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OBJECTIVES 

The purpose of this research is to improve the 
properties of the current state-of-the-art 
materials used for solid oxide fuel cells 
(SOFCs). The objectives are to: 

1. develop materials based on 
modifications of the state-of-the-art 
materials; 

2. minimize or eliminate stability problems 
in the cathode, anode, and interconnect; 

3. Electrochemically evaluate (in 
reproducible and controlled laboratory 
tests) the current state-of-the-art air 
electrode materials and 
cathode/electrolyte interfacial properties; 

4. Develop accelerated electro.chemical test 
methods to evaluate the performance of 
SOFCs under controlled and 
reproducible conditions; and 

5. Develop and test materials for use in 
low-temperature SOFCs. 
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The goal is to modify and improve the current 
state-of-the-art materials and rqinimize the total 
number of cations in each material to avoid 
negative effects on the materials properties. 

materials to reduce potential deleterious 
interactions, (3) improve thermal, electrical, and 
electrochemical properties, (4) develop methods 
to synthesize both state-of-the-art and 
alternative amterials for the simultaneous 
fabricatoin and consolidation in air of the 
interconnections and electrodes with the solid 
electrolyte, and (5) understand electochemcial 
reactions at materials interfaces and the effects 
of component composition and processing on 
those reactions. 

BACKGOUND INFORMATION 

Solid oxide fuel cells have emerged as a clean 
and efficient technology for the direct 
conversion of hydrogen and fossil fuels to 
electrical energy. The key feature of a SOFC is 
its high energy conversion efficiency. 
Compared with conventional methods of power 
generation, SOFCs offer several advantages: 
substantially higher conversion efficiency, 
modular construction, the potential for 
cogeneration, and much lower production of 
pollutants. 

SOFCs are typically constructed using ceramic 
materials. Therefore, these fuel cells have 
several advantages over other types of fuel cells, 
specifically the use of nonprecious metals, solid 
state construction, and an invariant electrolyte. 
Ceramic fuel cells, however, place severe 
demands on the materials used due to their high 
operating temperature ( 1000°C) and the dual 
environments (oxidizing and reducing). 
Ceramic fabrication processes need to be 
developed to allow the incorporation of 
materials into practical stack configurations. At 
present, the key technical challenges for the 
development and commercialization of SOFCs 
are the development of suitable materials 
(specifically interconnect), improving the 
performance of the cathode/electrolyte interface 
and developing low-cost fabrication methods. . 

The principal components of a SOFC stack are 
the electrolyte, the anode, the cathode, and the 
interconnect. Each component serves several 
functions in the fuel cell and must meet certain 
requirements. Each component must have the 
proper stability (i.e.. chemical, phase, 
morphological, and dimensional) in oxidizing 
andor reducing environments, chemical 
compatibility with other components, and 
satisfactory conductivity. The components, in 
addition, must have similar coefficients of 
thermal expansion. The electrolyte and 
interconnect must be dense to prevent gas 
mixing, whereas the anode and cathode must be 
porous to allow gas transport to the triple phase 
boundary. 

PROJECT DESCRIPTION 

The overall approach to this research and 
development program is to: 

1. Modify the current interconnect and 
cathode materials to minimize or 
eliminate stability problems, minimizing 
the number of cations in the composition 
to reduce potential deleterious 
interaction with other materials. 

2. Electrochemically evaluate (in 
reproducible and controlled laboratory 
test) the current state-of-the-art air 
electrode materials and 
cathode/electrolyte interfacial properties. 

3. Develop methods to improve the air 
electrode/electrolyte interface through 
compositional modification. This will 
require modification of the interface'with 
electronic, ionic, or mixed 
electronic/ionic conductors. 

4. Develop accelerated electrochemical test 
methods to evaluate the performance of 
SOFCs under controlled and 
reproducible conditions. 

5. Develop and test materials for use in 
low-temperature SOFCs. These 
materials need to be compatible with 
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the new electrolytes, such as barium 
cerate, being developed. 

RESULTS ' 

Experimental Procedure 

(Lai,,Sr,)CrOg and (Lal-,Ca,)CQ 
powders, where x was varied from 0.1 to 0.4, 
were synthesized using the glycine-nitrate 
process (1). All powders synthesized for this 
study had an A/B cation ratio equal,to unity. 
The powders were precalcined at 650°C for 0.5 
hour to decompose any residual organic material 
and then calcined at 1000°C for 1 hour. The 
powders were uniaxially pressed into bars 
(46mm x 16- x 3mm) at 55 Ml?a followed by 
isostatic pressing at 138 MPa. Samples were 
sintered in air at 1500" to 1650°C for 5 hours 
(MoSi2 furnace). Additional samples were 
prepared with the general formula 
La0.7Ca0.3(Cro.gM0.1)03 (where M was Ti, Co, 
Fe, Ni, Zn, Ga, AI, Mn or Cu) to evaluate the 
effects of isovalent and aliovalent B-site dopants 
on the dimensional stability. The densities all 
samples were determined using the Archimedas 
method. 

Dilatometry measurements (Unitherm 
Model 1161, Anter Laboratories, Pittsburgh, 
PA) were used to study the dependence of the 
physical properties of sintered lanthanum 
chromites on ambient oxygen partial pressure, 
P(02), and temperature. The dilatometry 
experiments were carried out on sintered bars 
(30 mm x 3mm x 3mm). Dilatometry 
experiments as a function of the P(02) were 
carried out using a buffered C02/Ar/H2 gas 
system, enabling expansion measurements to be 
made over an oxygen partial pressure range 
from 10-5 to 10-18 atmospheres at 700,800,900, 
and 1000°C. To ensure complete mixing of the 
gases, flow rates of 300 sccm were used. Drag 
forces from the gas flow in the dilatometer were 
evaluated and corrected for by carrying out 
similar experiments using an invariant standard 
(Al203,99.9% dense). Calibration curves 
generated as a function of temperature and 
P(02) were used to normalize the expansion 
measurements on the chromite specimens. 
Samples were initially heated at 2"C/min to the 

soak temperature in air and allowed to 
equilibrate for approximately 1 hour. After the 
sample equilibrated the oxygen partial pressure 
was changed, and measurements were taken 
until sample expansion was no longer 
noticeable. This process was repeated until data 
was collected over the complete P(02) range. 

The inital oxygen content and CP+ 
concentration were determined using a 
potentiometric titration technique developed by 
Nadalin and Brozda (2). Sintered samples were 
ground to a fine powder in a motar and pestle. 
Approximately 0.15 gm of lanthanum chromite 
was placed into a teflon pressure vessle with a 
solution composed of equal parts of vanadium 
sulfate and sulfuric acid (36N). The pressure 
vessle was placed into a stainless steel 
containment vessel and heated at 245°C until the 
chromite sample dissolve (1 to 6 days). The 
resultant solution was titrated with a 0.1N 
ferrous ammonium sulfate solution. The oxygen 
nonstoichiometry (d) and the CP+ concentration 
were then calculated using the electronutrality 
equation. 

Thermogravimetric analysis (TGA, Cahn 
Microbalance) was carried out at 1000°C in both 
air and Ar/H2 gas environments to determine the 
oxygen loss, upon reduction, and uptake, upon 
reoxidation. Sintered samples of lanthanum 
chromite were heated to temperature, allowed to 
equilibrate, and then reduced. Samples were 
exposed to the reducing environment for 12 
hours after which the TGA atmosphere was 
changed to air and the sample re-oxidized for up 
to 12 hours. The relative weight changes were 
measured and corrected for buoyancy effects. 

Stability of Lanthanum Chromite in 
Reducing Environments 

Figure 1 is a plot of the isothermal linear 
ex ansion relative to the dimension in air at 700, 

LSC-24) as a function of time. The specimens 
were equilibrated in air, reduced in Ar4% H2, 
and then re-oxidized in air. It was observed that 
the expansion in reducing environments was 
rapid at 800" and 900°C (approaching 

80 !I , and 900°C for Lao~6Sr0.2&rO3 (denoted 
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equilibrium in one to two hours) and reversible. 
When air was introduced the samples contracted 
very rapidly to within 4.05% of their initial 
length. This figure indicates that LSC expands 
significantly at temperatures as low as 700°C 
and that the kinetics of the reaction increase 
with temperature due to an increasing oxygen 
exchange rate (3). 

Figure 2 shows.the effect of decreasing 
P(02) on the linear expansion of LSC-24 as a 
function of temperature. This sample showed 
no effect of reducing environment from ambient 
pressure to 10-8 atmosphere at 1000°C. As the 
P(02) was lowered further, the sample steadily 
expanded, reaching a maximum expansion of 
~0.23% at 10-18 atmospheres. Figure 2 also 
clearly shows that the onset (critical oxygen 
partial pressure) of expansion moved towards 
lower oxygen partial pressures with decreasing 
temperature. Both figures 1 and 2 indicate that . 
the magnitude of expansion decreases with 
decreasing temperature. 

Figure 3 
1000°C as a 
where x was 

is a plot of isothermal expansion at ' 

function of P(02) for Lal,Sr,CrOg 
I varied from 0.16 to 0.30. This data 

indicates that the expansion of these materials 
increased not only with decreasing P(02) but 
also with increasing Sr content on the A-site. 
The critical oxygen partial pressure at which 
expansion was first observed was higher for 
samples having Sr concentrations greater than 
20 mole percent. 

Figure 4 shows a comparison between LSC- 
20 data of Srilomsak et al. (3) and the present 
measurements for LSC-20 and LSC-24. There 
are significant differences between the two sets 
of data. The onset of expansion reported by 
Srilomsak et al. occurred at 10-10 atmospheres, 
two orders of magnitude higher than equivalent . 
samples examined by the authors. A second 
notable difference is in the magnitude of the 
expansions. This 40% difference may be due to. 
the presence of strontium chromate, SrCrO4, as 
a secondary phase in the sample measured by 
Srilomsak et al. (4). Observations of single 
phase Sr and Ca chromate indicate that they 
expand rapidly on reduction and decomposition. 

0 20 40 60 80 100 120 140 
Time (Minutes) 

Figure 1. Linear Expansion of LSC-24 in 
Ar-4%H2 at 700", 800" and 900°C 
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Figure 2. Linear Expansion of LSC-24 asa 
Function of Temperature and Oxygen Partial 
Pressure. 

The critical partial pressure increases with 
increasing temperature. Significant amounts of 
secondary chromate phase may enhance the 
expansion upon reduction. Another plausible 
explanation is that the composition of the 
sample may be closer to LSC-24 than LSC-20 
as indicated by the similarity of data in Figure 4. 
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Figure.3. Linear Expansion of Lal,Sr,CrOg as 
a Function of Oxygen Partial Pressure at . 
1000°C. . 
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Figure 4. Comparison of LSC-20 
LinearExpansion Data. 

Specimens with either Sr or Ca show similar 
expansion behavior in reducing environments. 
As observed previously in LSC-24 the 
expansion is reversible and the degree of 
expansion increases with temperature. 
However, in LCC-30 the amount of expansion 

the sample undergoes at 700°C is considerably 
less than that for comparable Sr materials. 

Acceptor doping of lanthanum chromite 
(substitution of Sr or Ca for La) can be charge 
compensated either electronically (through the 
conversion of cr3+ to cr4+) or ionically 
(through the creation of oxygen vacancies), as 
shown by the electroneutrality relation in 
Equation 1 (Kroger-Vink notation; brackets 
denote concentration). 

At high oxygen partial pressures, this 
compensation is electronic, as verified 
experimentally in a study by Pederson and Dake 
using XPS (5) in which the CP+ concentration 
was found to be equivalent to the A-site 
acceptor concentration. At low oxygen partial 
pressures, charge compensation is dominated by 
the formation of oxygen vacancies, as shown in 
Equation 2. 

TGA analysis on these samples by the 
authors has verified an appreciable decrease in 
mass due to oxygen evolution during reduction 
(6). The weight loss (vacancy formation) and 
gain due to oxygen removal and uptake from the 
lattice correspond well with the observed 
reversible linear expansion as well as with 
electrical conductivity measurements carried out 
by others (7,8). Based on this information, it 
would be expected that increasing the acceptor 
concentration in lanthanum chromites would 
result in increased expansion upon reduction as 
the higher initial concentration of Cfl+ is 
reduced to Cr3+, resulting in an increased 
concentration of oxygen vacancies in the lattice. 

The removal of oxygen from the perovskite 
lattice results in an increase in lattice cell 
dimensions, and, therefore, an increase in 
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specimen volume as indicated by Srilomsak et 
al. (4) and Armstrong et al. (6). The observed 
expansion may result from the increase in cation 
size accompanying the reduction of Cd+ to Cr3+ 
and/or an electrostatic repulsive forces between 
adjacent Cr cations separated by oxygen 
vacancies. 

Comparison of the LSC-30, LCC-30 and 
LSC-20 and LCC-20 expansion data is shown in 
Figure 5. In both cases the Ca doped lanthanum 
chromite expands more than the Sr doped 
lanthanum chromite. Studies are in progress to 
determine the cause of this difference in 
behavior. It is possible that, in the same 
reducing atmosphere, LSCs are more stable 
toward oxygen loss than the LCCs. 
Alternatively, the oxygen loss in a given 
atmosphere may be the same for both materials, 
but the LSC lattice may expand less than the 
LCC lattice. 

Figure 6 shows data for linear expansion as 
a function of dopant content from this study and 
from Schafer and Schmidberger (9) in 10-15 atm 
P(0z) at 1000°C. In both studies, it is apparent 
that the relationship between expansion and 
dopant content was approximately linear over a 
wide range of composition. The relationship 
between sample expansion and dopant 
concentration (devoted by the slope) is 0.013% 
expansiodmole % dopant for LSC and 0.015% 
expansion /mole% dopant for LCC materials. It ' 
is clear, however, (from the fact that the linear 
fits shown in Figure 8 have negative y- 
intercepts) that this linearity cannot hold for 
very low dopant levels. The data presented in 
Figure 8 show very good agreement over the 
entire composition range for the LSC materials. 
However, there is a large disparity between the 
expansion measurements for the two sets of 
LCC data presented in this figure. The data 
presented by the authors are similar to that of 
LSC. The data by Schafer and Schmidberger 
(2) show a significant deviation. While still 
linear, their data shows nearly a 1: 1 correlation 
between the expansion and'the Ca 
concentration. The data of Schafer more closely 
match the expansion datasat 10-18 atmospheres 
obtained in the present investigation. 

I 

Figure 5. Comparison of Linear Expansion Data 
of 20 and 30 Mole Percent Doped LSC and LCC 
at 1000°C. 
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Figure 6. Maximum Linear Expansion at 
atm (1000°C) for LSC and LCC compared to 
Similar Data From Ref. (4). 
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