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The thermochemical stability of lanthanum strontium cobalt ferrite (LSCF) processed between 1000 °C—1200 °C via the in situ
carbon templating method was studied. This method generates high surface area ceramics at traditional solid oxide fuel cell (SOFC)
sintering temperatures by generating a carbon template in situ and subsequently removing the template by oxidation at 700 °C.
Argon processed samples produced an amorphous carbon template, whereas nitrogen tended to form graphitic carbon. Prior to the
oxidation step, nitrogen samples comprised larger La,O5 crystallites (22—40 nm) compared to argon (9—17 nm). Upon oxidation,
argon samples resulted in a pure LSCF phase with surface areas in the 21-29 m*g ™" range, whereas nitrogen samples contained
significant impurities. This demonstrates that the size of La,O5 crystallites formed during inert processing limited the ability to
produce a pure LSCF phase. Symmetrical cells comprising nano-LSCF electrodes generated by the templating method were
compared to cells sintered directly in air. Impedance results suggest that nano-LSCF cells and cells processed in air were
dominated by interfacial charge transfer resistance and gas diffusion, respectively. The results map out conditions for preparing and
integrating high surface area, nanostructured LSCF into SOFC electrodes at traditional sintering temperatures. Strategies for
improving the interfacial resistance of nano-LSCF electrodes are discussed.
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Lanthanum strontium cobalt ferrite (LSCF) has been extensively
studied as a cathode material for intermediate temperature solid
oxide fuel cells (IT—SOFC)‘I’5 Researchers are interested in the
material because of its high electronic and oxide ion conductivity as
well as its high oxygen diffusion properties at intermediate tem-
peratures (600 °C—800 °C)."*® These properties extend reaction
sites throughout the cathode, substantially enhancing electroche-
mical performance.

The most common synthesis methods researched to optimize the
conductivity and catalytic properties of LSCF powders are solid-
state reaction and wet chemical synthesis methods.”™'> The solid-
state reaction method is attractive because of its low cost and
simplicity; however, it requires high temperatures, often resulting in
poor compositional homogeneity and low surface area.’ Hence,
researchers have favored preparing LSCF by the wet chemical
synthesis methods, which include solution combustion, co-precipita-
tion, sol-gel, and polymeric complexing.”!'~'> The use of solutions
as starting materials ensures homogeneous mixing of precursors at
the atomic level and lower calcination temperatures.” As a result,
many researchers have successfully prepared crystalline LSCF
powders with fine and homogeneous particles using wet chemical
synthesis methods.'®~

While LSCF powders with 100-200 nm partlcles and crystallites
as small as 20 nm have been successfully prepared,'’~'® it has been
challenging to make cathodes comprising such small LSCF particles
given that SOFCs are sintered at high temperatures (=1000 °C).
Such high temperatures lead to substantial particle coarsening,
which reduces the active site density in electrodes. In our lab, we
have developed a processing method that overcomes this challenge.
We refer to this novel method as in situ carbon templating, and we
have used it to prepare numerous SOFC nanomaterials with particles
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as szlglglql as 10 nm over a broad range of temperatures, 850 °C—1350
OC. =29

The in situ carbon templating method involves two steps. First, a
hybrid inorganic-organic material containing precursors of the
desired SOFC ceramic is prepared and heated to 850 °C-1350 °C
in an inert atmosphere. During this process, an amorphous carbon
template forms and surrounds the ceramic nanoparticles, preventing
them from coarsening. In the second step, the amorphous carbon is
removed by oxidation in air at 700 °C, a temperature which does not
cause detrimental coarsening of the nanoparticles.

In a previous study, we have shown the effect of sintering
atmosphere on the Ehase evolution of yttria-stabilized zirconia
(YSZ) nanoparticles.”™ It was found that, in some cases, a ZrC
impurity phase forms during the high temperature inert processing
step, resulting in a monoclinic ZrO, impurity phase during the
oxidation step. Since monoclinic ZrO, is detrimental to the oxide ion
conductivity and electrochemical activity of SOFC cathodes,?®® it
was critical to understand the impact of different sintering atmo-
spheres on impurities and YSZ phase evolution. Under argon, ZrC
began to form at 1150 °C; however, ZrC did not form in nitrogen
below 1350 °C. It was suggested that nitrogen partially dissoves into
YSZ near the surface, suppressing interaction between YSZ and the
carbon template.”*~>

Similarly, we have conducted a systematic study on the thermo-
chemical stability of LSCF under argon and nitrogen atmospheres.
Unlike the YSZ results, a pure nano-LSCF (nLSCF) phase was more
difficult to produce under a nitrogen atmosphere compared to argon.
In the LSCEF case, it was determined that the structure of the carbon
template and the crystallite size of a La,O5; impurity phase could be
used to predict whether or not a pure LSCF phase forms. In addition,
the electrochemical performance of symmetrical cells comprising
nLSCF electrodes was investigated.
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Experimental

LSCF-Propylene Oxide-Glucose (LSCF-POG) hybrid materials
were prepared according to our previously reported procedures.?'~>*
First, La(NO3)3:6H,0 (99.99%, Alfa Aesar), St(NOs;), (99.0%, Alfa
Aesar), Co(NOs3),'6H,0O (98.0%-102.0%, Alfa Aesar), and
Fe(NO3)3'9H,0 (98+%, Alfa Aesar) were dissolved in deionized
water in a La:Sr:Co:Fe:H,O molar ratio of 3:2:1:4:950. Second,
glucose (299.9%, Alfa Aesar) was added to the solution and
magnetically stirred until complete dissolution. Samples were
prepared with glucose to total metals (Glucose:M) molar ratios
between 2.5:1 and 4.5:1 in 0.5:1 increments. Finally, propylene
oxide (PO, >299.5%, Sigma-Aldrich) was added to the solution in a
PO to total metals (PO:M) molar ratio of 9:1. The resulting solution
was heated to 120 °C until a dark brown viscous material formed.

One set of hybrid material samples was sintered under nitrogen
(GO1 NI300, Arc3, 99.998%) and the other set under argon (GOl
AR300, Arc3, 99.997%). In both cases, the gases were flowed at
750 ml'min~'. The temperature was programmed to increase from
ambient temperature to 850 °C at 5 °C'min”", from 850 °C to the
sintering temperature at 2 °C-min~', held at the sintering tempera-
ture for 2 h, and then decreased to 850 °C and ambient temperature
at 2 °C-min~' and 5 °C'min~', respectively. Three sintering
temperatures were studied: 1000 °C, 1100 °C, and 1200 °C. All
samples were subsequently calcined in air at 700 °C for Sh with a 5
°C-min~"' ramp rate. For comparison purposes, LSCF-POG samples
with a 4.5:1 Glucose:M molar ratio and commercial LSCF (LSCF-
HP, fuelcellmaterials) samples were sintered at 1000 °C, 1100 °C,
and 1200 °C in air for 2 h following the same heating schedule.

The concentration of the carbon template generated during the
inert processing step was determined via carbon elemental analysis
by Complete Analysis Laboratories, Inc. (Parsippany, NJ). The
experiments were conducted with a Carlo Erba CHN analyzer by
combusting each sample at 1100 °C and quantifying the amount of
evolved CO, gas. The carbon wt% was then determined from the
measured CO, amounts. Powder X-ray diffraction (XRD) patterns of
both the sintered and calcined samples were collected for phase
identification. Patterns were collected with a Bruker D2 Phaser X-
ray diffractometer with CuKa radiation, a 26 range of 20°—60° in
0.02° increments and a 0.3s time step. The Brunauer, Emmett,
Teller (BET) method was used to determine specific surface areas.
The BET experiments were conducted with a Micromeritics Tristar
IT 3020 surface area analyzer with nitrogen adsorption at 77 K. The
samples were degassed at 250 °C for 2h prior to starting the
experiments and the correlation coefficients of the reported surface
areas were at least 0.9995. Electron diffraction, diffraction contrast,
and high-resolution transmission electron microscopy (HRTEM)
imaging were performed using a JEM-2100 operated at 200 kV.
Chemical analysis was carried out under TEM using energy
dispersive X-ray spectroscopy (EDS).

Symmetrical cells comprised of nLSCF electrodes or commercial
LSCF (cLSCF) electrodes with a samaria-doped ceria (SDC)
electrolyte were prepared as follows. SDC powders (SDC20-TC,
fuelcellmaterials) were pressed into pellets and sintered in air at
1400 °C for 5 h. Upon sintering, the diameter and thickness of the
pellets were 13.5mm and 0.6 mm, respectively. LSCF slurries,
prepared by mixing either nLSCF or cLSCF with ink vehicle
(VEH, fuelcellmaterials) in a 1:1 ratio by weight, were applied on
either side of the SDC electrolyte. For nLSCF, the LSCF-POG
powder had a 2.5:1 Glucose:M molar ratio and was pre-sintered at
1000 °C in argon. The cLSCF cells were sintered in air while the
nLSCF cells were sintered in argon (750 ml'min~"). Both cells were
sintered at 1000 °C for 2 h with a 2 °C-min™" ramp rate. The nLSCF
cells were subsequently calcined in air at 700 °C for 2 h. For both
samples, the effective electrode area was 0.32 cm? and the electrodes
were ~20 um thick.

Symmetrical cell electrochemical performance was investigated
with Electrochemical Impedance Spectroscopy (EIS). The experi-
ments were conducted using a potentiostat with four probes

(Interface 5S000E, Gamry Instruments). Silver paste and silver wires
were used for current collection at both electrodes. All tests were
conducted in galvanostatic mode with a 0 mA dc current, a 5 mA ac
perturbation, and a 10° Hz-10"' Hz frequency range. Cells were
tested in air at 700 °C, 750 °C, and 800 °C. The resulting impedance
spectra were deconvoluted by non-linear least squares regression and
the impedance values were divided by two to account for the
contribution of the two electrodes.

Results and Discussion

XRD patterns of LSCF-POG treated in nitrogen and subsequently
calcined in air are shown in Fig. 1. Upon processing in nitrogen, the
primary phases are La,O; and FeCo for all hybrid material
formulations. This is expected given that the formation of a carbon
template creates a reducing environment and numerous researchers
have reported that binary oxide and metal phases are favored over
LSCF under low oxygen fugacity atmospheres.>*° In general,
primary phase peaks become broader with increasing Glucose:M
molar ratios, i.e. higher carbon template concentrations, and
decreasing processing temperatures. Broader peaks indicate smaller
crystallite size, which can be estimated using the Scherrer equation.
For example, for a processing temperature of 1200 °C, the crystallite
size of La,O5; decreases from 39 nm to 27 nm as the Glucose:M
molar ratio is increased from 2.5:1 to 4.5:1. In addition, for a
Glucose:M molar ratio of 4.5:1, the La,0; crystallite size decreases
from 27 nm to 9 nm as the processing temperature is decreased from
1200 °C to 1000 °C. Both trends are consistent with previous studies
of YSZ and gadolinium-do%‘)ed ceria (GDC) derived from hybrid
inorganic-organic materials.**>*

One feature of the XRD patterns in Fig. 1 that we have not
observed in previous studies is the presence of a graphitic carbon
peak. A clear graphite peak is observed at a processing temperature
of 1200 °C for all Glucose:M molar ratios. For processing
temperatures of 1100 °C and 1000 °C, the La,O; peak at a 26 of
26.1° is too broad to determine whether a graphite peak is present. In
Figs. la and 1b, one could argue there is a small, broad shoulder on
the right side of the La,O3 peak for 1100 °C that may be graphite;
however, one cannot be certain given the lack of a demarcated peak.
Even if graphite was present in these 1100 °C samples, the low
intensity and broadness suggests it would be present in low
concentration and have a small crystallite size.

In regard to samples treated in nitrogen and then calcined in air,
Fig. 1 shows that impurities became more prevalent with increasing
processing temperature and decreasing carbon content. For a
processing temperature of 1000 °C, the only sample with a
significant impurity was the 2.5:1 Glucose:M molar ratio sample,
which contained a La,O; phase. For all other formulations, only very
minor or no impurity peaks were detected in the XRD patterns. For
samples processed at 1100 °C, a significant impurity, La,SrO;,
occurred for 2.5:1 and 3.0:1 Glucose:M molar ratio formulations.
Higher glucose concentrations, and, in turn, higher carbon template
concentrations resulted in the formation of a pure LSCF phase. For
all samples processed at 1200 °C, La,O; was the primary phase
detected. The La,O3 peaks were sharp, indicating large crystallites,
and suggesting solid-state diffusion may have limited the ability to
form the desired LSCF phase. This point is addressed in more detail
later.

Figure 2 shows XRD patterns of LSCF-POG treated in argon and
subsequently calcined in air for samples with Glucose:M molar
ratios of 2.5:1, 3.5:1, and 4.5:1. Similar to samples processed in
nitrogen, the primary peaks correspond to La,O3 and FeCo and peak
broadness increases with increasing Glucose:M molar ratio and
decreasing processing temperature. StO appears as a minor phase in
the 3.5:1 Glucose:M sample, Fig. 2b; however, SrO does not appear
in the 2.5:1 and 4.5:1 samples. This suggests that the formation of a
crystalline SrO phase may be specific to the carbon template
concentration, not having formed above and below the 3.5:1
Glucose:M concentration. More importantly, there is no indication
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Figure 1. X-ray diffraction patterns of LSCF-POG with varying Glucose:M molar ratio after heating in nitrogen and after calcining in air at 700 °C. Glucose:M
ratios are (a) 2.5:1, (b) 3.0:1, (c) 3.5:1, (d) 4.0:1, and (e) 4.5:1. The ICDD phase key applies to Figs. 1, 2, and 5.

of a graphitic carbon peak over the range of sample formulations and
processing temperatures studied, suggesting that the carbon template
generated in situ is amorphous. This result is consistent with a
previous report that graphitic carbon forms upon heating glucose in a
nitrogen atmosphere, but remains amorphous when heated in a
helium atmosphere.*® In addition to the lack of a graphitic carbon
peak upon processing in argon, the peaks are consistently broader

compared to processing in nitrogen. Upon calcination, Fig. 2 shows
that the desired LSCF phase forms with a very minor strontium
carbonate impurity for all samples, demonstrating a stark difference
between processing atmospheres. LSCF forms more readily in an
argon processing atmosphere compared to nitrogen.

Regarding the differences in graphitization between nitrogen and
helium previously reported by Barbera et al., it was argued that
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Figure 2. X-ray diffraction patterns of LSCF-POG with varying Glucose:M molar ratio after heating in argon and followed by calcining in air at 700 °C.
Glucose:M ratios are (a) 2.5:1, (b) 3.5:1, and (c) 4.5:1. Phase legend is located in Fig. 1.

oxygen functional groups form on the carbon surface upon heating in
nitrogen, which was found to not occur in helium, and those oxygen
species catalyze the graphitization process.’® A 99.99% pure
nitrogen stream was used in that study and the authors proposed
that small traces of oxygen in the nitrogen stream preserved the
oxygen species on the carbon surface. The nitrogen purity in this
study was 99.997% with an oxygen impurity concentration <10 ppm
and the argon purity was 99.998% with an oxygen impurity
concentration of <5 ppm. Even though our nitrogen gas had a
higher purity, we processed a LSCF hybrid material with a 3.5:1
Glucose:M concentration at 1200 °C in ultra-high purity nitrogen,
99.999% purity and an oxygen concentration <1 ppm, to explore the
effect of oxygen impurity concentration. In this case, a significant
La,O3 impurity phase still formed upon calcination in air. The
relative peak intensity of the La,O3 phase was not as strong as the
99.997% nitrogen; however, the impurity was significant and a pure
LSCF phase did not form as was observed when processed in argon.
Given this result, we suggest that although oxygen concentration
may play a role in the graphitization process, there are likely other
factors causing the different LSCF results in nitrogen and argon that
are not understood at this time.

In comparing XRD patterns of processed samples prior to
calcination in Figs. 1 and 2, it is clear that the La,O5; peaks are

broader for samples processed in argon compared to nitrogen.
Furthermore, broader XRD peaks correspond to smaller crystallite
sizes. Thus, one would expect that smaller La,O5 crystallites in
argon processed samples result in shorter solid-state diffusion paths
to form LSCF during calcination. Conversely, nitrogen processed
samples do not form LSCF upon calcination due to diffusion
limitations, with larger La,O5 crystallites requiring longer diffusion
paths. To better understand links between crystallite size and
successfully forming the desired LSCF phase, La,O3 crystallite
sizes were estimated using the Scherrer equation for all processed
samples prior to calcination, Fig. 3. As shown in Fig. 3a, Lay,O;
crystallite size decreased with increasing carbon template concen-
tration and decreasing processing temperature for samples processed
in nitrogen. Crystallite size ranged between 39 nm and 9 nm over the
range of sample formulations and processing temperatures studied.
The La,O5 crystallite size of argon processed samples also decreased
with increasing carbon template concentration and decreasing
processing temperature; however, the range of crystallite sizes was
smaller, only spanning 17 nm to 10 nm (Fig. 3b).

In comparing conditions that resulted in the desired LSCF phase
to La,Oj5 crystallite size, a trend becomes clear, indicated in Fig. 3. If
the processed sample had a La,O; crystallite size above 20 nm, then
significant impurities were present upon calcination. If the crystallite
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Figure 3. La,0; crystallite size in LSCF-POG samples as a function of Glucose:M molar ratio after heating to various temperatures in (a) nitrogen and (b)

argon.

size was below 20 nm, LSCF was the primary phase with very minor
or no impurities upon calcination. This trend suggests that La,O;
crystallite size is the limiting factor in producing the desired LSCF
phase. TEM images, shown in Fig. 4, support the crystallite size
analysis. For a 2.5:1 Glucose:M LSCF-POG sample processed in
nitrogen at 1200 °C, the La,Oj3 characteristic particle size is about
240 nm, Fig. 4a. For the same sample processed in argon, the La,0;
characteristic particle size is about 40 nm, Fig. 4b. Similar trends are
observed for FeCo particles. The FeCo characteristic particle size is
about 150 nm in nitrogen and 30 nm in argon.

Elemental analysis of the La,Oj3 particles, Fig. 4e, indicates that
the A-site comprises a mixture of lanthanum and strontium, which is
consistent with the absence of a strontium-specific phase in the XRD
patterns shown in Figs. 1 and 2 for a 2.5:1 Glucose:M sample
processed at 1200 °C. The La—Sr—O particles are slightly lanthanum-
rich, with a La:Sr stochiometry of ~70:30 whereas the La:Sr
precursor stoichiometry was 60:40. Some strontium was detected
in carbon-rich particles, e.g. point three in Fig. 4a, which could
account for the slightly lower strontium content in the La—Sr—O
particles. The FeCo stoichiometry in Figs. 4a and 4b more closely
align with the precursor stoichiometry, 85:15 and 79:21 compared to
80:20.

To better understand differences in the carbon template of
samples processed in nitrogen and argon, carbon elemental analysis
and surface area measurements were conducted, Table 1. For all
samples, regardless of being processed in nitrogen or argon, the
carbon template concentration was essentially the same, ranging
between 45-48 wt%. Significant differences, however, were ob-
served in the specific surface area of samples processed in nitrogen
versus argon. Samples processed in nitrogen consistently had a
lower specific surface area. For example, the surface area of samples
processed at 1200 °C were 22 m>g ' and 54 m>g~" for nitrogen
and argon, respectively. It is important to note that the surface area is
an overall value for mixtures of La-Sr—O, FeCo, and carbon
particles. Using the particle sizes observed with TEM imaging,
Fig. 4, one can estimate the surface area contributions of each
mixture component. For a sample of 2.5:1 Glucose:M LSCF-POG
processed in nitrogen at 1200 °C, and assuming spherical particles of
equal size, the La—Sr—O and FeCo surface areas are estimated to be
approximately 4 m*g~" and 5 m*g ™", respectively Assuming equal
amounts of La—Sr—O and FeCo by weight and using the carbon wt%

shown in Table I, the carbon template specific surface area is
estimated to be ~40 m*.g~'. Using similar calculations for the 2.5:1
sample processed in argon at 1200 °C, the carbon template specific
surface area is estimated to be ~90 m*.g™". Here we propose that the
specific surface area of the carbon template in nitrogen processed
samples is lower because some portion of the carbon template
comprised graphitic carbon, whereas the carbon template in argon
processed samples was amorphous. Indeed, amorphous carbon has
been reported to have higher specific surface areas than graphitic
carbon.”” Importantly, the carbon template specific surface area
corresponds to the La-Sr—-O and FeCo specific surface areas; a
higher carbon template surface area results in smaller La—Sr—O and
FeCo particles.

Upon calcination of the 2.5:1 Glucose:M sample processed in
nitrogen at 1200 °C, TEM imaging and elemental analysis, Figs. 4c
and 4e, indicate that most of the strontium in the La—Sr—O phase has
diffused into a strontium-rich LSCF phase, leaving behind La,0;
particles with a characterisitic size of ~150 nm. The strontium-rich
LSCF phase is of order 10 nm in size. In addition, an iron oxide
phase with a particle size of order 10nm was detected. In
comparison, the same sample processed in argon and then calcined
in air was found to have LSCF particles with a more balanced
stoichiometry of La and Sr and a characteristic size of 30-40 nm.
Fe—Co-O particles were also detected with a characteristic size of
order 10 nm, which corresponds to a minor peak in Fig. 2a that
matches a Fe30, standard XRD pattern.

Table II shows the final specific surface area of LSCF samples
calcined at 700 °C. Overall, the specific surface area of samples
sintered in argon and nitrogen were similar, all between the range of
2029 m*g~', regardless of the Glucose:M molar ratio and
processing temperature. It is likely that the LSCF particles con-
verged on the 20-29 m*g~' range because the carbon template
oxidizes at 550 °C,%° leaving no template in the samples between
550 °C and 700 °C. For comparison, the specific surface area of a
4.5:1 Glucose:M sample directly sintered in air is also shown in
Table II. Directly sintering in air at 1000 °C, 1100 °C, and 1200 °C
resulted in LSCF surface areas of 2.5 m*g ', 0.9 m*g~ ', and 0.3
m2~g_1, respectively, which is about 10, 30, and 80 times lower than
LSCF-POG samples processed in an inert atmosphere. Furthermore,
the specific surface areas of commercial LSCF particles heated in air
at 1000 °C, 1100 °C, and 1200 °C were 2.1 m*>g~", 1.2 m*>g~"', and
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Figure 4. TEM images of LSCF-POG with a Glucose:M molar ratio of 2.5:1 after heating to (a) 1200 °C in nitrogen, (b) 1200 °C in argon, (c) 1200 °C in
nitrogen followed by 700 °C in air, and (d) 1200 °C in argon followed by 700 °C in air. (¢) EDS chemical composition in atomic percentage.

Table I. Carbon content and specific surface area of LSCF-POG
with a 2.5:1 Glucose:M molar ratio after heating to various
temperatures in nitrogen and argon.

1000 1100 1200
T (°C)
Gas N, Ar N, Ar N, Ar
Carbon (wt%) 47 46 45 48 47 46

Surface area (m*g ") 44 77 47 62 22 54

0.2 m>g™", respectively. This stark difference demonstrates the
utility of the in situ carbon templating method in generating high
surface area LSCF at traditional sintering temperatures.

All of the results presented thus far were for samples calcined in
air at 700 °C. It is expected that increasing the calcination
temperature will eventually result in a pure LSCF phase for nitrogen
processed samples. To explore the effect of calcination temperature,
XRD patterns were collected between 700 °C-900 °C for a 2.5:1

Glucose:M LSCF-POG sample processed in nitrogen at 1100 °C,
Fig. 5. At 750 °C the La,SrOy is no longer detected and a La,0O3
phase forms. The La,O; peak intensity lessens with increasing
temperature, and a La,O5 phase is no longer present after heating to
900 °C. After calcination at 900 °C, the LSCF specific surface area
was 6 m>g~!. This surface area falls within the expected range
given the surface areas measured for samples calcined at 700 °C
(~25 m*g™") and directly sintered in air at 1000 °C (~2 m*g™").

Finally, the electrochemical behavior of symmetrical cells
comprising nLSCF electrodes and cLSCF electrodes were compared,
Fig. 6. The Nyquist plots in Fig. 6a indicate that the nLSCF cell had
a higher ohmic impedance than the cLSCF cell. The theoretical
ohmic contribution from the SDC electrolyte is expected to be 0.69
Q-cm” at 700 °C, 0.48 Q-cm” at 750 °C, and 0.35 Q-cm” at 800 °C.*®
It should be noted that these values represent the total electrolyte
ohmic resistance divided by two. This was done to make it easier to
compare the electrolyte ohmic contributions to Fig. 6a because, as
described in the Experimental section, the symmetric cell impedance
spectra were divided by two. The calculated SDC ohmic contribu-
tions are essentially identical to the total ohmic resistances of the
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Table II. LSCF specific surface area after heating LSCF-POG
samples to various temperatures in nitrogen and argon followed by
calcining in air at 700 °C. For comparison, some samples were heated
directly in air. “x” indicates that a value was not reported due to the
sample containing significant impurity phases.

Glucose:Metals Molar Ratio

T °C) Gas
2.5:1 3.0:1 3.5:1 4.0:1 4.5:1
1000 N, X 25 23 25 24
Ar 20 24 24 26 25
Air 25
1100 N, X X 24 26 24
Ar 23 27 24 25 29
Air 0.9
1200 N, X X X X X
Ar 21 22 22 25 24
Air 0.3
o A A J/\. 900°C Air
A . 850°C Air
>
o+
G
C
g
I= A\ mama . 800°C Air

750°C Air

700°C Air

20 30 40 50 60 70
26 (%)

Figure 5. X-ray diffraction patterns of LSCF-POG with a 2.5:1 Glucose:M
molar ratio after heating in nitrogen to 1100 °C followed by calcining in air
at varying temperatures. Phase legend is located in Fig. 1.

cLSCF cell, suggesting that the ohmic resistance within the LSCF
electrode is negligible. This is reasonable given that the electronic
conductivity of a porous LSCF electrode is of order 10* s-cm™" and
the theoretical ohmic resistance would be of order 10~* Q-cm?.%-?
In addition, any ohmic contributions due to interfacial resistance of
oxygen ion transport between the electrode and electrolyte appears
to be negligible for the cLSCF cell because the ohmic resistance
matches that of the SDC electrolyte.

Compared to the cLSCF cell, the ohmic resistance of the nLSCF
cell tells a different story. Subtracting the ohmic contribution of the
SDC electrolyte from the nLSCF cell, the remaining ohmic
resistance to be accounted for is 0.37 Q-cm? at 700 °C, 0.23
Q-cm? at 750 °C, and 0.16 Q-cm? at 800 °C. Clearly, there is a
significant contribution to the total ohmic resistance with the nLSCF
cell that is not observed with the cLSCF cell. Two possible
explanations for the additional resistance are poor conductivity
within the LSCF electrode and poor oxygen ion transport between
the electrode and electrolyte. If the additional ohmic resistance was
due to poor conductivity within the nLSCF electrodes, the

corresponding electrode electronic conductivities would be of order
107 S-em™". This is six orders of magnitude lower than the bulk
conductivity of LSCF. It is highly unlikely that the nLSCF
conductivity would be six orders of magnitude lower than the bulk
given that infiltrated networks of nanoparticles just above the
percolation threshold have a conductivity that is about three orders
of magnitude lower than the bulk.*>*° Thus, it is more likely that the
additional ohmic resistance is due to an interfacial resistance to
oxygen ion transport between the electrode and electrolyte, which
has been reported for electrode particles poorly connected to the
electrolyte.*!**

To probe whether interfacial resistance dominates the impedance
of the nLSCF cell, one can consider the polarization resistance and
its characteristic frequencies. The polarization resistances are
calculated by subtracting the high frequency intercept of the
Nyquist plot, Fig. 6a, from the low frequency intercept. The
polarization resistances were 0.34 Q-cm? at 700 °C, 0.19 Q-cm? at
750 °C, and 0.12 Q-cm® at 800 °C for the cLSCF cell and 0.72
Q-cm” at 700 °C, 0.35 Q-cm” at 750 °C, and 0.20 Q:cm” at 800 °C
for the nLSCF cell. In all cases, the polarization resistance was
higher for the nLSCEF cell. This is not inconsistent with a significant
nLSCF interfacial resistance because polarization resistance has
been shown to increase with an increase in interfacial resistance
between the electrode and electrolyte.*® Bode plots in Figs. 6b—6¢
show the relationship between frequency and the imaginary compo-
nent of the impedance for the cLSCF and nLSCF cells. The peak
frequency for the cLSCF cell was between 10-20 Hz over the 700 °©
C-800 °C temperature range. The peak frequency for the nLSCF
was much higher, 1-2 kHz. The literature typically attributes a peak
frequency of 10-20 Hz to gas diffusion limitations through the
electrode or current collector layer and a peak frequency of 1-2 kHz
to oxygen ion transport limitations between the electrode and
electrolyte.*"***+*> To further support this explanation, the polar-
ization resistances were measured as a function of partial pressure of
oxygen, P(O,). Bode plots for a cLSCF cell and a nLSCF cell as a
function of P(O,) are shown in Fig. S1 (available online at stacks.
iop.org/JES/168/034519/mmedia). The cLSCF cell showed a strong
P(O,) dependence, confirming that the impedance was dominated by
gas diffusion limitations. The nLSCF cell showed a weak P(O,)
dependence, further supporting that an interfacial resistance dom-
inates the impedance.

Overall, the nLSCF cell results suggest a poor particle connection
between the electrode and electrolyte. Although the poor connection
resulted in a higher impedance than a traditional electrode, the
results demonstrate that high surface area nanoparticles were
preserved during the in situ carbon templating process when applied
as electrodes on an electrolyte substrate. To improve the overall
electrode impedance of a nLSCF cell, the interfacial resistance needs
to be improved. One possible route is to lower the carbon template
concentration. A beneficial feature of the in situ carbon templating
process is that the carbon template concentration is directly related to
the amount of glucose used in the formulation. Thus, lowering the
glucose concentration would lower the carbon template concentra-
tion and likely form a better connection between the LSCF particles
and the SDC electrolyte. Of course, by lowering the carbon template
concentration, the LSCF surface area will likely decrease. Therefore,
one would need to find a balance between lowering the interfacial
resistance and maintaining an enhanced LSCF surface area. A more
fruitful approach may be to prepare electrode composites of nLSCF
with SDC particles. Indeed, GDC-LSCF composites have been
shown to decrease polarization by a factor of ~10 compared to
LSCF electrodes.*? Rather than forming porous composites with
roughly equal size LSCF and SDC particles, our hybrid material
approach is more likely to result in porous composites comprised of
large SDC particles and LSCF nanoparticles. It is our hope that this
unique approach may result in composite structures that more
closely mimic infiltrated electrodes than traditionally co-sintered
electrodes. Infiltrated electrodes often show significantly lower
impedance compared to traditionally co-sintered electrodes due to
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Figure 6. (a) Nyquist plots and (b)—(c) Bode plots of symmetric cells with nLSCF and cLSCF electrodes.

their unique structure;“”19 however, fabricating infiltrated elec-
trodes is difficult, requiring many infiltration and calcination steps.
Our approach of co-sintering SDC particles with hybrid LSCF
material may result in a structure closer to that of infiltrated
electrodes, enhancing performance without the need for infiltration.
We are currently exploring this approach.

Conclusions

The thermochemical stability of high surface area LSCF nano-
particles generated by the in situ carbon templating method was
studied in two sintering atmospheres, nitrogen and argon. An
amorphous carbon template formed for all samples processed in
argon, however, graphitic carbon was observed upon processing in
nitrogen. The presence of graphitic carbon corresponded to larger
La,O; crystallites, >20 nm, and resulted in a LSCF phase with
significant impurities. Conversely, an amorphous carbon template
corresponded to La,O; crystallites <20 nm and resulted in a pure
LSCF phase. The specific surface area of LSCF samples processed
by in situ carbon templating was 10-80 times higher than samples
processed conventionally in air. Electrochemical impedance demon-
strated that nLSCF electrodes are limited by a high interfacial
resistance, demonstrating that electrodes comprising LSCF nano-
particles were also produced on electrolyte substrates in the 1000 °
C-1200 °C range.
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