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Abstract

This project addresses fundamental materials challenges in solid oxide electrochemical
cells, devices that have a broad range of important energy applications. Although nano-scale
mixed ionically and electronically conducting (MIEC) materials provide an important
opportunity to improve performance and reduce device operating temperature, durability issues
threaten to limit their utility and have remained largely unexplored. Our work has focused on
both (1) understanding the fundamental processes related to oxygen transport and surface-vapor
reactions in nano-scale MIEC materials, and (2) determining and understanding the key factors
that control their long-term stability. Furthermore, materials stability has been explored under
the “extreme” conditions encountered in many solid oxide cell applications, i.e, very high or very
low effective oxygen pressures, and high current density.

Technical Achievements

Oxygen Electrode Stability

Morphological stability of nano-scale electrode materials and prediction of long-term
performance based on accelerated testing. We believe that these results will lead to a new
paradigm in the search for improved MIEC materials — one that includes not only anion
(oxygen) transport but also the cation transport factors that determine stability. New processing
methods such as atomic layer deposition have been developed and are being explored to produce
to more stable nano-electrode microstructures. Determination of the critical electrolysis current
densities (overpotentials) where oxygen -electrode degradation begins, significant for
development of materials whose properties can be tuned to yield optimal performance and
stability,

(Srp.sSmy 5)Co03.5 (SSC) is one of the highest performance fast oxygen transport MIEC
materials — in prior work, we studied these properties in detail, and also produced nano-scale
SSC oxygen electrodes with polarization resistance Rp amongst the lowest ever reported at target
operating temperatures (~600°C). We have now also carried out detailed electrochemical
impedance spectroscopy studies that help elucidate the correlation between processing, electrode
structure, materials’ transport properties, and performance. Here the results on materials stability
are highlighted.
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Figure 2.
nano-scale SSC on a Gd-doped Ceria (GDC) scaffold,
before annealing and after 1471 h at 800°C.
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Figure 1. Rp measured at 600°C in air, versus time for
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The long-term stability of highly active Temperature (1000/K)

nano-scale cathodes, such as SSC, has not
previously been studied and remains a potential
show-stopper (solid state ionic devices such as

Figure 3. Critical particle size versus temperature.
The blue line indicates the size above which the
degradation rate over 40,000 h is < 0.2%/kh. The

red line gives the size below which RP is acceptable,
< 0.2 Q cm2. The shaded indicates the particle size
and temperature range where a stable low-RP
electrode is achieved.

fuel cells that should operate at temperature for
> 40,000 h). Figure 1 summarizes results from
accelerated tests, showing more rapid Rp
degradation with time at higher temperature.
Figure 2 shows images indicating that a key change in the electrode after annealing is coarsening
of SSC nano-particles. The results in Figure 1 were thus fitted using a model that accounts for
power-law particle coarsening and its effect on Rp:

R, = (Bexp(-Ep/KT,)t + Rgo)” " 0
where ¢ is time, Rp is initial resistance, 7. is temperature, Ep is a diffusion activation energy, B
includes a diffusion coefficient pre-factor and electrochemical terms, and »n is the power law.
After fitting the data with n = 4, corresponding to a surface diffusion process, eq. 1 is used to
predict degradation rates for different particle sizes and temperatures. The results are
summarized in Figure 3, which also shows the size below which Rp is suitably low.
Unfortunately, the shaded region, indicating the particle size and temperature range where a
stable low- Rp electrode is achieved, extends only down to ~ 700°C and ~ 1000 nm particle size!
(Note, however, that a very stringent stability criterion was used here — relaxing this to 0.5%/kh,
or 25% Rp increase over 40,000 h, extends this down to nearly 600°C and 100 nm.) There are
two important implications of these results: (1) experimental work needs to focus on methods to
improve stability, and (2) theoretical work, which to date has focused entirely on optimizing
oxygen transport kinetics,'”> must also consider stability, i.e., the cation diffusion processes that
controls particle coarsening.



With these results in mind, initial
experiments have been done to explore
whether stability can be improved by altering
the electrode  morphologically.  Initial
experiments were carried out where a thin
layer of a relatively stable material, ZrO,, was
deposited onto the SSC nano-particles using
atomic layer deposition. The results in Figure
4 show that the coating vyields an
improvement in initial Rp as well as a reduced
degradation rate, in basic agreement with an
initial report on coated nano-electrodes.

It is also important to understand the
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Figure 4. Rp versus time at 750°C for a conventional
electrode and one coated with 5 nm (red) and 10 nm
thick (blue) ZrO, layers by atomic layer deposition.
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effects of cell operating conditions on stability * 60 Layers

— electrical potentials and currents yield high
fields and large local swings in effective
oxygen partial pressure, in many cases directly

impacting materials stability and properties.*’
Figure 5 provides an example of LSCF
electrodes where increasing the current
density, and hence the electrode overpotential,
increases degradation. The results suggest that
degradation occurs when the overpotential
exceeds ~ 300 mV, corresponding to any
oxygen pressure > 1000 bar. Substantial
changes in electrode microstructure are
observed due to the high effective pressure.

Oxygen Reduction Mechanisms

Determination of oxygen reduction
mechanisms on MIEC nano-scale electrodes
has been achieved using electrochemical
impedance
spectroscopy.
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Figure 5. Rp versus time of an LSCF electrode during
reversing-current life tests at current density values of
0.9, 1.0, and 1.5 A/cm”.

(b)

10*

Oxygen
reduction kinetic
parameters — oxygen
ion diffusion Ds and
surface exchange
coefficient k& — were
determined for porous
NdyNiOg45 solid oxide

. & Boehmetal[18]
® Eggeretal[19]

10"

© This work, Ea =09+0.1eV

T
4 Boehm etal [18]
® Eggeretal[19]

S O This work, Ea =143 +0.05eV

107

cell electrodes as a 1.0 1A 1.2
1000 x T (K")
Figure 6. Comparison between D (a) and k (b) obtained in this work and those

function of temperature
and oxygen partial

pressure by analyzing reported previously.

1:3 -1.0 1.I1 1:2 1:3
1000 x T" (K"



electrochemical impedance spectroscopy data

using the Adler-Lane-Steele model.® Three- .5 S007C, 50 scem humidifed H, 3.0
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High Performance Cathode Materials

Oxygen tracer diffusion (D*) and '3 <y | ; |
chemical diffusion (D7) were measured in 4 \\
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Isotope Exchange Depth Profiling/Secondary 5
Ion Mass Spectrometry and electrical
conductivity relaxation. As shown in Figure §, 71 185G 1
SSC  exhibits higher oxygen chemical . 2 2BSCF
diffusivity than other reported solid oxide cell _ \ i
cathodes. Oxygen surface exchange rates have -9 1 SLSF [¢
also been measured (not shown) and are 10 oLSME

amongst the best among known materials. or o0& 09 1 1112 43 T
1000/T (1/K)

Figure 8. Chemical diffusivities of the SSC material
(data points) compared with literature values for
other high performance SOC air-electrode materials.
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This same high performance
material has been explored in nano- -0.08 9%,
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electrodes with nano-scale Figure 9. Impedance spectra from an infiltrated SSC cathode on

structure. Dependences on Pp, and Gd-doped Ceria, measured at various oxygen partial pressures at
T provide signatures of specific 600°C.

physical processes, separated by

fitting the impedance spectra. Figure 9 shows an example of the variation of a cathode’s
impedance spectrum with Pp,, where three main processes can be identified that varied with Poa:
(1) the low frequency (~ 10 Hz) resistance varies as Po,”" which, together with very weak
temperature dependence, indicates gas diffusion, but is only important at very low Poy; (2) the
dominant mid-frequency (10° — 10* Hz) response varies much more weakly with Po,, but
strongly with temperature, a signature that it represents a combination of oxygen surface
exchange and oxygen ion diffusion; (3) the high frequency resistance (>10°> Hz, on the shoulder
of the mid frequency peak) does not vary with Pg,, but does vary with temperature, and so may
be related to charge transfer across interfaces, possibly between SSC and the Gd-doped Ceria
electrolyte. Overall, these results show that it is mainly the surface exchange and oxygen ion
diffusion processes that limit the cathode performance; these results are being compared with the
above fundamental measurements of these processes using microstructure-dependent cathode
models.

Fundamentals of Infiltrated Nano-Electrodes

Infiltration of one material into a scaffold, such as the SSC infiltration into GDC
mentioned above, is an important avenue for achieving good low-temperature electrode
performance. The infiltrate size scale and
interconnectivity, which have a major effect on the
polarization resistance, are related to the size and
location of the liquid droplets that are present on the
scaffold surface following the evaporation of the
liquid. However, there has been no way of predicting
this process. We have developed a model that
predicts the size of these droplets. Their size scale,
~50 nm (Figure 10) is reasonably consistent with
experiments. The model is not limited to a planar . . L

Figure 10. A simulation of the liquid film
surface, and thus. can be used to assess the evaporation process, showing the formation
development of the infiltrated phase upon subsequent of Jiquid droplets on a surface.
loadings.




Oxide Anode Electrochemistry

A picture of the electrochemical rate-
limiting steps of perovskite-oxide anodes is
beginning to emerge based on detailed impedance
spectroscopy studies. Figure 11 illustrates an
example of impedance data from a cell with a
(Lag33Sr0.67)(Feo.67Cro33)O3 anode under varying
H, partial pressures Py, (balance Ar with 3%
H,0). The Bode plot shows a main
electrochemical process with a peak frequency at 2
Hz that varies strongly with Py,. (The process at
~1000 Hz is mainly due to the cathode.) While a
low-frequency response with a strong P
dependence is often associated with gas diffusion,
this is not the case here because the response is
strongly temperature dependent. On the other

0.25
oCv ®  Measured
s Fit
0.20 { )
~ ¢ .
" / \ e H
£0.15 ‘ :
é $ 1 o 80% H,/20% Ar
z, 4 1 © 60% H,/40% Ar
N' 0.104 L ()% / 0
4 . e S0% ||:¢ 50% Ar
' "'"":: \ 25% H,/75% Ar
° '00' &. . 2
Q 10% H,/90% Ar

1 10 100 1000 10000 100000
Frequency (Hz)

Figure 11. Bode plots of impedance spectra

measured from a SOFC at 800°C at open circuit

voltage with different H, partial pressures. Fits

are also shown.

hand, such a response, along with the limiting-current behavior seen in current-voltage
characteristics, can be explained well by a H, dissociative adsorption rate-limiting process.

We have developed an expression for this H, adsorption rate-limiting process based on the work
of Mench’ which we have fit to Ryy versus Py, data for various oxide anodes:
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where 7 is the overpotential, j is the current, R is
the gas constant, z is the charge associated with
the reaction, F is Faraday’s constant, ;' is the

exchange current density at the maximum
hydrogen surface coverage, kjr is the hydrogen
adsorption rate coefficient, k;;, is the hydrogen
desorption rate coefficient. A best fit of this
equation to data obtained for a LaSr,Fe;CrOq.s-
GDC anode cell tested under various Py values
is shown in Figure 12. This model demonstrates
a reasonable agreement with the data (R*> =
0.97355) and accounts for the strong temperature
dependence observed for these anodes.

These  H,  adsorption  limitation
expressions also imply a limiting-current
behavior in current-voltage characteristics. We
have also developed an expression attributing
this behavior to adsorptive and desorptive losses:
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Figure 12. Low (LF), medium (MF), and high
(HF) frequency resistances of a LaSr,Fe,CrOy_;-
GDC anode cell at 800°C versus H, partial
pressure obtained from fits to the EIS data. A
fit of the LF data to Equation 2 is also shown.
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where V) is the open-circuit voltage, Ro is the Ohmic resistance, a is the transfer coefficient
associated with the reaction, R, .. 1S the polarization resistance due to the cathode, N; is the total
number of sites occupied by adsorbed H atoms. Best fits of Equation 3 to current-voltage data at
various Py for a Lag33Srg67F€0.67Cr03303.5-GDC anode cell are shown in Figure 13. Again, the
model agrees well with the data. Current and future work is aiming to refine this equation to
remove low Py, deviations by breaking down the hydrogen oxidation process into multiple steps
rather than relying on a one-step dissociative adsorption process. The influence that temperature
and Pp, have on the limiting mechanism is also being explored by incorporating charge transfer
processes into more recent model " 6% Hy/94% Ar- Exp.
iterations.  Regardless, we have N :";Zj'lzm% N
observed that promotion of H; 1.0 &

dissociative adsorption is important
to improve performance in oxide
anode cells. Our future work aims
to determine how changing anode
properties such as chemical
composition, microstructure, and
catalytic substituents can further
promote H; dissociative adsorption.
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We have further explored
novel oxide anode materials where 0.0 A W S
catalytic nano-particles nucleate 00 02 04

during SOC operation. Figure 14 . 2
shows a TEM image of a Current Density (Acm™)

(Lag sSro.2)(FeosCrosRug2)O03 Figure 13. Equation 2 fits to La335r¢7Fe)7Cr3303.5-GDC anode
particle that was exposed to cell current-voltage data under various Py,.

hydrogen at elevated temperature resulting in self-assembly of surface Ru nano-particles that
greatly improve anode performance. The image
shown is just one of a rotation series being
reconstructed to produce a 3D image — such imaging
will allow us quantify particle nucleation and growth
and thereby understand their role in electrochemical
processes.
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Figure 15 shows that when Ru is added to the
perovskite oxide anode such that Ru nanoparticles
form, the anode polarization resistance is reduced. The
resistance generally decreases with increasing Ru
content. Note that the dependence on Py, also
becomes weaker when Ru is added to the oxide, a clear
indicator of a change in mechanism. Finally, the
Figure 14. Z-contrast TEM image of a limiting-cunent behavior in cqrrept-yoltage curves
(La,Sr)(Fe,Cr,Ru)0; particle decorated with disappears.  These are all indications that Ru
Ru nano-particles. nanoparticle formation eliminates H, adsorption as a
rate-limiting step, with hydrogen electrochemical




oxidation becoming the new rate-limiting
step. The Ru nanoparticles presumably act as
catalysts for H, dissociation with subsequent
spillover of H atoms onto the adjacent oxide { =
surface, where the oxidation process 1is
thereby enhanced.
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Our study of the materials properties
of Pd-substituted (La,Sr)CrO;; (LSCrPd)
anodes has continued to uncover new insights
into the actual phase in which catalytically
active Pd metal is present. While we have
previously shown LSCrPd to be a robust
redox-stable anode material due to the 1 T
regenerable exsolution of Pd metal®, more o0 02 ' '
recent structural studies using high resolution '
powder x-ray diffraction at the Advanced pH2 (atm)

Photon Source at Argonne National Figure. 15. Polan:ization.resistance versus Py, for
Laboratories have put into question the actual chromite anodes with varying Ru amounts.

nature of and degree to which substitution of Pd into the perovskite lattice occurs. The powder
X-ray diffraction (PXRD) patterns displayed in Figure 16 show, in addition to the majority
(La,Sr)CrOs;_s phase, other Pd-containing phases present in the materials, most notably LasPdO;.
Using rapid acquisition temperature- and atmosphere-controlled PXRD, we were also able to
determine that this non-perovskite secondary Pd-phase was regenerable upon redox cycle, adding
further question to the actual source of the recoverable Pd in these anodes. Thus, in addition to
continuing to study the phase behavior of the pure perovskite, future work using TEM and
electrochemical cell testing will explore the activity of La4,PdO; in anode conditions.
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Figure 16: Powder X-ray diffraction patterns of Pd-substituted (La,Sr)CrO3-6 with different amounts of Pd
substitution a.) (Left) from 10.0 to 35.0 20°, and b.) (Right) zoomed in to show reflections between 13.0 and
14.5 26°.



La0,;5-GaO,.5-NiO Phase Diagram

La;SriGa;yMg O35 (LSGM) is a promising electrolyte material. However, issues with
phase compatibility with common electrode materials, particularly Ni, have been reported. The
thermodynamic stability of LSGM with nickel-containing electrode materials is being
investigated by refining the LaO; s-GaO; s-NiO phase diagram at the processing temperature of
1400 °C. Particular interest lies in the compatibility of undoped LaGaOs; with La;,NiO4 and
LasNi30,¢ cathodes and NiO in anodes. Preliminary results suggest equilibrium between Ga-
doped NiO and LaGaO; with low Ni content while equilibrium between LaGaO3 and La;NiOy is
disrupted by the formation of Ga-doped LasNizO;y and LasGa,0q. Investigations of equilibrium
between Ga-doped LasNizO;¢ and LaGaO; are ongoing.

Implementation in Intermediate Temperature Cells

An SOFC demonstration
was made utilizing the new
materials and structures
developed in this project. A
novel SOFC fabrication
method, structure, and materials
set was implemented to achieve
arguably the best intermediate-
temperature SOFC ever
reported. The key to this result
is the use of a nano-scale
infiltrated SSC cathode based
on our prior DoE work, along
with the best currently available
electrolyte (LSGM) and a nano-
scale infiltrated Ni anode.
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The cells were based on
tri-layer ~ porous/dense/porous
LSGM structures, as shown in

Figure 17a.  This all'LS(_}M Figure 17. Cross-sectional scanning electron microscope (SEM)
structure was fired at high images showing an operated thin LSGM electrolyte cell. (a) A low
temperature, with all magnification survey image. (b) A higher magnification view of the
subsequent processing steps cathode. (c) A higher magnification view of the anode.

being infiltration and low-

temperature (=850°C)

calcination. This strategy avoids the materials interactions that plague LSGM, and also produces
the nano-scale (high surface area) structure that promotes fast oxygen exchange at the cathode
and fuel oxidation reactions at the anode. On the cathode side, the LSGM pore surfaces had a
nano-porous coating of SSC (and in some cases SmgCe 3019 (SDC)), as shown in Figure 17b.
The anode side was coated with nano-porous Ni (Figure 17¢). The average diameters of Ni and
SSC particles were = 50 nm.

Figure 18 shows cell voltages and power densities plotted versus current density,
measured at temperatures of 450-600°C with humidifed hydrogen in the anode and ambient air in



the cathode. The open circuit 1.2
voltage (OCV) values increased ~
from 1.101 to 1.114 V with 1.0 A
decreasing temperature, within 20 B
mV of the calculated Nernst
potentials. This is critical because
it shows the potential for high
efficiency, and indicates that the
processing yielded a = 15 um
thick LSGM layer that was both
gas tight and free of Ni impurities
that can introduce electronic
conductivity. The maximum ,
power densities were 1.33, 1.06, 0.0l

0.81 and 0.39 Wem™ at 600, 550, . 2
0 . Current density (A/cm”)
500 and 450°C, respectively.
Figure 18. Performance plot in humidified hydrogen. Voltage and
At any given temperature, power density versus current density, measured in humidifed
these values are world records; a hydrogen fuel and ambient air at 450-600°C, from a thin LSGM
few prior SOFCs yielded power electrolyte cell with electrode loadingsVy; = 7.2% and Vggc.spc =

. 12.9%.

densities nearly as good, but only

with relatively low open circuit voltage (OCV) values that render them impractical for most
applications. Although there are prior reports of pulsed laser deposited LSGM-electrolyte cells
that produced as high power density at 600°C (but lower than the present values at < 600°C),
they had low OCV values, apparently because they required a bi-layer LSGM/SDC
electrolyte”'®.  Similarly, doped-Ceria electrolyte cells have produced power densities
approximately half of the present values, but only with low OCV. Thus, the fundamental

materials research in this project has led to a technological breakthrough in fuel cells.
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