible an
investigation of the influence of nanoscale structuring on ionic and electronic charge transport
processes. In the related joint NSF and DFG research project “Nanoionics” MOD has also been
proven to be a versatile chemical route for the fabrication of nanoscaled thin film electrolyte layers
made of fluorite type yttria-doped zirconia or gadolinia-doped ceria next to nanoscaled thin film
cathodes made of perovskite type (La,Sr)CoOs_s or (La,Sr)MnOs_s.

For a technical application of SOFCs with such nanostructured cathodes, a two-layer electrode
structure is required. Firstly, the nanostructured cathode layer has the task of enhancing both the
oxygen surface exchange (high surface exchange coefficient ka) and the oxygen diffusion (high
diffusion coefficient D°). The most promising cathode material with this regard is the perovskite
composition (La,Sr)CoOs.5 (LSC), a mixed ionic-electronic conducting (MIEC) material. For each
material composition, an optimum set of parameters cathode thickness, grain size and porosity
exists with regard to the electrochemical properties. These can be adjusted via different preparation
routes of the MOD process.

Furthermore, a second current collector layer is necessary: This consists of a conventional
microstructured layer which must fulfil the requirements of carrying the reactive gases to the
cathode (structural requirement) as well as supplying a sufficient number of electrons (high
electronic conductivity) that are necessary for the oxygen reduction reaction:

1/20,+V,+2e 0 O}
As there are stability problems with zirconia based electrolytes, (La,Sr)CoOs_s cathodes are tested
and implemented on ceria based electrolytes, such as gadolinia-doped ceria (GCO), only.
2. Sample Fabrication

The nanoscaled thin film cathodes were applied by metal organic deposition. This is a sol-gel based
wet chemical route employing propionates of La, Sr and Co as precursors dissolved in propionic
acid. The precursors were derived from La,(COj3);, Co(OH), and Sr metal by the reaction with
propionic acid (in excess) in the presence of propionic acid anhydride separately. To obtain the final
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coating sol, the precursors were then dissolved in propionic acid at room temperature in the aimed
stoichiometry Lag ¢S194C00;5 (LSC). Best results in terms of homogeneous and crack-free thin
films were obtained with a solution containing 10 mass% of the resulting oxide. The final
composition of the coating sol was measured by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES). Our cooperation partner ISC prepared the ready-to-use sol, however the
actual fabrication of the thin film cathodes was done at the IWE.

The thin film cathodes were applied onto thin (400 — 800 pum, d = 25 mm) Cey9Gd 10195 (GCO)
electrolyte pellets (Daiichi Kigenso Kagaku Kogyo Co. Ltd, Japan) by a single dip coating step with
a withdraw rate of 8 cm min". In a subsequent drying process at room temperature for 5 minutes,
followed by a rapid thermal annealing (RTA) step at 170 °C for 5 minutes, all volatile components
were removed from the coating. In a second high temperature step, the actual perovskite phase was
formed. In this step, different heating rates, rapid thermal annealing or a slow heating with a heating
ramp of AT=3 K min’l, different maximum processing temperatures of 7, = 700 or 800 °C, and
different annealing times of #,, = 0, 10 and 100 h were applied, resulting in different microstructures
of the thin film cathodes.

Table 1: Processing parameters of the high temperature step for sample preparation.

Parameter Value Explanation
T e 700 °C, 800 °C maximum processing temperature
AT 3K min”, >200 K min"' (RTA) heating rate
tan Oh,10h, 100 h annealing time at 7.,
3. Results

3.1 Chemical compatibility with electrolyte material
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Figure 1. X-ray diffraction pattern (significant angle range) of powder mixtures of Lay sSry,CoQOs.sand 8YSZ
annealed in air at 600 °C for 250 h (black spectrum) and 1000 h (grey spectrum).

As a result of the former projects D5.1 and D5.2, the formation of secondary phases, such as SrZrOs
or Co304, was i1dentified for LSC type cathodes in combination with zirconia based electrolytes at
elevated temperatures [6;10]. However, these studies were limited to temperatures of 700 °C and
higher and nothing was known about the chemical compatibility of LSC and YSZ at temperatures
below 700 °C. To gain more insight into this, annealing experiments with powders were conducted.
Even at 600 °C SrZrO; and Co3;04 formation was observed for powder mixtures of Lag ¢Sr94C00;3.5
and 8 mol% yttria-doped zirconia (8YSZ) (Tosho Corporation, Japan) after annealing for 1000 h
(see Figure 1). As kinetics are slow at this temperature, annealing for 250 h was not sufficient and
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only after 1000 h a detectable amount of the secondary phases was formed. Qualitatively similar
results were obtained for other stoichiometries such as LagsSrysCo0s.s and Lag7Srg3C00s.s.
Consequently, experiments with zirconia based electrolytes were discontinued and ceria based
electrolytes, in particular Cey ;Gdy 9O 95, were used instead.

3.2 Microstructural and chemical characterization

The resulting microstructures were analyzed by scanning electron microscopy (SEM) (Zeiss
1540XB, Carl Zeiss NTS GmbH) at the Institut fiir Werkstoffe der Elektrotechnik (IWE) and by
transmission electron microscopy (TEM) at the Laboratory for Electron Microscopy (LEM), within
the CFN, with a 200 keV Philips CM200 FEG/ST equipped with a field emission gun. Grain sizes
were determined from surface SEM micrographs using the image processing software SPIP™
(Image Metrology A/S) and from TEM plan view images using ImageJ (http://rsbweb.nih.gov/ij/).
The mean grain-size d,.., was calculated as a circle equivalent diameter from the grain area,
averaging over at least 288 (SEM) or 120 (TEM) grains. The porosity ¢ was determined with a FEI
Titan3 80-30 transmission electron microscope by means of a high-angle annular dark-field
(HAADF) 3D STEM tomography reconstruction of the thin film cathodes using the simultaneous
iterative reconstruction technique (SIRT) [11]. This was done for two samples only, as it is rather
complex and time consuming. X-ray diffraction (XRD) (Siemens D5000, Bruker-AXS) was used to
investigate crystallization and chemical homogeneity. The setup was operated in the grazing
incidence mode with a tube angle of 1.5° using a copper radiation source (Cugys, A = 0.15406 nm).

X-ray diffraction analysis confirmed phase pure Laj¢Srp4C00ss formation for the thin film
cathodes [12;13]. An X-ray diffraction pattern of a nanoscaled thin film cathode processed at
700 °C (AT=3 K min™) and without further annealing is plotted in Figure 2. This shows, that a
temperature treatment at 700 °C is sufficient for the formation of phase pure LSC derived by MOD.
The rather broad LSC related peaks result from the nanoscaled grain size. Secondary phases, e.g.
reaction products between LSC and GCO, were not detected, which is in agreement with [14;15], as
they are not expected to form.
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Figure 2: XRD pattern of a MOD derived nanoscaled Lay Sry4CoQOs.s thin film cathode on a Gdy;Cey 90 95
electrolyte processed with AT = 3 K min™, Tpux = 700 °C and t,, = 0 h. ¢ denotes the position of
LaysSry4CoO0s.5 peaks [12] and Y those of CepoGdy ;095 [13].
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Figure 3: Low magnification SEM micrographs of thin film cathodes on a GCO electrolyte substrate
prepared with the processing parameters a) AT = 3 K min”, Tpae = 800 °C, to, = 10 h and b) AT = rapid
thermal annealing (RTA), Ty = 800 °C, t,, = 10 h. Thin film layers processed with a slow heating rate
exhibited no cracks or areas of inhomogeneity over the whole substrate surface. The patterning of the layer
is a result of the topography of the grains and grain boundaries of the electrolyte substrate. RTA led to a
bulgy layer with cracks.

All samples prepared by MOD applying a slow heating rate of 3 K min™ led to crack-free thin films
with a nanoscaled microstructure as shown in Figure 3a). However, if the samples were processed
with RTA, they exhibited a very inhomogeneous structure with bulges and cracks (Figure 3b)). The
main focus within this project was on the slowly heated samples, as they exhibited a homogeneous
microstructure. The RTA prepared samples are only included in this report to give an overview of
the microstructures which can be derived by MOD technique.

Figure 4 depicts high-resolution SEM micrographs of the different surface morphologies of
nanoscaled cathodes, processed with a slow heating rate of 3 K min™, Controlled by the maximum
processing temperature and annealing time, cathodes with mean grain sizes ranging from 17 nm to
90 nm and porosities of up to 45 % were obtained. Both the smallest mean grain size and the
highest porosity were determined for the sample calcined at 700 °C without further annealing
(Figure 4 a)). A detailed compilation of the microstructural data can be found in Table 2.

Table 2: Microstructural properties of nanoscaled thin film cathodes prepared with AT = 3 K min™. dyean 15
denotes the mean grain size determined by TEM analysis, dyean sev the mean grain size determined by SEM
analysis. ¢ denotes the porosity determined by STEM tomography.

Processing of sample Amean, TEM Amean,SEM &

Tnax (°C) tan () (nm) (nm) (vol %)
700 0 17+5 16.4 +7.82 45+ 10
700 10 not determined 250+11.4 not determined
700 100 28 + 10 30.2+14.1 not determined
800 0 29+ 10 27.0+10.6 17+5
800 10 not determined 38.8+18.8 not determined
800 100 90 + 33 63.5+33.5 not determined
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Figure 4: SEM surface micrographs of nanoscaled cathodes processed at 700 °C and 800 °C for up to 100 h
(AT = 3 K min” for all samples).

The mean grain sizes determined with the two methods (SEM and TEM) are in good agreement.
Only for large grain sizes, the results differ significantly. This is most likely the result of
overlapping grains that partly cover each other — if observed from the surface — leading to an
underestimation of the grain size by SEM surface analysis. In the following, particle sizes
determined by TEM will be used. For those samples, where no TEM data is available, SEM derived
data will be applied.

As expected, the grain size increases with increasing maximum processing temperature and with
increasing annealing time. The porosity decreases with increasing maximum processing
temperature and with increasing annealing time. One coating step resulted in an average layer
thickness of approximately 200 nm.

The cross-sectional images in

Figure 5 a) and b) give a visual impression of the large range of grain sizes, which can be obtained
by MOD. The two images represent the upper and lower bound in terms of porosity and particle
size.
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Figure 5 c) and d) depict thin film cathode samples processed with the same parameters as the
samples in a) and b), respectively, except for the heating rate. Representative for all samples treated
with rapid thermal annealing, these cathodes exhibited a dense surface layer with a high closed
porosity underneath. We attribute this to a rapid heating of the coating’s surface, which immediately
formed a dense oxide surface layer. The gaseous decomposition products of the metal organics from
the material underneath then lead to a high, closed porosity and large cavities beneath the dense
surface layer. Grain size and porosity values could not be determined for these layers, as the layers
are highly inhomogeneous.

Figure 5: SEM micrographs of nanoscaled cathode cross-sections of samples processed at a)
AT =3 K min™, Ty = 700 °C, t,, = 0 h, b) AT = 3 K min”, Tpee = 800 °C, toy = 100 h, ¢) AT = RTA, Tpar =
700 °C, t,, = 0 hand d) AT = RTA, Tyux = 800 °C, t,, = 100 h.

3.3 Electrochemical characterization
Influence of the current collector on the cathode performance

Before analyzing the electrochemical characteristic of nanoscaled cathodes, possible sources of
error must be carefully considered. These could be, for example, possible contributions of the
current collector layer to the cathodic electrochemical reaction, or current constrictions arising from
insufficient contacting of the nanoscaled cathodes. The latter arise, if the contact spacings are too
large. This would be the case, if the thin film cathodes were contacted by a gold mesh only, which
is commonly used for contacting SOFC cathodes in a measuring setup. The low cathode film
thickness would then lead to a low lateral electronic conductivity in between the contact points of
the gold mesh nods (distance = 250 um) resulting in areas of reduced activity. To avoid this, a
current collector layer (CCL) of um-sized LSC particles (dsp = 1.8 um) was applied on top of the
thin-film cathodes. To evaluate possible influences of this current collector, the polarization losses
of a cathode made of the current collector layer only were determined experimentally and
theoretically by an appropriate model.

a) For the calculation of the electrochemical characteristic of CCL in terms of area specific
polarization losses, a 1D model by Adler et al. [15;16] for a semi-infinite porous mixed conducting
cathode with a fast ionic transport, a high electronic conductivity and no gas phase limitations was
applied. Our LSC type current collector layer fulfills these requirements [15]. The necessary
geometry related parameters, solid phase tortuosity 7= 1.75 and volume specific surface area
a=1.42-10°m”, were calculated with the aid of a 3D finite element method (FEM) microstructure
model, which was developed at our institute (Riiger et al. [17]). In addition, a geometry correction
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term was applied, which was determined by a focused ion beam (FIB) tomography 3D
reconstruction of a real electrode structure, which was performed at our institute as well [18]. It
needs to be noted, that these numbers were derived with the assumption, that the CCL layer exhibits
a microstructure similar to a sintered electrode structure, which is not the case here, as the current
collector layer is used in an unsintered state. Therefore, the derived values for the specific surface
area and the tortuosity can only serve as an estimate. The calculations predict an area specific
resistance associated with the cathodic polarization loses of ASR .. = 1.44 Qcm? at 600 °C.

b) Experimentally, a twice as high value was determined with ASR,..s = 2.85 Qcm? at 600 °C. For
this, a cathode made of the LSC current collector layer only was electrochemically characterized in
a symmetric setup. The current collector was applied by screen printing as a 30 um thick layer and
was characterized in an unsintered state on a GCO pellet in stagnant air. The comparably high
polarization losses measured for this type of cathode can be attributed to the poor interface between
the cathode and the electrolyte and to not sintered cathode particles.

As the measured value is more than 100 times higher and the calculated value is still more than 60
times higher than the lowest value measured on a nanoscaled thin film cathode (4SR,,;,) and since
they are still 17 and 9 times higher than the highest (ASR,..), respectively, the influence of the
current collector on the electrochemical performance can be considered negligible for such high
performance cathodes (see Table 3).

Table 3: Area specific polarization resistance values of a um-scaled LSC current collector layer determined
by 1D model calculations (ASR...) and EIS measurement (ASR .c.s) in comparison to the highest and lowest
area specific resistance values measured on nanoscaled cathodes (ASR . and ASR ;).

um-scaled LSC CCL nanoscaled thin film cathodes
ASR 41 / Qcm? ASR yeqs / Qcm? ASR i | Qcm? ASR 0 | Qem?
1.44 2.85 0.023 0.165

Electrochemical impedance spectroscopy analysis

Electrochemical characterization was performed by means of electrochemical impedance
spectroscopy (EIS) on a symmetrical cell setup. The active cell area of the cathodes was 1 x 1 cm?
and the test cells were contacted with a gold mesh (>99.99% Au, 1024 meshes.cm’z, 0.06 mm
wires), leading to a homogeneous current distribution over the electrode. EIS measurements were
carried out under open circuit conditions in stagnant ambient air in temperature steps of 25 K from
400 to 600 °C using a Solartron 1260 frequency response analyzer in a frequency range of
10" <f<10°Hz. The impedance data were then analyzed by calculating and analyzing the
corresponding distribution function of relaxation times (DRTs) [19] and CNLS fitting (Z-View®
software v2.8, Scribner Associates Inc.).

Figure 6 depicts a comparison of the results form this study to the results from D5.2, which were
summarized by Peters et al. in [6], and which were obtained for MOD derived nanoscaled
Lay 5Sr9sCo0s.5 thin film cathodes processed at 7, = 900 °C. In comparison, samples processed
according to Table 1 exhibited a significantly higher performance, except for the sample annealed at
800 °C for 100 h. At 600 °C polarization losses range from 0.023 to 0.165 Qcm®. The lowest value
was determined for the cathode with the highest porosity of £ =45 % and the smallest average grain
size of dyeqn = 17 nm (see Figure 3a) and 4a)), which therefore exhibited the largest surface area for
the oxygen surface exchange reaction.

All cathodes exhibited nearly the same activation energy of £, =1.41 = 0.03 eV. As the cathodic
reaction was determined to be surface controlled for these thin film cathodes [20], this value is in
good agreement with the activation energy of E,=1.3+0.1 eV reported for the resistance
associated with the oxygen surface exchange of LageSro4Co0O;5 [4]. Peters et al. [6] determined
their LagsSrosCoOs thin film cathodes to be surface exchange controlled as well, with
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E,=1.07¢eV. In agreement with the trend, that the activation energy of the surface exchange
coefficient decreases with increasing Sr-content [21], a lower activation energy was observed.
Temperature, 7/ °C
790 ) 690 ) 590 ) L 2 La(),5SI'()_5COO3.5
by Peters et al. [D5.2]
(E,=1.07¢eV)
A LapeSro4Co0055
best cathode [F2.2]
(E,=142¢eV)

Results @ T'= 600 °C
(all samples) [F2.2]

O Results @ T'=500 °C
(all samples) [F2.2]

0.01 I N N N
1.0 1.1 1.2 1.3 1.4 SOFC600 target

1000 K/ T(K)
Figure 6. Arrhenius plot of the results D5.2 (¢) (Peters et al. [6]) and the best nanoscaled Lag ¢Sy 4C0o0;3.5
thin film cathode (Tya = 700 °C, tyy = 0 h and AT = 3 K min™) measured in this study (A ). The open

symbols represent results from all prepared samples measured at 500 °C (o) and 600 °C (o). Benchmark:
target value of the SOFC600 project (EU project, FP6-2004-Energy-3, contract no. 020089)
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The results of the samples prepared with the slow heating rate (3 K min™") are displayed in more
detail in Figure 7. As depicted in Figure 7 a), for a maximum processing temperature of 700 °C
most of the grain growth occurred within the first 10 hours. After another 90 hours, no significant
change was observed. However, as the porosity decreased with increasing annealing time, the
surface area available for the electrochemical reaction was reduced, leading to an increase of the
area specific polarization losses (Figure 7 b)). According to Adler et al. [15] the ASR en is inversely
proportional to the volume specific surface area, if the cathode is surface exchange controlled. This
effect is even more obvious if the samples prepared at 700 °C with 10 h and 100 h of annealing are
compared to the sample prepared at 800 °C with 0 h of annealing). The grain sizes are about the
same, however the ASR ., is significantly lower for the latter sample. This is attributed to the
comparably large open porosity. Sample annealing at 800 °C for 10 h and 100 h leads to a
continuing grain growth and dense films, reducing the sites for the cathodic reaction to the
comparably small surface area of the cathode film surface. The resulting losses are therefore
significantly higher.

100 0.18

2) 015 |2
80 1
g NE 0.13
~ 60 - A Tmax:700 °C & 0.10 -
§ A Tpae = 800 °C = 08 |
~ 40 % :
20 —aA < 0.05 A A/I
0.03 -
600
‘ , , , ‘ ‘ 0.00 ‘ ‘ ‘ @ ‘
0 20 40 60 80 100 120 0 20 40 60 80 100
tw/h dinean / NM

Figure 7: The two graphs depict a) the microstructure analysis results and b) the performance analysis
results of the samples prepared with the slow heating rate (AT = 3 K min™) in more detail. Graph a) shows
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the mean grain size (dy..,) with respect to the annealing time. Graph b) plots the measured area specific
polarization losses at 600 °C over the mean grain size.

In Figure 8, the polarization losses measured in the present study are compared to results from the
previous projects D5.2 [6] and D6.3 [22] and other values reported in literature for (La,Sr)CoOs.s
type perovskites [15;23;24] and other promising candidate materials, such as (Ba,La,Sr)(Co,Fe)O;-s
(BLSCF) [22] or (La,Sr)(Co,Fe)O;-s (LSCF) [22;25] type perovskites. For (La,Sr)CoOs., it is
unambiguously shown, that reducing the particle size from the pm to the nm regime drastically
reduces the polarization losses of about factor 50. This comparison also reveals that Lag ¢St 4C0O3_s
is a very promising candidate for intermediate or low temperature operation, as it outperforms other
material compositions, applied as nm-scaled cathodes or nm-scaled composite cathodes
(combination of cathode material and electrolyte material, such as GCO). Only an LSCF cathode by
Baqué et al. [25] exhibits lower polarization losses at temperatures of 400 — 500 °C. However, as
this cathode shows a very unusual — not Arrhenius type — temperature activation, this cathode type
seems to have severe temperature stability problems, which relativise these results.

Temperature |/ °C

700 600 500 400

10 4
e
o

a1
&
=

0.1 4

1 ¢ SOFC600 Target
0.01 ———
1.0 1.1 1.2 1.3 1.4 1.5
1000K /T . .
(La,Sr)Co0s.5 Other perovskite materials (nm-scaled)

um  ® pm-scaled LagsSro4C003.5[15] LSCF [31]

O sub pm-scaled Lag 6Sro4C003.5 [23] LSCF [25]
LSCF [22] results D6.3

LSCF + 10 % GCO [22] - D6.3
nm < ¢ nm-scaled LaysSrysCoQs., [6] results D5.2 BLSCF + 10 % GCO [22] - D6.3

A nm-scaled Laj¢Srp4C00;.s, progress F2.2 BLSCF [22] - D6.3

v nm-scaled Lag 5Sro5C00;.5 [24]

Figure 8: Comparison of different sized (La,Sr)CoOj;.s cathodes (black symbols) to other promising
perovskite materials, such as (La,Sr)(Co,Fe) O;.s (LSCF) or (Ba,La,Sr)(Co,Fe)O;.s (BLSCF) applied as
nanoscaled cathodes or nanoscaled (GCO-)composite cathodes (grey symbols). For (La,Sr)CoQOs.s reducing
the particle size from the um to the nm regime leads to a reduction of the polarization losses of factor 50.
The addition of Ba or Fe does not lead to cathodes with increased performance.
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3.4 Theoretical considerations

As the measured polarization resistances are extremely low, the question arose, if it is the nanoscale
of the microstructure that enables such low values, or if the MOD processing route leads to LSC
with enhanced catalytic properties. A comparison of measured data with theoretically obtained
values applying 1-dimensional continuum modeling [16] clarified this aspect. The general equation
was simplified for the case of a thin film cathode, where the theoretical penetration depth of the
electrochemical reaction 0 exceeds the electrode thickness. In this case, the entire surface area of the
cathode is utilized and polarization losses are related to the surface exchange only [15].

Apart from material related parameters, such as the surface exchange coefficient £* and the vacancy
diffusion coefficient D,, which were taken from literature [15], also geometry related parameters
were input to the model. These are for example the solid phase tortuosity 7 and the volume specific
surface area a;, which were again calculated with the aid of the 3D FEM microstructure model
mentioned above [17]. Furthermore, in a second data set, the volume specific surface area was
modified with the FIB-reconstruction derived correction term (a; = 1.83-a;) which was already
mentioned above [18].

Table 4 lists the details of two cathodes of different particle size (ps) for which the calculations
were made. The cathodes were of thickness /¢,, = 210 nm with an estimated porosity of ¢ = 0.3 and
a resulting tortuosity of 7= 1.4.

Table 4: Two samples of different particle size were chosen for comparing measured (EIS) and calculated
ASR values (at 600 °C). For each particle size, 0 (penetration depth of the electrochemical reaction) and
ASR values were determined for two volume specific surface areas a; (3D-FEM) and a, (FIB reconstruction

corrected).
ps aj a; 0 Oz ASR ,; ASR ,; ASR gis
nm I/m I/m nm nm Q-cm? Q-cm? Q-cm?
15 8.17-107 1.49-10° 276 204 0.22 0.11 0.023
30  4.08:10" 746107 390 288 0.43 0.23 0.028

For all cases, the penetration depth J is greater or equal to the cathode thickness. As the diffusion
coefficient (D,), which was used for these calculations, is low and the surface exchange coefficient
is high — compared to others reported in literature [12;21;26-29] (in some cases the data have been
extrapolated assuming Arrhenius behavior for comparison) — this value can be regarded as a
minimum penetration depth. The actual penetration depth might actually be significantly higher.
The resulting polarization resistances are more than 5 times higher than the measured values, even
though a comparably high surface exchange coefficient has been chosen. The high performance of
the nanoscaled cathodes can thus not solely be explained by an enlargement of the inner surface
area, resulting from a nanoscaled microstructure, as suggested in the conclusions of project D5.2
[6]. Therefore, it is concluded that nanoscaled LSC prepared by MOD must exhibit enhanced
catalytic properties for the oxygen surface exchange reaction, significantly higher than those of LSC
bulk material prepared by conventional methods such as solid state reaction or a glycine—nitrate
route.

A backwards calculation, yielding the value for the surface exchange coefficient, leads to
k*=3.16-10° cm/s (assuming ps = 15 nm, a = 1.49-10° m", Ic, =210 nm, ASRjem = 0.023
Q-cm?), calculated with ¢, = 85530 mol/m? [27]. For comparison, the value obtained by Adler et
al. [15] is by a factor of 5 smaller with k* = 6.20-10” cm/s. The cause for this distinct improvement
has not been identified and understood yet, but recent results of TEM performed chemical analyses
revealed nanoscaled Co3O4 precipitates on the cathode thin film surface, which may act catalytically
to enhance the surface exchange of oxygen [30].
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Simulations with our 3D FEM model [17] lead to similar results as the 1D model without the TEM
correction factor (see Figure 9). However, it is clearly visible, that the 1D model slightly
underestimates the polarization losses, as, for example, current constrictions within the electrolyte
are not taken into account by this rather simple model. For the 3D FEM calculations, a porosity of
¢ = 0.3 was applied as well. It needs to be noted, that the porosity does not exactly match the one
measured by 3D STEM tomography, as these results were obtained recently. However, as the error
resulting from this deveation is rather small (~20 % if the porosity is 0.5 instead of 0.3) the
conclusion remains unaffected. In the next reporting period, an updated data set will be available.
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Figure 9: Comparison of the results for T = 600 °C obtained by EIS measurements, 3D-FEM microstructure model
simulations, 1D model calculations and 1D model calculations applying a FIB-reconstruction derived correction factor
for determining the volume specific inner surface areas. The calculations were performed for a particle size of 15 and
30 nm, a porosity of € = 0.3 and, in the case of the 1D model, a tortuosity v = 1.4.
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4. Summary and Outlook

In the present study, nanostructured cathodes made of the perovskite material La ¢Sro4C00O3.5 were
prepared and characterized, which exhibited outstanding performances with polarization losses as
low as 0.023 Qcm?®. For the first time, a variation of the microstructure on the nanometer scale was
systematically studied, with the focus on the correlation of the microstructure and the reaction
kinetics in terms of area specific resistance. By applying different processing parameters, such as
maximum processing temperature, heating rate and annealing time, a wide span of truly nanoscaled
microstructural features, such as nanoscaled porosity in the range of 0 — 45 % and grain sizes from
17 to 90 nm, was obtained. The high volume specific inner surface area, which is a result of small
particles in combination with a high open porosity, is the major feature, which enables such low
polarization losses. Going from “micro” (particle sizes in the range of 1 — 2 um) to “nano”, a
significant reduction in area specific resistance of factor 50 was demonstrated.

The experimentally obtained results were tried to be interpreted by modelling, based on material
related parameters determined on bulk samples. However, it was not possible to explain the
exceptionally good results applying these parameters, neither with a 1D analytical model, nor by a
detailed 3D FEM microstructure model. It is concluded, that nanoscaled MOD derived LSC
exhibits enhanced catalytic properties, which might, at least in parts, be explained by nano-
particulate Co3O4 precipitates on the thin film cathode surface, as revealed by a recent TEM
investigation. A significant contribution of the current collector layer to the cathodic
electrochemical reaction could be ruled out.

Furthermore, the results of the present study opened up a whole new aspect to nanoscaled cathodes
made by MOD derived LSC, as they did not only exhibit excellent performances at temperatures of
600 °C (6x better than the target value of the European Union project SOFC600), but also revealed
very promising results at temperatures as low as 500 °C — a typical target operation temperature of
u-SOFCs. p-SOFCs, fabricated on a chip, are currently investigated as a potential battery
replacement for notebooks or related devices.

With the results of this work, we have been able to further increase the performance of the
nanostructured cathodes by a factor of 5, compared to the results obtained in the previous
subprojects D5.2 and D7.2. Depending on microstructure, polarization losses between 0.023 —
0.165 Qcm” at 600 °C were achieved, which are the lowest values reported in literature. Several
measurements lead to this improvement: chemically compatible material choice for the electrolyte
substrate, different sol chemistry of the metal organic deposition process and decisively modified
processing parameters with maximum processing temperatures as low as 700 °C.

Consequently, future work must focus on a detailed understanding of the surface chemistry of
nanoscaled LSC thin film cathodes, which facilitates the oxygen reduction reaction. This interaction
with the gas phase is crucial for the goal to make precise predictions with our 3D FEM
microstructure model. Especially the interaction of impurities contained in ambient air (e.g. H,O or
CO,) with the cathode material, with regard to the surface exchange of oxygen, is of great interest,
as due to the high surface-to-volume ratio, these electrodes and their reaction kinetics are highly
sensitive to poisoning or other sources of degradation. This feature opens up an all new possibility
to study such effects on a completely different sensitivity level.

With a detailed understanding of the surface chemistry it is also expected that new ways of
improving nanoscaled LSC cathodes will be identified. Motivated by preliminary results, a
deliberate fine-tuning of the kinetic properties of nanoscaled cathodes by a systematic surface
modification with nano-particulate binary oxides (e.g. Co3;O4 or SrO) could be an easy but powerful
way to significantly enhance the surface exchange kinetics of nanoscaled LSC or other types of
cathodes.
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