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(57) ABSTRACT 

An oxygen ion conducting ceramic oxide that has applica­
tions in industry including fuel cells, oxygen pumps, oxygen 
sensors, and separation membranes. The material is based on 
the idea that substituting a dopant into the host perovskite 
lattice of (La,Sr)MnO3 that prefers a coordination number 
lower than 6 will induce oxygen ion vacancies to form in the 
lattice. Because the oxygen ion conductivity of (La,S­
r)MnO3 is low over a very large temperature range, the 
material exhibits a high overpotential when used. The inclu­
sion of oxygen vacancies into the lattice by doping the 
material has been found to maintain the desirable properties 
of (La,Sr)MnO3, while significantly decreasing the experi­
mentally observed overpotential. 
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OXYGEN ION CONDUCTING MATERIALS 

[0001] This invention was made with Government support 
under Contract No. W-31-1109-ENG-38 awarded by the 
U.S. Department of Energy. The Government has certain 
rights in this invention. 

FIELD OF THE INVENTION 

[0002] The present invention relates to improved oxygen 
ion conducting materials, useful in, for example, ceramic 
electrolyte devices. More particularly, the invention relates 
to a class of materials that maintains the excellent conduc­
tivity and catalytic properties of undoped lanthanum man­
ganese oxide or of an A-site doped lanthanum. manganite 
perovskite material, while increasing oxide ion conductivity 
in the material. This increase is realized by a significantly 
lower overpotential and better performance compared to 
other unsubstituted or A-site substituted materials. 

BACKGROUND OF THE INVENTION 

[0003] Ceramic electrolyte devices have a myriad of com­
mercial uses in many devices that require oxygen anion 
conductivity, ranging from power generation in the form of 
solid oxide fuel cells to oxygen pumps, oxygen sensors, and 
air separation membranes. A ceramic electrolyte device 
comprises three separate parts: (1) a cathode that reduces 
elemental oxygen to oxide ions, (2) an electrolyte that 
transports the oxide ions, but not electrons, across a cell to 
an anode, and (3) the anode, where the oxide ions react with 
protons to form water. Currently, the material most com­
monly used for the cathode for these electrolyte devices is a 
doped lanthanum manganite, (La,A)MnO3 , a perovskite 
oxide, where A=Ca or Sr, wherein only the lanthanum 
position is doped. In this class of materials, where oxide 
examples are denoted as ABO3 , the large A-cation is typi­
cally a lanthanide, alkaline earth metal, or alkali metal cation 
in 7-12 coordination to oxygen. The B-cation is typically a 
transition or main group metal in octahedral coordination to 
oxygen. The compound LaMnO3 has advantages in two of 
the three main requirements for a ceramic electrolyte device 
material: good electrical conductivity and catalytic activity 
for oxygen reduction; however, it exhibits poor oxygen ion 
conductivity. The poor oxygen ion conductivity problem can 
be partly solved by maximizing the number of triple point 
boundaries in the cathode, but this solution requires careful 
manipulation of particle sizes and complex fabrication of the 
ceramic-electrolyte interface. 

[0004] For LaMnO3 based ceramic electrolyte devices, 
one of the main limitations to the technology is that over­
potential in the system is too high, causing unnecessary 
energy loss and inefficiencies. Presently when used in solid 
oxide fuel cells, typical LaMnO3 based cathodes have an 
overpotential of roughly 60 mV. For the cell to run more 
efficiently, the overpotential must be lowered. The overpo­
tential can be lowered by increasing the oxygen ion con­
ductivity of the cathode. 

[0005] A generally accepted method for introducing oxide 
ion conductivity into ceramic oxides is to substitute a lower 
valent element for the principle cation. For example, in 
zirconia, ZrO2 , vacancies can be introduced by addition of 
yttria (Y2 0 3) or calcium oxide (CaO), to form, for example, 
Zr i-x Y xO2 _x12 . In these instances, charge compensation is 
oxygen loss rather than reduction of zirconium cations. In 
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other systems, such as L~Ni1 _xO, an effect of substituting 
lithium cations for nickel is oxidation of the nickel cations, 
rather than oxygen loss. It is a balance between these two 
separate equilibriums that is a key factor in increasing utility 
of the LaMnO3 system for ceramic electrolyte devices. Even 
in doped LaMnO3 systems, such as (La1 _xSrJMnO3 , a 
preponderance of the doping is compensated for by oxida­
tion of the manganese cations rather than oxygen loss. A 
1989 study by Kuo, Anderson, and Sparlin [J. Solid State 
Chem. 83, 52-60 (1989)] on the effect of oxygen partial 
pressure on a charge compensation mechanism for a doped 
material (La0 _80Sr0 _20)MnO3 showed that manganese oxida­
tion was favored in all cases where pO2 was greater than 
10-

12 

atm at 1000° C. and 10-10 atm at 1200° C. In either 
case, no significant oxide ion vacancy formation was 
observed. These findings are significant because most 
ceramic electrolyte cathodes operate under conditions using 
a pO2 range of 10-2 -10-3 atm, well within the oxygen 
stoichiometric regime for doped LaMnO3 materials. There is 
still a need, therefore, to develop new ceramic electrolyte 
electrode materials that maintain excellent conductivity and 
catalytic properties of LaMnO3 cathode materials while 
increasing their intrinsic oxide ion conductivity under real­
istic oxygen concentrations. 

[0006] It is therefore an object of the present invention to 
provide novel oxygen ion conducting materials and compo­
sitions. 

[0007] It is another object of the present invention to 
provide a novel lanthanum manganite material that main­
tains excellent conductivity and catalytic properties, while 
also increasing oxide ion conductivity in the material. 

[0008] It is another object of the invention to provide a 
novel method for decreasing overpotential of electrode 
materials. 

[0009] Other objects and advantages of the invention will 
become apparent by review of the detailed description of 
preferred embodiments. 

SUMMARY OF THE INVENTION 

[0010] The present invention is directed to an adjustment 
to a composition of lanthanum manganite electrolytes in 
order to enhance conductivity of oxygen ions. Lanthanum 
manganites are commonly used as electrodes in solid oxide 
fuel cells, oxygen pumps and air separation devices. They 
are doped with strontium or calcium and have good electri­
cal conductivity and catalytic activity but poor oxygen ion 
conductivity, manifested in the form of a high overpotential 
in fuel cells. This invention is generally concerned with 
substitution of a lower or equal valent element for the 
principal cation which will increase the oxygen ion conduc­
tivity through creation of oxygen vacancies in the perovskite 
lattice. By increasing the oxygen ion conductivity of lan­
thanum manganite, energy efficiency of the system is 
increased, as is the material's potential utility at different 
temperatures. 

[0011] The above described objects and embodiments are 
set forth in the following description and illustrated in the 
drawings described hereinbelow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 illustrates the effect that substituting a 
tetrahedral cation into a perovskite lattice has on surround­
ing cations; 
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[0013] FIG. 2 is a plot of measured overpotential in a cell 
vs. gallium concentration in a cathode; 

[0014] FIG. 3 is a plot of the change in overpotential as a 
function of dopant concentration; and 

[0015] FIG. 4 is a graph showing the effect of current 
conditioning for a typical cathode. 

DETAILED DESCRIPTION OF IBE 
PREFERRED EMBODIMENTS 

[0016] This invention is directed to oxygen ion conducting 
materials and compositions, and more particularly to doped 
ceramic perovskites having a general formula AA'BB'Ox, 
wherein A and Bare selected elements,A' and B' are selected 
dopants for the elements A and B, respectively, 0 is oxygen, 
and x represents the amount of oxygen. In general, A is a 
lanthanide or Y, and more suitably a lanthanide with pre­
ferred members being elements of the group La to Gd in the 
periodic table. A' is an alkaline earth metal with preferred 
members being Mg, Ca, Sr, and Ba. Furthermore, B is a 
metal having multiple valances, such as manganese. B' is 
further characterized as having a coordination geometry 
below that for B and preferably 5 or below. Usually, the 
coordination geometry for B is octahedral and the coordi­
nation geometry for B' is tetrahedral. The difference in the 
coordination geometry for each metal contributes to a seed­
ing of the framework with an increase in oxygen ion 
vacancies thereby improving the oxygen ion conductivity 
and reducing the overpotential. More particularly, B is a first 
row transition metal, more suitably an element of group 5 
(Vanadium) to group 11 (Cu) and preferably Mn to Ni. B' is 
a late transition metal (Groups 8-12 (Fe-Zn)) or a main 
group metal (Groups 13,14,15) with preferred members 
being Zn, Ga, Al and Ge. 

[0017] These materials exhibit favorable oxygen ion con­
ductivity and are therefore useful as oxygen ion conducting 
components for fuel cells, particularly cathodes for solid 
oxide fuel cells, oxygen pumps, air separation units, and 
other products. The present invention further includes, in 
addition to these new compositions, oxygen ion conducting 
electrodes and other devices, and apparatus with these 
oxygen ion conducting components and devices. 

[0018] This invention is particularly directed to electrode 
materials for ceramic electrolyte devices wherein the elec­
trode materials comprise a doped lanthanum manganese 
oxide perovskite material of a general formula La1 _ 

xA'xMn1_yB'yO3_0 (0<x<l; 0.Ol<y<0.20; B'=Al, Ga, Zn, 
Cu, Ni; A'=Ca, Sr). This class of materials, based on 
LaMnO3, maintains excellent conductivity and catalytic 
properties, as in the undoped material, while also increasing 
oxide ion conductivity in the material. This increase is 
realized by a significantly lower overpotential and better 
performance compared to other unsubstituted materials, 
where doping is restricted to A-site cation substitutions. 

[0019] Significant decreases in overpotential of electrode 
materials can be achieved by substituting a small percentage 
of a metal that strongly prefers a lower coordination number 
compared to the manganese cations in the parent material. In 
the perovskite structure, the coordination geometry of the 
smaller (i.e., manganese) cation is octahedral. In instances 
where significant oxygen ion activity is expected, the ions 
moving through the structure do so by a percolation mecha-
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nism. In this type of mechanism, as oxide ions enter the 
cathode material, they fill surface vacancies in the perovskite 
framework and gradually work their way through the mate­
rial by hopping from vacancy to vacancy through the 
coordination sphere of the smaller B-cation. One problem is 
that oxide ion vacancy concentration in LaMnO3 materials is 
low, even when doping on the A-site with strontium or 
calcium cations. This substitution increases electrical con­
ductivity of the compound, but does not increase ionic 
conductivity significantly. 

[0020] In one form of the present invention, increasing ion 
conductivity has been achieved by substituting a small 
amount of a metal cation on the manganese site that has a 
strong preference for a coordination number lower than six. 
One example of this coordination geometry is tetrahedral or 
four coordination of oxygen. In this instance, adding such a 
cation seeds the framework with oxide ion vacancies. 
Because all of the octahedra in the parent structure share 
common corners, adding a four coordinate cation would 
then locally break up this arrangement and cause two of the 
surrounding manganese cations to also lose oxygen ions 
from their coordination sphere. A representation of substi­
tution of a tetrahedral cation into the perovskite lattice and 
the effect of the substitution on the surrounding cations is 
shown in FIG. 1. A tetrahedral cation 10, in the center of 
FIG. 1, causes two of the adjacent octahedrally coordinated 
cations 12 to have a lower coordination number. Examples 
of this coordination geometry for a Mn(III) cation are 
known, i.e. Ca2 Mn2 O5, so no unusual constraints are added 
to the structure. An important consideration is that the 
amount of dopant should be kept to a minimum in order to 
prevent clustering or sharing of vacancies by adjacent 
dopant cations. This is most effectively and easily accom­
plished by keeping the amount of dopant low. 

[0021] The following non-limiting examples serve to fur­
ther illustrate advantages of the disclosed invention. 

EXAMPLE 1 

[0022] In studying the effect of the addition of a number 
of cations to material that has a strong tendency for four 
coordination to LaMnO3, the use of gallium cations was 
studied as a dopant in this system. Typical materials were 
synthesized by a glycine nitrate method and subsequently 
calcined in air at 1250° C. All samples were then screened 
for activity as a cathode by determining polarization behav­
ior at 1000° C. in air in a half fuel cell arrangement. The ratio 
of lanthanum and strontium were varied to establish single 
phase materials, as determined by powder X-ray diffraction, 
and the amount of gallium doped into the sample was varied. 
FIG. 2 is a plot of observed overpotential versus gallium 
concentration. The three points at zero Ga dopant concen­
tration were obtained from the electrode compositions of 
La

054
SrO.45MnO3 (LSM5), LaO_59SrO.4MnO3 (LSM6), and 

La
079

Sr0 _2 MnO3 (LSM8), respectively. Although overpoten­
tial varies with Sr content in LSM without Ga doping, in 
FIG. 2 it is evident that substitution of gallium for manga­
nese strongly effects the overpotential in the system. The 
minima of the semicircle is approximately 5% gallium and 
provides the best performance. The optimized formulation is 
(Lao.ssSro.4s)o_99Mno_95Gao.osO3_0• 

[0023] Substitutions with aluminum and zinc are also 
believed to be able to produce vacancy patterns similar to 
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those observed for gallium. Nickel also substitutes as a four 
coordinate cation, but has a preference for square planar 
coordination in the solid state. Divalent copper dopants 
prefer five coordination in solid state oxides (square pyra­
midal) while trivalent copper (III) dopants, like nickel (II), 
prefer square planar configurations. 

EXAMPLE 2 

[0024] FIG. 3 shows the effect of changing the aluminum 
dopant concentration on the overpotential of the Al-doped 
LSM cathode at a current density of 250 mNcm2

. The 
smooth curves in FIG. 3 were obtained using the same 
material for both the anode and cathode, both before and 
after current conditioning at 360 mNcm2 over a week. After 
long term current conditioning, anode degradation was 
observed, as indicated by a great increase in the terminal 
voltage between the anode and its reference electrode. In 
order to eliminate the effects of the anode degradation, 
similar experiments were performed using the 3% Al-doped 
cathode with a platinum anode in a half-cell configuration. 
The results are shown in triangles in FIG. 3. As can be seen, 
excellent performance of the cathode is maintained when 
compared to standard LSM materials ( approximately 60 
m V) with the alternative anodes. 

[0025] FIG. 4 shows a typical example of a polarization 
curve obtained from the 5% Al-doped LSM cathode before 
and after current conditioning at 356 mNcm2 for 5 days. 
The typical data shown in FIG. 4 highlights the excellent 
performance and stability of the material after current con­
ditioning. 

[0026] While preferred embodiments have been illustrated 
and described, it should be understood that changes and 
modifications can be made therein in accordance with one of 
ordinary skill in the art without departing from the invention 
in its broader aspects. Various features of the invention are 
defined in the following claims. 

What is claimed is: 
1. A process for producing a perovskite material having 

increased oxygen ion conductivity, comprising seeding the 
framework of a perovskite material with oxide ion vacancies 
by doping a B site in the perovskite lattice with a B' dopant 
having a coordination geometry less than a coordination 
geometry of the B site, wherein the perovskite has a formula 
AA'BB'Ox in which: 

A is an element selected from the group consisting of 
lanthanides and yttrium; 

A' is a dopant for A and is an alkaline earth metal; 

B is a metal having a coordination geometry; 

B' is a dopant for B and is an element selected from 
Groups 8-15 of the Periodic Table; and 

x represents the amount of oxygen. 
2. The process of claim 1 wherein A' is selected from the 

group consisting of magnesium, calcium, strontium, and 
barium. 

3. The process of claim 1 wherein B has multiple val­
ances. 
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4. The process of claim 1 wherein B is selected from the 
group consisting of scandium, titanium, vanadium, chro­
mium, manganese, iron, cobalt, nickel, copper and zinc. 

5. The process of claim 1 wherein B' is selected from the 
group consisting of zinc, gallium, aluminum and germa­
mum. 

6. The process of claim 1 wherein the coordination 
geometry of B' is 5 or less. 

7. The process of claim 1 wherein a coordination geom­
etry of B' is tetrahedral. 

8. The process of claim 1 wherein the perovskite is 
produced by a glycine nitrate synthesis. 

9. The process of claim 1 wherein the B site is doped with 
an amount of B' dopant such that there are substantially no 
clustered or shared oxide ion vacancies. 

10. A process for increasing the efficiency of a ceramic 
electrolyte device, comprising using a perovskite material 
produced by the process of claim 1 as an electrode of a 
ceramic electrolyte device. 

11. The process of claim 10 wherein the ceramic electro­
lyte device is a solid oxide fuel cell. 

12. The process of claim 10 wherein the ceramic electro­
lyte device is an oxygen pump or an air separation unit. 

13. The process of claim 10 wherein the electrode is a 
cathode. 

14. A process for producing a perovskite material having 
increased oxygen ion conductivity, comprising seeding the 
framework of a lanthanum manganese oxide perovskite 
material with oxide ion vacancies by the doping a Mn site of 
the lanthanum manganese oxide perovskite material with a 
B' dopant having a coordination geometry less than a 
coordination geometry of the Mn site, wherein the lantha­
num manganese oxide perovskite material has a formula 
La1 _~'xMn1_yB'yO3 _ 0 , in which: 

x is between O and 1; 

y is between 0.01 and 0.20; 

A' is selected from the group consisting of calcium and 
strontium; and 

B' is selected from the group consisting of Al, Ga, Zn, Cu, 
and Ni. 

15. The process of claim 14 wherein the coordination 
geometry of B' is 5 or less. 

16. The process of claim 14 wherein the coordination 
geometry of B' is tetrahedral. 

17. A process for increasing the efficiency of a ceramic 
electrolyte device, comprising using a perovskite material 
produced by the process of claim 14 as an electrode of a 
ceramic electrolyte device. 

18. The process of claim 17 wherein the ceramic electro­
lyte device is a solid oxide fuel cell. 

19. The process of claim 17 wherein the ceramic electro­
lyte device is an oxygen pump or an air separation unit. 

20. The process of claim 17 wherein the electrode is a 
cathode. 

* * * * * 


