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ABSTRACT
Objectives

The University of Missouri-Rolla conducted a 17 month research program focussed
on the development and evaluation of improved cathode materials for solid oxide fuel cells
(SOFC). The objectives of this program were:

. The development of cathode materials of improvixd stability in reducing environments.
. The development of cathode materials with improved electrical conductivity.

The program was successful in identifiying some potential candidate materials: Air sinterable
{La,Ca)(Cr,Co)05 compositions were developed and found to be more stable than

La gSr ,MnO, tcwards reduction. Their conductivity at 1000°C ranged between 30 to 60 S/cm.
Compositions within the (Y,Ca)(Cr,Co,Mn)O, system were developed and found to have
higher electrical conductivity than La gSr ,MnO5 and preliminary results suggest that their
stability towards reduction is superior.
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1. Introduction

Background Statements

The purpose of this project is to develop an improved cathode for high temperature
fuel cells than is currently being employed.

* This project is based on the need for a more stable and reliable cathode than is
currently being employed in high temperature solid oxide fuel cells (SOFC). The inability of
the LaMnO,4 based cathodes to withstand exposure to fuel gas without degrading their
performance is one of the foremost problems confronting the successful commercialization of
SOFC's. ’

As part of our DOE-BES program we have been investigating a number of conducting
perovskite systems. Recent results indicate that some of the compositions in these systems
possess electrical conductivity and stability towards reduction superior to the currently used
SOFC cathode, La gSr,Mn0O;. These results are very encouraging and suggest that we have
the ability to develop an improved cathode for SOFC's. In this program we are expanding
our DOE-BES studies with the intent of developing a composition which will out-perform
La gSt ,MnO; as a SOFC cathode. |

In our DOE-BES program we have shown that the system La1_XCa,(Cr1_y(:oyO3 (x =
0.1-0.3 and y = 0.1-1.0) can be sintered to densities > 95% TD in air at 1400°C and below.
The electrical conductivity (d.c.) measurements were made as & function of temperature and
in the oxygen activity range from 1 to 109 atm. Details of the Apparatus and experimental
setup are explained elsewhere.() At 1007°C and 1 atm. the conductivity ranges from 17 S/em
to 58 S/cm for La gCa ,Cr ¢Co {03 and La ;Ca 3Cr gCo 503, respectively. Stability studies were |
done by quenching powder samples from 1000°C and 1019 atm. and subjecting quenched
powders to X-ray diffraction. X-ray diffraction patterns of reduced samples fory = 0.1, 0.2
and 0.3 showed no second phase indicating that these compositions are structurally stable
throughout the entire temperature and oxygen activity range studied.

The observed results on sintering, electrical conductivity and stability towards
reduction demonstrate that LaCrO, can be sintered in air at 1400°C and below with varying
the composition without the deterioration of either the electrical conductivity nor high
temperature stability of the resulting dense ceramics.




2. Project Description
The past DOE sponsored program has permitted the principal investigators to acquire
valuable information regarding the stability of perovskite type structures towards oxidation
and reduction at elevated temperatures. Through these studies a substantial base of
knowledge and research capabilities was established, thus tallored materials with the desired
properties can be developed. The principal investigators are using this unique background
as the basis to address the problem of:

» development of a cathode materiai which is more stable towards reduction than the
state-of-the-art Sr-doped LaMnO, that is currently used.
. development of a cathode material which has higher electrical conductivity than Sr

doped LaMnO,, i.e. > 100 S/cm at 1000°C.

The systems targeted for this study are: (La,Ca)(Cr,Co)O5 and (Y,Ca) (Cr,Mn,C0)0,.
These systems were chosen because of our previous kriowledge and the fact that substantial
mutual solubility exists for both systems. A series of compositions in the LaCrO5-LaCoO,-
Ca0, CaO-LaMnOg, YCrO5-YMnO,3-YC00,4-Ca0, and Ca0-YMnO, systems were synthesized
using the organometallic preparation technique.(a) The resulting powders were milled and
subjected to X-ray diffraction to ensure that they were single phase. For the electrical
conductivity and sintering studies the powders were pressed into bars with the aid of
polyvinyl alcohol and water binder. A compaction pressure of 1500-2500 kg/cm2 yielded
0.6x0.4x3.0 cm® bars with green density of about 45-52% of theoretical. Densification was
carried out over the temperature range 1100 to 1500°C for 2 to 10 hours in a SiC heated
furnace. Bulk densities were measured by the liquid (Freon) displacement technique.
Scanning electron micrographs of the polished and thermally etched surfaces of sintered
specimens were taken using a JEOL JSM-35 CF scanning electron microscope.

Electrical conductivity and thermoelectric power measurements were made
simultaneously in an apparatus which could measure three samples at a time. For these
measurements the samples were cut into bars with the dimensions (0.3x0.3x2.0 cma) and
electroded with Pt paste. The specimens were mounted between two platinum blocks, which
had Pt-10% Rh/Pt thermocouples as slectrical contacts, Pt wire heater was welded on the
lower end of the holder to generate the temperature gradient along the vertical direction.
Three sets of specimens and holders were contained in Al,O, tubes within a MoSi, furnace,
where the temperature was controlled by a Eurotherm temperature controller. The oxygen
activity over the samples was controlled by using flowing gas mixtures of either O, -N, or
CO,-forming gas (10H,-90N,). A stabilized zirconia oxygen ser.sor was used to monitor the
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oxygen partial pressure of the gas mixture. The Seebeck coefficients were determined by
measuring temperature gradients and thermal emf's through the common leads of the
thermocouples. Electrical conductivity measurements were made using the two-probe, fouir-
wire Kelvin technique in which two leads carry the test signal (1mA) and the other two
measure the voltage drop. The measurements were made using a data logger (a Hewlett
Packard 3497A data acquisition/control unit), which employs a HP-85 computer both as a
control and readout device. Thermal expansion measurements were made on an Orton
dilatometer over the tempe:ature range 25 to 1000°C.

3. Results and Discussion

l. Sintering Studies

The primary difficulty of sintering LaCrO5 and Y‘CrOa based perovskites in air arises
from the volatilization of Cr from the structure at temperatures in excess of 1400°C, resulting
in porosity. This is inhibited by using reducing atmospheres during sintering, with oxygen
activities of 1071%-1072 at 1700°C.® Meadowcroft® showed that the sintered density of
La g,Sr 46CrO, increased when excess Sr was added in the form of SrCO, before sintering.
The maximum beneficial effect observed was a sharp increase in sintered density when 4 m%
SrCO, was added. This was probably due to"‘the formation of SrCrO, at intermediate
temperatures followed by melting and liquid-phase sintering. Flandermeyer et.al. ) used low
melting oxide eutectics as well as La, Y and Mg fluorides up to 8-10 wt% to increase the
density of sintered compacts, however, these fluxes are not desirable in the SOFC
environment (1000°C). In this study, we have incorporated various dopants, on both La and
Cr sites of the LaCrO5 and YCrO; compounds, to enhance the sinterability in air. These
dopants, Ca and Co, are expected to generate a transient liquid to aid sinterability in air at
temperatures below 1400°C.

A. (ta.Ca)(Cr.Co)O, System

In the case of LaCrO,, neither Ca nor Co additions by themselves enhanced
sinterability when added at levels of less than 30 m% (see Table I).

These results show that the substitution of Co for Cr in LaCrO5 improved the
sinterability. Significant improvement in densification was observed with substitution of 20
m% Co for Cr, and 95% theoretical density was achieved in air at 1500°C with substitution of
50 m% Co for Cr. However, substitution of Ca for La in LaCrO, did not improve the
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sinterabiiity, but in LaCoO, sinterability was improved and the melting temperature was
reduced. The Co substitution for Cr in LaCrO, apparently forms a hitherto unidentified

tranisient liquid in air at temperatures below 1500°C, thereby improving sinterability. However,

whaen both Ca and Co are added simultaneously, sintering occurred at temperatures below
1450°C (see Table li).

Table 1. Sintered Density and Percent Theoretical Density as a Function of Co and
Temperature. (Sintering Time 2 hrs.)

LaCry.,Co Oy Temperature (°C)
Composition 1100 1200 1300 1400 1500
) Density %TD Density %TD Density %TD  Density %TD  Density %TD
- — a/ce g/ce g/ce a/ee a/ecc
y = 0.0 406 60 4.08 61 4,09 61 410 61 411 61
y = 0.1 432 64 433 64 435 64 441 65 462 68
y = 0.2 480 70 493 73 523 77 550 81 573 85
y = 0.5 505 72 522 75 573 82 6.08 87 6.63 85
y =0.7 515 73 542 77 595 84 6.21 88 MELTED
y =1.0 588 82 6.06 84 6.27 94 6.42 95 MELTED
Tabile Il. Sintered Density and Percent Theoretical Density as a Function of Ca and

Temperature. (Sintering Time 2 hrs.)

La,,Ca,Cr,9C00 103 Temperature (°C)
Composition 1100 1200 1300 1400 1500

(x) Density %TD  Density %TD Density %TD Density %TD Density %TD

glecc. _ _gigc g/ce gice _glec

x = 0.0 4.32 64 433 64 435 64 441 65 462 68
x = 0.1 4.52 68 460 70 537 &t 592 90 534 96
x = (0.2 482 74 513 79 587 90 6.11 94 6.22 96
x =0.3 534 83 5.74 89 596 93 6.09 95 6.10 95
La, ;,Cag ;CrO, 3.80 62 3.87 62 3.80 €3 392 63 416 68
Lag ;Cay 3,C00, 5.66 89 6.09 95 MELTED

The enhancement of sintering is due to the formation of a CaO/CoO liquid phase at
temperatures below 1300°C. Figure 1 is a SEM photomicrograph of a polished surface from a
specimen of composition La gCa ,Cr gCo ,05 which was sinitered for ontfy ten minutes at
1200°C and quenched. As can be seen much liquid (glassy-like phase) was present.
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In summary, we were sucesstul in developing La1_xCaxCr1_yCoy03 cornpositions that
sintered at temperatures below 1400°C in air with the aid of liquid phase. The composition of
the liguid phase was dependent upon the ameunt of Co and Ca substituticn. The liquid
phase dispersed along the grain boundaries and did not aiter the electrical conductivity and
stability of the materials if the Co substitution for Cr was kept lower than 30 m%; otherwise,
the stability against reduction at high temperaturc was diminished.

Figure 1: La gCa ,Cr ;Co ,0, heated at 1200°C for 10 Min. and waisr quenched to
room temperature

B. (Y.Ca)(Cr.Mn,Co)O, System

Calcium is soluble in YCrO, up to 20 m% with no change in the orthorhiombic crystal
structure.

Y,.xCa,Cr0; is difficult to densify. It requires temperatures of 1750°C and oxygen
activity of less than 10 atm similar to L.aCrO,. However, these compositions are found to be
stable towards reduction in H, at temperatures to 1500°C. Y, ,Ca,MnO,4 has a miscibility
gap for 10 m% < Ca < 40 m% (see Table lll). For Ca < 10 m%, the crystal structure is
hexagonal and for Ca > 40 m% it becomes orthorhombic. Pure YMnO, is difficult to densify,
however, compositions containing more than 30 m% Ca densify well at 1400°C.
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Table 11, Conductlvity and TEC of Y, ,Ca MnO, as a function of Ca content

Ca Content TEC (500-1000°C) 0(900°C Structure
0 m% 11.5x 105¢c™ 0.2 S/em Hex
10 -~ 10.0 13 Hex/Ortho
20 9.7 52 Hex/Ortho
3c 9.7 85 Hex/Ortho
40 10.1 133 Ortho
50 8.5 190 Ortho

In an effort to densify YCrO, in air we have tried the same procedure used for LaCrO,.
That is, the simultaneous substitution of Ca and Co. Our initial resuits indicate that this
system can be densified in air at temperatures below 1500°C. Summary of our results was
preseritec at the 1990 Fuel Cell Seminar in Phoenix, AZ in November 1990.

i, Electrical Conductivity Studies

A. LaCrO, System
D.C. electrical conductivity measurements were made for compositions in air over a

temperature range from 20 to 1200°C. Previous studies on (La,Ca,Sr)CrOa(e'n and
(La,Ca,Sr)CoOa‘B‘m show both systems to be p-type conductors with holes moving through
the structure by the small polaron mechanism.

The electrical conductivity for small polarons takes the form:

o = (C/T) exp (-E/KT) (1)
where C is both a charge carrier concentration and material constant, T is the absolute
temperature, E is activation energy and k is Boltzman’s constant. Therefore, for materials
which obey the small polaron mechanism, a plot of log (0T) versus 1/T gives a straight line
whose slope is proportional to the activation energy. Charge is transferred when the polaron
hops from one cation to another. The electrical conductivity is often enhanced by
substituting a lower valence ion (acceptor) such as Ca for La.

The electrical conductivity data for La, Ca,Cry gCoq 4O,, La, ,Ca,Cry 4Coy 504 and
La,_,Ca,Crqy 7Cop 305 (with x=0.1, 0.2 and 0.3) are shown in figures 2, 3, and 4, respectively,
as log (o) versus reciprocsal temperature. When plotted as log oT versus reciprocal
temperature, the plots are linear suggesting that the small polaron mechansim is obeyed. For
a given Ca content, the activation energies were independent cf Co concentration, the




approximate values wers 0.45, 0.2, 0.2 and 0.2 ev for Ca contents of 0, 10, 20 and 20 mole %
respactively.

Previous studies on (La,Ca)CrOsm and (La,Ca)CoOs(a) have shown that they have
intrinsic p-type conductivity due to the formation of cation vacancies. Ths electrical
conductivity in these oxides is enhanced by substituting C82+ for Las"', which is
compensated by a crt - Cr't transition. This can be represented, for Ca doped LaCrO;,

by:

3+, 2+ 3+, 4+
L“a1-x Cax Cr1-x Crx 03 2
2.0
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Figure 2: Electrical conductivity of La, ,Ca,CroCo 40O, as a function of Ca content
and temperature
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Figure 3: Electrical conductivity of La,_ Ca Cr gCo ,0, as & function of Ca content
and temperature
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Figure 4: Electrical conductivity of La, Ca Cr,Co 30, as a function of Ca content
and temperature

It is believed that the Cr3* d states with 129 symmetry have smal! overlap integrals resulting in
narrow bands and a tendency toward localization, whereas d states with ey symmetry have a
larger overlap, due to hybridization with oxygen levels, and form a wider band of itinerant
states higher in energy and not vcupied in the ground state of the system. All levels
associated with the A sublattice atoms are well 25ove or below the Fermi energy, and their
primary role is to determine the occupancy of the tzg Cr states through charge
compensation.(s) Substitution of Ca for La will create a hole in the Cr tg band and iead to an
increase in the electrical conductivity.

As for Sr and Ba substitutions in LaCoOg,('%'") electrical neutrality of solid solutions of
La,,Ca,Co0;, can be achieved either via the formation of Co** or by oxygen vacancies, Vy,
or both, fellowing the equation: ’

La1-x3+03x2+o°3+1-x+2y3°4+x-2y02'3-y(v Dy (3)
The substitution of La3* by Ca2* in LaCoOj leads to an increase in the electrical conductivity
and to a transformation from semiconductive to metallic conductivﬂy.”z) No contribution to
the electronic conductivity is anticipated if the substitution of Ladt by Ca®* is compensated
by the formation of oxygen vacancies.

As in the case of La, ,Ca,CrO, and La, ,Ca,Co0,, the substitution of Ca for La in
La, .Ca,Cry ,C0,05, should resutt in the formation of cr** and Co** in order to preserve the
electrical neutrality. Figure 5 shows the elactrical conductivity at 1000°C as a function of Ca
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content in La, ,Ca,Cry gCoy 104 and La,_,Ca,Cr; sC0q ,03. The electrical conductivity at

1000°C as a function of Ca in La, ,Ca,CrO, is included from reference 6 for comparison and
to provide a relative y = 0.0 case. As can be seer, the electrical conductivity of La,.
xCa,Crg oCoq 105 and La, ,Ca,Cr, ;Coj ,05 at 1000°C ie slightly higher than that of La,
«Ca,CrQO,. This may be due to a contribution of Co to the conductivity, but this is yet to be
confirmed. |

Seebeck measurements were made in order to determine the type and concentration
of éharge carriers. Figures 6-8 are the resulting Seebeck coefficients plotted as a function of
temperature for LaCr,_,Co, O, La,,Ca,CrygCoy O5 and Lay,Ca,Crg gCoq 505, respectively.
(In figure 8, the dashed line is taken from Ref. 6 for comparison.) In LaCr1_yCoy03, the
substitution of Co for Cr increases the carrier concentration.

As the Ca content increased, the Seebeck coefficients exhibited a temperature
independent behavior, indicating that the carrier mobility, rather than carrier concentration,
was thermally activated. According to Heikes formula this type of behavior indicates a small
polaron conduction mechanisrh which agrees with the electrical conductivity measurements.

60
O
La)_xCaxCr)._yCoy03 K
£ 0Oy = 0.2 O
< )
g o4f OH =01
© O y=0.0%
5 Ja)
(=]
[~
L o]
g 0 o
B
ol
B 20} ,
5
e
)
S / @)
A/
//Q A -k 4
0.0 0.1 0.2 03

Ca CONTENT. x. MOLES

Figure 5: Electrical conductivity at 1000°C as a function of Ca content
*S. Song, et al.?
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Figure 7:
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Figure 8: Seebeck coefficlents of LaCr1_yCoy03 as a function of Co content and
temperature

Oxygen Activity Depenidence :

The dc electrical conductivity measurements for L.ea1_uCaxCr1_yC,‘,oy(i)3 (x=01,0203
and y = 0.1, 0.2, 0.3) were made as a function of oxygen activity at 1000°C. The results are
shown in figures 9-10. The electrical conductivity cata showed similar oxidation-reduction

behavior. In the high oxygen activity region, within the experimental error, the electrical
conductivity was nearly constant. The conductivity decreased as a function of oxygen activity
to the one quarter power as reduction progressed. The constant electrical conductivity which
exists in the high oxygen activity region may be easily understood if it is assumed that the
carrier concentration and electronic compensation predominate. In the low oxygen activity
region, oxygen vacancies are formed and the electrical conductivity begins to decrease as a

result of ionic compensation.
From defect chemistry modeling, the defect structure and electrical conductivity

changes can be predicted under various oxygen activity and temperature conditions. A
model is adopted, based on that developed for Mg-doped LaCrO, ", to explain the electrical
ronductivity of La; ,Ca,Cr, _yCc)yO3 (where y is less than 0.3) as a function of oxygen activity.
In La, ,Ca,Cr,,,C0,05, Co** substitutes for ¢+, and Ca?* substitutes for La®*on normal
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lattice sites. The acceptor Ca®* possesses one effective negative charge which can be
compensated for either by Cr** — Cr** or Co®* —» Co** transitions or by the formation of
oxygen vacancies. [f such a substitution is compensated by the formation of oxygen
vacancies, no contribution to the electronic conductivity is anticipated.

1.8
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5 1.6F 6 x=0.1¢y=0.1 o v =
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.2 o °
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é b O O e e O]
[N N (_,-C -~ .
g g

C.3r
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Log P 07 /atim,

Figure 9: Log conductivity vs. log oxygen activity for La, Ca Cr oCo ;Co, at 1000°C
(Solid lines were derived from the model)
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Figure 10:  Log conductivity vs. log oxygen activity for La;  Ca Cr gCo ,0, at 1000°C
(Solid lines were derived from the model)
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Since, for this compound, the cations and anions are of comparable size, it can be
assumed that the native defects are of the Schottky type. The Schottky reaction, using the
kroger-Vink notation('®, is expressed by

nill = V|3 + Vgrco + Vo (4)
Ks = Ml Vér.col VeI’ (6)
i

Since this Is a closed system, tha cation stoichiometry must remain constant, therefore, [V| ]
= [V&‘,Co} = 2[Vﬂ] throughout the entire single-phase region.

Ks = Vil? Vgl® ©)

The p-type nonstoichiometric reaction is given by
3/2 0, = V| + ¥grco + 60 + 30, (7)
Kg = Vil P° Pog ™ ®)

When Ca2* is substituted for La>*, the Ca* will possess one effective negative charge
which can be compensated eithor by a B** - B4t transition or by the formation of oxygen
vacancies. This leads to the following overall electrical neutrality condition
2 V] + p = 6 [Vl + [Cay] | ©)
At high oxygen activity, electronic compensation is expected and assuming that both
[Vy] and [Vl are smaller than the impurity content, the neutrality condition becomes

p = [Cay] (10)

and from Eqs. 7 and 8
Vo] = Kg'P s / [Cayl (1)
Vsl = K,'P [Cayl Pop "2/ Kp™™ (12)

respectively.

At low oxygen activities, oxygen may be lost and ionic compensation takes place
through the formation of oxygen vacancies. In this case the electrical neutrality condition
becomes

p = [Cay] - 2 [V (13)
This condition can be expressed by
. ' .
La1_yCa;,Mx1_yM y03 = La1_yCany1 'y+2)(M y_axv‘csx03_x + x/2 02
or simply by
X
where y is the amount of dopant and x is the concentration of oxygen vacancies. The
equilibrium constant for reaction 14 can be expressed as

Kya = [Myl? Vi) Pop' 2 / Myl (15)
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which in terms of mole fraction becomes

Kyg = (1-y +202 x P, 12 / (y-2x)2 (16)
Eqg. 16 can be solved to yield
2 =y -{Pgp'2 (8Y Ki4Pop 2 + 1)'2-1)/4 K, 4} (17)
Since the electrical conductivity for p-type materials is given by
o=epy (18)

wﬁere e is the electron charge, u is the mobility, and p is the concentration of carriers which,
from the model, is equal to y-2x. Thus, Eq. 18 can be rearranged to give

0 = e Po,2u((8'y Ky4Poy 2 + 1)21)/4 K, (19)
At the high oxygen activity region, Eq. 17 reduces to x = 0 and Eq. 19 reduces to 0 = euy,
whereas in the low oxygen activity region the respective equations are reduced to

p = (y-2X)ly = Pop""* / (2yKyg) 2 (20)
or
o = (auy' P021/4) /2Ky (21)
and
0/0g =Py, (2y Ky (22)

where 0p is the electrical conductivity at 1 atm. oxygen.

‘The equilibrium constant K, can thus be calculated by combining the electrical
conductivity experimental data and Eq. 22. Theoreticai curves can be generated by using Eq.
22 and the calculated values of K,,. The individual symbols in figures 8-10 represent the
experimental data while the lines are the calculated curves from the model. At high oxygen
activity the electrical conductivity was independent of the oxygen activity due to the expected
electronic compensation. At low oxygen activity the electrical conductivity exhibited a 1/4
power dependence on the oxygen activity. The switch from P, independent to Py,
dependent region occurred at ™~ 107'° atmos at 1000°C.

The stability of La;_,Ca,Cry,Co, O towards reduction is compared to that of
La, ,Sr,MnOg4 and LaCr, ,Mg, O in Table IV and figure 11. Ca and Co doping significantly
increased the conductivity of LaCrO5 ani extended its stability to lower oxygen activity.

The compositions La1_XCaqu_yCoy('.)3 with x = 0.0-0.3 and y = 0.1-0.2 are found to be stable
toward disscciation in forming gas at 1000°C even though the electrical conductivity does
decrease because of the low oxygen activity (Pp, ~ 1018 atmos).

14
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Table IV.

Electrical Conductivity of ks gSr ,Mn0,, LaCr o ;Mg ,-0, and

La gCa ,Cr oCo ,0, as Function of Oxygen Activity at 1000°C.
Poo (atm.)  LagSr,MnO, LaCr ggMg 4505 La gCa ,Cr Co 404
o (S/cm) o (S/em) o (S/em)
10° 150 3.2 34
108 150 3.2 34
10710 125 3.2 30
1012 65 3.2 25
1014 22 (dissociated) 2.5 (stable) 16 (stable)
10716 10 (dissociated) 0.32 (stable) 9 (stable)

The electrical conductivities were found to be inversely proportional to the Seebeck

coefficients throughout the entire oxygen activity range. The Seebeck coefficient increased

and the electrical conductivity decreased with decreasing oxygen activity. This is true for all

the regions of oxygen excess, stoichiometry and oxygen deficiency. Since the investigated

compounds were stable under reducing conditions as well as oxidizing conditions, no

degradation was observed on the Seebeck measurements at 1000°C, contrary to our

observations on the LaMnO, based perovskite oxides'¥), These findings are very

encouraging and should be investigated further, inorder to identify the parameters that
increase the conductivity while maintaining the stability of LaCrO,.

1.8
~0.2, 7=0.2 !
Laj_CayCr)_yCoy03 FToRICCE
A
1.5} = /%—D 0 07
Y x=0.2, y~0.1
Yo
% 1.2¢ /
v Yo f L’JC{ A
Eo.o} /
I~ / ay
E A / / 10Z Co-LaCr04
K 7

Eosf * 7 0007000 ©
8 / O/
2 ol
P o) 521 Mg~LaCrOj

0.3} / o 0 —0-

et
0.0 i . — L
=20.0 -16.0 -12.0 -8.0 4.0 0.0
LOG Pg, /atm.

Figure 11:

Log conductivity vs. log oxygen activity for doped LaCrO, at 1000°C

(Solid lines were derived from the model)
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B. YCrO, - YMnO, System y
The electrical conductivity of Y,,Ca,CrO, was studied both as function of Ca content

and oxygen activity. At 1000°C, the maximum conductivity in air was 16 S/cm.

Examples of the electrical conductivity data are contained in figures 12, 13 and 14.
The same model can be used to explain these data as that for LaCrO, so will not be
reproduced here.

A comparison between the reduction characteristics of YCrOg4, LaCrOg and LaMnO,
were made and we found that Y gCa ,CrO, is more stable towards reduction than either Sr
doped LaMnO4 or LaCrO,. (See figure 15)

1.4
01000 C

? s 1100 C |
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£ == g e AR R
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z
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Figure 12a:
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Figure 12b: Conductivity of Y goCa Cro, (1 2b) and ¥, gsCag 15Cr0; (1 2a) as functicn
of temperature and oxygen activity
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Figure 15:

Comparison of electrical conductivity of La 4Ca ,Cr ,Co ,0,, La gSr ;MnO,

and LaCr o Mr 0503 at 1000°C as function of mxygen activity

Preliminary a.c. conductivity measurements indicate that some compositions ir: this

series have high electrical conductivity, as shown below:

Composition Conductivity (S/cm)
Y gCt4 MnOg4 13.4
' gCa ,MnO4 56.0
Y ;Ca 3MnO, 87.6
Y ¢Ca ;MnQy 133.2
Y ;Ca gMnO5 167.3

The following activation energies were calculated:

Composition Activation Energy (eV)
Y oCa ;MnO,4 26
Y gCa ,MnO4 .26
Y ;Ca sMnO4 19
Y ¢Ca ;Mn0O, 14
Y sCa gMnO4 10

Temp (C)
9207
925°
935°
907°
926°

As can he seen the electrical conductivity of Y gCa 4MnQO; is as high as that of
La gSr ,MnO,. We know nothing regarding its stability thwards reduction, but will be

gathering that information soon.

18

R R 1 e s

AL



C. YCrQs - YMNO,4 - YCOO, System

A survey of the electrical conductivity was made at 1000°C in air fcr the YCrO, - |
YMnOj, - YC0Og, system (figure 16). These data show that the maximum conductivities ocour
in the high Co and Mn concentration regions. However, since from other data we know that
compositions containing more than 30 m% of either Co or Mn will be unsta' ie towards
reduction we focussed our attention to the YCrO4 corner of the diagram. As a result we have
made some Ca doped formulations in the composition range 50 to 60 m% Cr, 10 to 20 m%
Ca and 10 to 20 m% Mn, |

Figure 17 shows the electrical conductivity of compositions Y ;,Ca 3Cr sMn 3Co ,05 and
Y 7Ca 5Cr ¢Mn ,Co , 54 at 900°C as function of oxygen activity. The data show that these
compositions are both electrically and structurally nearly as stable as LaCrOg (See Figure 15).
These results are very encouraging, but more work needs to be done to further define the
best formutations (with electrical conductivity in air > 60 S/cm).

YCo0;

YCr0, 50 mole? YMnO,
Figure 16:  dc conductivity 1000° (S/cm)
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Figure 17:  Electrical conductivity of Y ,Ca ,Cr sMn 3C0,0, and Y ,Ca 4Cr gMn 2C0,0,
as function of oxygen activity at 900°C

. Thermal Expansion Coefficient

All of the thermal expansion coefficient (TEC) data taken during the course of this
program will be tabulated in this section. Although, we observe specific parameters that

affect the TEC of various compounds upon doping, however, at the moment we offer no
explanation for the trends.

A LaCrO, - LaCoO,4 System

The thermal expansion coefficients were determined and given in Tables V and Vi as a
function of Co and Ca substitution. The TEC increased with increasing Co content. This
must be due to the high thermal expansion coefficient of LaCoOz which was reported to be
approximately 22 x 108,C. The TEC of compositions with y > 0.5 changed little with further
increase in Co content and remained in the region of 20-23 x 10%rC. However, when Co
content was further decreased the TEC values decreased to 13.1 x 108rC at y = 0.1.

Additional Ca substitution for La decreased the TEC. The TEC of La ;Ca 5Cr gCo 104

" had a value of 10.4 x 105/"0. This value matches that of Y-PSZ. Therefore, the thermal

expansion coefficient of the LaCrOj can be increased to match those of the other SOFC
components by Co and Ca substitutions. The substitution of Ca for La in the LaCr1_yCoy03
resulted in formation of Cr** and Co** in order to maintain the electrical neutrality.

Formation of both Cr** and Co** decrease the unit cell volume, since in these valence states

20



the radius of Cr** and Co** ions is markedly lower than that of Cr3* and Co®*. The

decrease in TEC with increasing Ca cﬁfstent is probably assoclated with the formation of crtt
and Co** ions. |

Table V. Thermal Expansion Coefficients as a Function of Co

LaCry ,Co, 03 (100-1100°C)

Composition (v) TEC (108rC)
0.0 9.50
0.1 ‘ 13.10
02 13,60
03 | 15.90
0.5 | 21.80
0.7 22.30
08 22,80
1.0 23.20

Table VI. Thermal Expansion Coefficlents as a Function of Ca

La, .Ca,Cr 4Co ;05 (100 - 1100°C)

Composition (x) TEC (106[‘_’01
0.0 13.10
0.1 12.30
0.2 11.10
0.3 ‘ 10.40

La, ,Ca,Cr 4Co ,0, (100 - 1100°C)

Composition (x) TEC (105£C)
0.0 13.60
0.1 13.40
0.2 11.50
0.3 10.40

B. LagSr ,Cry  Mn, O, System
Table VIl shows the dependence of the thermal expansion coefficient on Mn content.
As can be seen the TEC increases as the Mn content increases.
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' Tqble ViIL.

Thermal Expansion La¢Sr ,Cr, Mn, 0O,

Mn Content © TEC x 1060"1,
0 m% 10.7
10 8.6
20 10.0
30 9.5
40 10.0
50 105
60 10.1
70 104
80 11.8
90 : 11.5
100 11.6-120

C.

YCrO, - YCoO, - YMNO4

| Figure 18 shows the room temperature X-ray diffraction analysis resuits. As can be
seen most of the compositions are orthorhombic. We found it difficult to sinter compositions
along the binary tie lines. The compositions in the terhar_y regions all tended to sinter well.
We are now starting to add Ca, so we may find changes in the densification characteristics.
Figure 19 shows the thermal expansion coefficient in this system. |

Figure 18:
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YCols

yero, 50 moleX YMNO,
Figure 19:  Thermal expansion 500-1000°C (= #10+5)

D. LaCrQ,

The thermal expansion of LaCrOg was measured as function of Sr and Mg content.
These data are listed in Table VIIl. The data show ihat Sr doping can yield a TEC match with
Zirconia.

Table VIil. Thermal Expansion Coefficients of Ca, Mg and Sr-Doped La goCrO,

Thermal Expansion

Compounds Coefficient (x 10 €rC)
La gqCrO4 9.4
La Cr %Mg 0293 9.4
La 99Cr 95Mg 0503 9.5
La gqCr goMg 1003 9.4
La goCr gsMg 1503 9.5
La g7 (oCrO4 10.2
] La g4Sr 95Cr03 10.8
- La wSr, CrOq4 10.7
Lag,Sr 150 03 10.8
L& 1g5r 5oCrO, 111
La BQSr 10(I:rO3 10.0

* Temperature range from 350 to 1000°C.

TN
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E. LaMnO4

The the.mal expansion of LaMnO4 was measured as function of Sr content (Table IX).
As can be seen, the TEC is groater than that of zirconia for all compositions.

Tabie IX.
Composition ax 108rC
La goMnO,4 112+03
La g,Sr osMNO, 11.7
La ggSr 1oMnO, 12.0
La_nSr_zoMnos 12.4
La ggST ;oMNO;4 12.8
F. YCrO,

The thermal expansion of YCrO, was measured as function of Ca content (fig. 20).
Although Ca doping increased the TEC of YCrQ,, however, at the solubility limit of Ca in
YCrO4 the TEC is less than that of zirconia.

10.0

(o]
g5t Yl_xCaxCrO3 %

8.0t

B.O}

EXPANSiON COEFFICIENT X105/°C
oo
(643

7.5t

7.0 T
0 6 10 0 20
- ¥ Co DOPANT lotawmic 1)

Figure 20.

V. Films of La ,Ca 5Cry ,C0,0, on Stabilized Zr0, Substrates
Inks were prepared of powders of composition La ,Ca ;Cr g ¢:C0 o5 505 and either
printed or painted onto dense ZrO, plates. Good adhesion and sintering was observed after
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‘heat treatment in the 1300 to 1400°C range. Porosity appears to be controllanle so that such
coatings can be used as a cathode.

The sintering study showed that the optimum temperature range is 1300 to 1350°.
Figure 21 is a SEM of La ;Ca 4Cr oCo ;0 sintered on a YSZ substrate at 1350°C for 2 hours.
This film is well sintered and as shown in Figure 22 is well bonded to the YSZ substrate.
Figure 23 shows the same ink sintered at 1400°C for 2 hours. This film is quite dense and
well sintered but the porosity is too low for use as a cathode for SOFC. At 1350°C, it appears
that with a few adjustments in the ink, a porosity can be obtained that will allow the film to
serve as a cathode for SOFC's.

In the future we will be attempting to optimize our inks and make some electrical
conductivity measurements of the films.

We have also demonstrated our ability('61?) to make fims of La, ,Sr,MnO, on YSZ
substrates. Dense (0.3 um) as well as porous (5-25 um) films were developed.

Figure 21: SEM Photomicrograph of Surface of a La ,Ca ,Cr ,Co ,0, Film on YSZ
T = 1350°C/2hr.
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Figure 22:  Scanning E)zctron Microscope Photomicrograph of Fracture Surface of a
La,Ca 3CroCo 0, Film on YSZ, T = 1350°C/2hr, Thickness = 20-25pm.

Figure 23a: SEM Photomicrograph of Surface of a La ,Ca 4Cr ,Co ,0, Film on YSZ,
T = 1400°C/2hr.
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4. Accomplishments and Conclusions
Although the entire time frame of this program was only 16 months, yet significant
progress has been made towards the development of improved cathode materials. The

highlights of our accomplishments include:

1. The results are very encouraging since the stability towards reduction in fuel gas is
improved, and electrical conductivity of 60 S/cm at 1000°C is achieved. Thus, we have
developed a system which does not raduce in fuel gas, and has a conductivity within
50% of that of La gSr ,MnO3.

2. We have prepared 1Kg quantities of a potential composition for cathode applications
(La 79Ca ,Cr ¢Co ,O,) and delivered them to AirResearch and Westinghouse for
evaluations as per our program commitment.

3. We have shown that the La,_xt')a,(Cr1,y(:<ayO3 system has thermal expansion
coefficients ranging from 10.5 x 108/°C to 11.5 x 108rC.

4, La ,Ca 4Cr,_,C0,03 powders were sintered onto YSZ plates. Good adhesion and
sintering were observed upon heat treatment in the 1300° to 1400°C range with X =
0.05%. The porosity appears to be controllable so that such coatings can be used as

cathodes.
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The stabllity of Y ;Ca 5Cr sMn 5Co ,05 and Y ;Ca 5Cr gMn ,Co 5,0, towards teduction
was evaluated at 900°C. The results show that these compositions are quite statle
and are potential candidates for cathode applications. Work should continue in this
area.

We have started our reduction stability studies of the YCrO5-YMnO43-YCoO4 system.
Our results to date suggest that this system may yield a good cathode material. Work

- should be centinued here. It is encouraging to realize that Y ;Ca ;MnO; has

conductivities comparable to those of La zSr ,MnO,;. We plan to complete thess
studies but not during our contract period. Our focus will be on compositions with
high Cr content in this system. |

Our results suggest that we need to continue our investigation on the effect cf multiple

substitution on both the A and B lattice site of LaCrO, with cations which have

variabie valences as we suggested in our proposai. We have done some of this,
however, we did not complete this task within the contract period. This is probably
the only method by which we can increase the hole mobility in LaCrO, sufficiently for
cathode applications. This is a good area for future studies.

Our efforts within the frame work and duration of this prejec! resulted in several
publications and presentations in international meetings. These were supported either
fully or in part by this program. A list is shown in section 7.
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