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(57) ABSTRACT 

A solid oxide fuel cell assembly (SOFC) having an array of 
SOFCs (12) connected in series by thin-film interconnects 
(22) are deposited onto a porous, insulating Support (14), the 
layer (12) can be deposited in the order of electrode, 
electrolyte, interconnect and electrode. The patterning is 
such that the electrolyte (20) and interconnect (22), both of 
which are dense layers, are continuous, and form a gas-tight 
seal over the entire surface. 
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FIG. 7A /2 . 
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R = pl?/2t, 
p= electrode resistivity (LSM s7x10.3 
Ocm; Ni-YSZs 2x10 Ocm) 
L = current path (cell width) . . 

, , , 

->target: R = 0.05. Q-cm? . 

Calculated electrode thickness te (um): 
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FIG. 12 
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FIG 16 
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DIRECT HYDROCARBON FUEL. CELLS 

0001. The United States government has certain rights to 
this invention pursuant to Grant No. DE-G626-00NT40814 
from the Department of Energy to Northwestern University. 

FIELD OF THE INVENTION 

0002 This invention relates generally to fuel cells and 
assemblies, more particularly, cells and components thereof 
as can be configured for use with hydrogen fuel or the direct 
oxidation of hydrocarbons. 

BACKGROUND OF INVENTION 

0003. Fuel cells are promising electrical power genera 
tion technologies, with key advantages including high effi 
ciency and low pollution. Most potential near-term applica 
tions of fuel cells require the use of hydrocarbon fuels such 
as methane, for which a Supply infrastructure is currently 
available. However, fuel cells typically operate only with 
hydrogen as the fuel. Thus, current demonstration power 
plants and planned fuel-cell electric vehicles must include a 
hydrocarbon fuel reformer to convert the hydrocarbon fuel 
to hydrogen. Fuel cells that could operate directly on hydro 
carbon fuels would eliminate the need for a fuel reformer, 
providing considerable system and economic advantages 
and presumably improving the viability of the technology. 
0004 Prior art fuel cells utilizing hydrocarbon fuels 
directly have encountered significant problems. For 
example, direct-methanol polymer electrolyte fuel cells pro 
duce relatively low power densities and require prohibitively 
large Pt loading of the anodes. In addition, methanol can 
permeate the electrolyte. See, for instance, Ren, X. Wilson, 
M. S. and Gottesfeld, S. High performance direct methanol 
polymer electrolyte fuel cells. J. Electrochem. Soc., 143, 
L12-L14 (1996); and Wang, J., Wasmus. S. and Savinell, R. 
F. Evaluation of ethanol. 1-propanol, and 2-propanol in a 
direct oxidation polymer-electrolyte fuel cell a real-time 
mass spectrometry study. J. Electrochem. Soc., 142, 4218 
4224 (1995). Furthermore, only alcohol fuels appear feasible 
with this approach. 
0005. Alternatively, prior art solid oxide fuel cells 
(SOFCs) can utilize hydrocarbons directly via internal or 
external reforming. In this approach, a hydrocarbon fuel 
(e.g., methane) is combined with HO and/or CO., which 
are typically obtained by recirculating the fuel cell exhaust, 
and introduced directly to the SOFC anode. Commonly used 
Ni-based anodes provide the catalyst for the endothermic 
reforming reactions, 

However, maintaining appropriate gas composition and tem 
perature gradients across a large area SOFC Stack is chal 
lenging. See, Janssen, G. J. M., DeJong, J. P., and Huijs 
mans, J. P. P. Internal reforming in state-of-the-art SOFCs. 
2nd European Solid Oxide Fuel Cell Forum, 163-172, Ed. by 
Thorstense, B. (Oslo/Norway, 1996); and Hendriksen, P. V., 
Model study of internal steam reforming in SOFC stacks. 
Proc. 5th Int. Symp. on Solid Oxide Fuel Cells, 1319-1325, 
Ed. by U. Stimming, S. C. Singhal, H. Tagawa, and W. 
Lehnert (Electrochem, Soc., Pennington, 1997). 
0006 For instance, if the reforming reactions are slow, 
then insufficient H is supplied to the SOFCs. On the other 
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hand, fast reforming reactions cause cooling localized near 
the fuel inlet, leading to poor cell performance, and possible 
cell fracture. Thus, current SOFC stacks of the prior art do 
not take full advantage of internal reforming; rather, they 
employ a combination of s75% external and 25% internal 
reforming of hydrocarbon fuels. See, Ray, E. R. Westing 
house Tubular SOFC Technology, 1992 Fuel Cell Seminar, 
415-418 (1992). 
0007 SOFCs can in principle operate by direct electro 
chemical oxidation of a hydrocarbon fuel. This approach 
would be desirable since it eliminates the problems with 
internal reforming mentioned above, and the theoretical 
maximum fuel efficiency is as good or better than that for 
reforming. However, prior art attempts with SOFCs operat 
ing at temperatures T =900-1000° C. with methane fuel 
have been less than satisfactory: either power densities were 
very low or carbon deposition was observed. See, Putna, E. 
S., Stubenrauch, J., Vohs, J. M. and Gorte, R. J. Ceria-based 
anodes for the direct oxidation of methane in solid oxide fuel 
calls, Langmuir 11, 4832-4837 (1995); and Aida, T., Abu 
dala, A., Ihara, M., Komiyama, H. and Yamada, K. Direct 
oxidation of methane on anode of solid oxide fuel cell. Proc. 
4th Int. Symp. on Solid Oxide Fuel Cells, 801-809, Ed. by 
Dokiya, M., Yamamoto, O., Tagawa, H. and Singhal, S. C. 
(Electrochem. Soc. Pennington, 1995). 
0008 Recently, SOFCs have been developed to produce 
high power densities with hydrogen at reduced tempera 
tures, T=600-800° C. See, Huebner, W., Anderson, H. U. 
Reed, D. M., Sehlin, S. R. and Deng, X. Microstructure 
property relationships of NiZrO anodes. Proc. 4th Int. 
Symp. on Solid Oxide Fuel Cells, 696-705, Ed. by Dokiya, 
M., Yamamoto, O., Tagawa, H. and Singhal, S.C. (Electro 
chem. Soc. Pennington, 1995); daSouza, S. Visco, S.J. and 
DeJonghe, L. C. Thin-film solid oxide fuel cell with high 
performance at low-temperature. Solid State Ionics 98. 
57-61 (1997); Fung, K-Z., Chen, J., Tanner, C. and Virkar, 
A. V. Low temperature solid oxide fuel cells with dip-coated 
YSZ electrolytes. Proc. 4th Int. Symp. on Solid Oxide Fuel 
Cells, 1018-1027, Ed. by Dokiya, M., Yamamoto, O. 
Tagawa, H. and Singhal, S.C. (Electrochem. Soc. Penning 
ton, 1995); Minh, N. Q. Development of thin-film solid 
oxide fuel cells for power generation applications. Proc. 4th 
Int. Symp. on Solid Oxide Fuel Cells, 138-145, Ed. by 
Dokiya, M., Yamamoto, O., Tagawa, H. and Singhal, S. C. 
(Electrochem. Soc. Pennington, 1995); Godickemeier, M., 
Sasaki, K. and Gauckler, L. J. Current-voltage characteris 
tics of fuel cells with ceria-based electrolytes. Proc. 4th Int. 
Symp. on Solid Oxide Fuel Cells, 1072-1081, Ed. by Dok 
iya, M., Yamamoto, O., Tagawa, H. and Singhal, S. C. 
(Electrochem. Soc. Pennington, 1995); Tsai, T. and Barnett, 
S. A. Increased solid-oxide fuel cell power density using 
interfacial ceria layers. Solid State Ionics 98, 191-196 
(1997); and Tsai, T., Perry, E. and Barnett, S. Low-tempera 
ture solid-oxide fuel cells utilizing thin bilayer electrolytes. 
J. Electrochem. Soc., 144, L130-L132 (1997). However, 
Such systems have not been considered or used for direct 
hydrocarbon operation, because carbon deposition reaction 
rates decrease with decreasing temperature. In fact, there are 
no known reports SOFC operation on hydrocarbons at 
T<800° C. 
0009 SOFCs and related stacking configurations have 
undergone considerable development over the past decade. 
Tubular-cell-based technologies appear to be a promising 
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approach for SOFC Stacking. Tubular stacks avoid sealing 
and manifolding problems inherent to planar stacks, but take 
a large Volume for a given cell active area and can show 
significant ohmic losses related to current transport around 
the tube circumference through the (La,Sr)MnO3 (LSM) 
cathode. Another problem is the relatively poor mechanical 
toughness of LSM. N. M. Sammes, R. Ratnaraj, and C. E. 
Hatchwell, Proceedings of the 4th International Symposium 
on Solid Oxide Fuel Cells, Ed. By Dokiya, O. Yamamota, H. 
Tagawa, and S. C. Singhal (Electrochemical Society, Pen 
nington, 1995) p. 952. B. Krogh, M. Brustad, M. Dahle, J. 
L. Eilertsen, and R. Odegard, Proceedings of the 5th Inter 
national Symposium on Solid Oxide Fuel Cells, Ed. By U. 
Stimming, S. C. Singhal, H. Tagawa, and W. Lehnert (Elec 
trochemical Society, Pennington, 1997) p. 1234. This is 
typical of SOFC ceramic materials, which are optimized for 
electrical properties rather than mechanical toughness. 
0010 Alternatively, planar stacks can provide higher 
power-to-volume ratios than tubular stacks, but are not as 
mechanically robust as tubes and require excellent seals. 
Another problem with many planar stack designs is that they 
require pressure contacts between separate SOFC and inter 
connect plates. This places Stringent requirements on the 
flatness of large-area ceramic plates, making manufacturing 
difficult and expensive. Furthermore, there are often rela 
tively high resistances associated with these contacts, which 
deleteriously affect stack performance. It is clear that a 
choice between tubular and planar stacks involves trade 
offs. Even so, the disadvantages associated with each respec 
tive approach present obstacles for effective use of SOFCs 
and Suggest a new direction is needed to better utilize and 
benefit from this technology. 

OBJECTS OF THE INVENTION 

0011. There are a considerable number of problems and 
the deficiencies associated with the use of hydrocarbons 
with solid oxide fuel cells. There is a demonstrated need for 
the use of Such fuels in an efficient, economical fashion so 
as to improve the viability of the related technology. 
0012. Accordingly, it is an object of the present invention 
to provide various Solid oxide fuel cells and/or components 
which can be used with hydrocarbon fuels thereby over 
coming various deficiencies and shortcomings of the prior 
art, including those outlined above. It will be understood by 
those skilled in the art that one or more aspects of this 
invention can meet certain objectives, while one or more 
other aspects can meet certain other objectives. Each objec 
tive may not apply equally, in all instances, to every aspect 
of the present invention. As such, the following objects can 
be used in the alternative with respect to any one aspect of 
the present invention. 
0013. It can be an object of the present invention to 
increase the rate of hydrocarbon oxidation so as to increase 
and/or otherwise provide useful power densities. Such den 
sities can be increased and/or provided utilizing various 
catalytic metals in the fabrication of fuel cell anodes, such 
anodes as can be used in conjunction with a ceria material. 
0014. It can be an object of the present invention to utilize 
solid oxide fuel cells and/or components thereof for low 
temperature direct hydrocarbon oxidation. 
0015. It can also be an object of the present invention to 
provide various anodes and related cellular components 
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having Small particle size obtainable by Sputter deposition 
processes and/or related fabrication techniques. 
0016. It can also be an object of the present invention to 
provide a method for hydrocarbon oxidation, at a tempera 
ture lower than 800° C. and/or at a temperature for a specific 
hydrocarbon whereby there is no carbon deposition. 
0017. It can also be an object of the present invention to 
improve the viability of solid oxide fuel cells, both those 
described herein as well as those otherwise known in the art, 
through use of a unique assembly of Such cells having a 
configuration and/or geometry of the type described herein. 
In particular, it is an object of this invention to provide a cell 
geometry/configuration whereby all active fuel cell compo 
nents and interconnects are deposited as thin layers on an 
electrically insulating Support. 

0018. It can also be an object of the present invention, in 
conjunction with one or more of the preceding objectives, to 
provide a geometry/configuration for an assembly of Solid 
oxide fuel cells whereby assembly design and choice of 
Support material can enhance mechanical durability and 
thermal shock resistance. A related objective is to decrease 
overall material cost by providing all cell-active materials in 
thin layer/film form. 
0019. It can also be an object of the present invention to 
improve a number of solid oxide fuel cell performance or 
function parameters through integration of the cell compo 
nents and interconnects on a common Support, Such advan 
tages including reduction of electrical resistances and inter 
connect conductivity requirements. As described more fully 
below, such integration can be accomplished through use of 
the thin film/layer configurations and related geometries 
described herein. 

0020. Another object of this invention is to provide a cell 
assembly configuration suitable for SOFCs of the type 
described herein, especially those operable at low tempera 
tures for direct oxidation of hydrocarbon fuels, such cells as 
can be prepared to preferentially incorporate the catalytic 
metal anodes of this invention. 

0021. Other objects, features, benefits and advantages of 
the present invention will be apparent from the following 
Summary and descriptions, and will be readily apparent to 
those skilled in the art made aware of this invention and 
having knowledge of various and solid oxide fuel cells in the 
use of hydrocarbon fuels. Such objects, features, benefits 
and advantages will be apparent from the above as taken in 
conjunction with the accompanied examples, tables, data 
and all reasonable inferences to be drawn therefrom. 

SUMMARY OF THE INVENTION 

0022. The present invention provides for the low-tem 
perature operation of SOFCs using hydrocarbon fuels. High 
power densities were obtained via direct electrochemical 
oxidation, without carbon deposition. The results shown 
herein can be extendable to fuel cell stack operation. In 
particular and without limitation, the present invention dem 
onstrates the feasibility of direct hydrocarbon electrochemi 
cal oxidation in novel low-temperature solid oxide fuel cells. 
For instance, power densities up to 0.37 W/cm were mea 
sured for single cells that were operated at 650° C. with 
atmospheric-pressure air as the oxidant and pure methane as 
the fuel. The measured power densities are competitive with 
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fuel cells operated on hydrogen. As discussed more fully 
below, such results can be obtained at low operating tem 
peratures (T-800° C.) and/or by incorporating ceria in the 
anodes of Such cells. 

0023. In part, the present invention is a method of using 
a solid oxide fuel cell for direct hydrocarbon oxidation. The 
method includes (1) providing a catalytic metal anode and a 
ceria material contacting the anode and (2) introducing a 
hydrocarbon fuel to said cell, said fuel absent carbon dioxide 
and/or water in an amount Sufficient to convert the hydro 
carbon fuel to hydrogen under cell operating conditions. As 
Such, the method is absent a hydrocarbon reforming stage. 

0024. The anode of the solid oxide fuel cell can be 
constructed using a metal catalytic for the cracking of 
hydrocarbons. Such a metal includes but is not limited to Pt. 
Ru, Pd, Fe, Co and Ni present at weight percentages of the 
type described elsewhere herein. Various embodiments of 
the present invention can also include a lanthanum chromite. 
Various other preferred embodiments, including oxidation of 
lower molecular weight hydrocarbons, utilize nickel. 

0025. In preferred embodiments of the present invention, 
the ceria material includes a dopant. Such dopants include 
but are not limited to various oxides of yttrium, gadolinium 
and Samarium. Highly preferred embodiments include a 
yttria-doped ceria, having the stoichiometric relationship of 
(YO) (CeC), where “x' can be about 0.1 to about 0.25. 
One such embodiment is (YO)os (CeO)oss, although 
other such stoichiometries would be known, to those skilled 
in the art made aware of this invention, to provide a similar 
or comparable functional result. 

0026. With reference to use of a nickel metal and only by 
way of example, the catalytic anode can comprise a nickel 
composite. Such a composite can further include ceria 
and/or Zirconia materials or layers of Such materials used in 
conjunction with the nickel metal. Zirconia can be intro 
duced to Such a composite as an electrolyte adjacent to 
and/or contacting the anode. In preferred Zirconia embodi 
ments, various dopants can also be utilized, such dopants 
including but not limited to calcium, Scandium, and yttrium. 
As would be well-known to those skilled in the art and made 
aware of this invention, other electrolytes can be used, 
including ceria, strontium-doped lanthanum gallium mag 
nesium oxide, any of which can be doped as discussed 
elsewhere herein. 

0027. The method of the present invention provides for 
direct oxidation of hydrocarbon fuels, substantially without 
any reformation reaction. Fuels especially Suitable for use 
herein include, without limitation, C-C alkanes, and the 
corresponding alcohols. Likewise, combinations of Such 
hydrocarbons can be utilized with good effect, some mix 
tures for the purpose of approximating natural gas compo 
sitions. 

0028. In part, the present invention is also a method of 
using a ceria material to increase hydrocarbon oxidation 
rates in a solid oxide fuel cell. The inventive method 
includes (1) providing a Solid oxide fuel cell having an 
anode composite of a catalytic metal and a ceria layer, (2) 
operating the cell at a temperature less than about 800° C. 
(3) introducing a hydrocarbon fuel directly to the anode and 
(4) Sorbing oxygen with the ceria layer for transfer to the 
anode for hydrocarbon oxidation. Solid oxide fuel cells can 
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be constructed and/or fabricated using methods and tech 
niques well-known to those skilled in the art, together with 
use of the cell components otherwise as described more fully 
herein. In preferred embodiments, the hydrocarbon is meth 
ane, ethane or a combination thereof, although other fuels 
can include those previously discussed. Irrespective of the 
choice of hydrocarbon fuel, preferred embodiments of such 
a method include operating the cell, together with its anode, 
at a temperature between about 500° C. and about 700° C. 

0029. In part, the present invention is also a method for 
Suppressing and/or eliminating carbon deposition during 
electrochemical oxidation of a hydrocarbon in a fuel cell. 
The method includes (1) providing a solid oxide fuel cell 
anode composite of a catalytic metal and a ceria layer, (2) 
operating the cell at a temperature less than about 800° C. 
(3) introducing the hydrocarbon directly to the anode and (4) 
oxidizing the hydrocarbon at the anode substantially without 
carbon deposition on the anode. As with other aspects of the 
present invention, this method can be effected using fuel 
cells of the prior art and/or as constructed and/or fabricated 
as elsewhere described herein. In particular, but without 
limitation, the anode comprises a catalytic metal selected 
from the group consisting of Pt, Ru, Pd, Fe, Co and Ni. 
Regardless, preferred embodiments include introducing 
oxygen electrochemically at the anode at a rate and pressure 
Sufficient to react the oxygen with any elemental carbon 
present, whereby carbon monoxide disproportionation and/ 
or hydrocarbon pyrolysis are inhibited. While operating 
pressures less than 800° C. provide the desired effect, such 
embodiments can be employed beneficially at lower tem 
peratures, typically between about 500° C. and about 700° 
C., depending on the anode material and/or the hydrocarbon 
oxidized. 

0030. In part, the present invention is also an anode for 
direct hydrocarbon oxidation in a solid oxide fuel cell. The 
anode includes (1) a composite having a catalytic metal and 
a ceria material (2) Such that the metal is present in an 
amount less than 60 weight percent of the anode. Catalytic 
metals of the present invention include those known to those 
skilled in the art as useful for the cracking and/or oxidation 
of hydrocarbons. In preferred embodiments, such a metal 
can include those of the type described more fully above. 
Regardless, the ceria material can be used with or without a 
dopant. In any event, the anode of this invention is substan 
tially without carbon deposits under cell operating condi 
tions. At lower metal levels, the resent invention contem 
plates use of a current collector as needed to Supplement 
conductivity. 

0031 High power density SOFCs and related methods of 
this invention operate by direct electrochemical hydrocar 
bon oxidation without carbon deposition. The anodes 
described herein provide for rapid hydrocarbon electro 
chemical oxidation rates. The results, confirmed with a 
simple thermodynamic analysis, show that SOFC Stacks can 
be operated in the temperature range from s500 to 700° 
800° C. without carbon deposition. Direct oxidation pro 
vides a desirable method for utilizing a variety of hydrocar 
bon fuels, avoiding the difficulties associated with 
reforming. Indeed, this may be the only feasible approach 
for low-temperature SOFCs, since extrapolation of internal 
reforming rate data below 750° C. suggests that reforming 
rates become prohibitively small. 
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0032. In part, the present invention is a solid oxide fuel 
composite, including: (1) a Substantially planar, electrically 
insulating Substrate; (2) a plurality of cathode components 
on the Substrate, each cathode component spaced one from 
another; (3) an electrolyte on and between each cathode; (4) 
a plurality of anode components, each anode spaced one 
from another and corresponding in number to the plurality of 
cathode components; and (5) an interconnect component 
contacting the portion of each cathode component and a 
portion of each corresponding anode component. Such a 
configuration provides for fuel and oxidant cavities as 
shown, for instance, in FIG. 7B. Alternatively, a plurality of 
anode components can be deposited on a Substrate, with a 
corresponding number of cathode components intercon 
nected therewith. Without limitation, reference is made to 
FIGS. 20-21 and examples 26-27, below. 

0033. In preferred embodiments, the solid oxide fuel cell 
composite includes a catalytic metal anode and a ceria 
material contacting the anode, as described more fully 
above, for direct hydrocarbon oxidation. In such embodi 
ments, the catalytic metal includes, but is not limited to, Pt, 
Ru, Pv, Fe, Co and Ni present at weight percentages of the 
type described elsewhere herein. Other embodiments, pre 
ferred or otherwise, can be utilized with comparable effect 
depending upon the type of fuel. Regardless, preferred 
embodiments of Such fuel cell composites include a doped 
ceria material. Highly preferred embodiments include a 
yttria-doped ceria having a stoichiometric relationship Such 
as that provided elsewhere herein. 
0034. In part, the present invention can also include a 
solid oxide fuel cell assembly, including: (1) a substantially 
planar array of fuel cells on a Substrate, each cell having 
cathode, anode, electrolyte and interconnect component 
structures, with each component structure of each cell hav 
ing a sub-planar arrangement of one to another; (2) an 
oxidant cavity adjacent the Substrate; and (3) a fuel cavity 
adjacent the Sub-planar anode arrangement. As discussed 
above, and as further described in example 14, an assembly 
configured with anodes on a Substrate will provide a con 
verse cavity placement; i.e., a fuel cavity adjacent the 
Substrate and an oxidant cavity adjacent the anodes. Fuels 
and oxidants useful with such cells and related assemblies 
are as described herein or otherwise known in the art. 
Likewise, the requisite cavities and Supporting cellular/ 
assembled structures will be understood upon consideration 
of various aspects of this invention. 
0035) A preferred embodiment of such an assembly is 
illustrated in several of the following figures. In particular, 
a plurality of Such planar arrays, configured with the corre 
sponding oxidant and fuel cavities can provide a stacking 
configuration such as that portrayed in FIG. 7B. 

0036). In part, the present invention is also a method of 
constructing a series of Solid oxide fuel cells, such cells as 
can be used in conjunction with the composites and/or 
assemblies described above. Such a method, without limi 
tation, includes one or more of the following constructions: 
(1) providing a Substrate with masks aligned thereon in a 
predetermined pattern; (2) placing/depositing a first elec 
trode material on the Substrate; (3) re-aligning the masks on 
the first electrode materials, one mask on each Such first 
electrode material; (4) placing/depositing an electrolyte 
material on the first electrode material; (5) removing the 
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masks and placing/depositing an interconnect material on 
the first electrode material; and (6) re-aligning the masks on 
the electrolyte and placing/depositing a second electrode 
material on the electrolyte. Without limitation, for purposes 
of illustration, reference is made to FIG. 20 and examples 
26-27, below. 

0037 Such electrode/electrolyte and/or interconnect 
components can be prepared and integrated on a substrate 
and with one another as described herein, using thin-film/ 
layer techniques of the prior art, Such techniques and 
straight-forward modifications thereof as would be under 
stood by those skilled in the art made aware of this inven 
tion. Successive masking, deposition, and unmasking pro 
cedures can be employed to deposit/print cathode, 
electrolyte, interconnect and anode components on a Suit 
able insulating Substrate. Such procedures or fabrication 
steps would also be known to those skilled in the art, 
modified as necessary to accommodate use of the compo 
nent materials described herein or to otherwise achieve the 
functional and/or performance characteristics desired. Fab 
rication in this manner on a suitable Substrate, provides a 
planar composite, array and/or assembly of Solid oxide fuel 
cells wherein the cells are integrated one with another. (See, 
for example, FIGS. 7A and 20.) The cellular stacking 
geometries of this invention have, therefore, the capacity to 
be two- or three-dimensional. Such procedures can be 
viewed as analogous to various thin-film/layer techniques 
used in the fabrication of micro- and nano-dimension inte 
grated devices, hence the reference to integration and inte 
grated Stacks. 

0038 Individual planar, integrated assemblies can be 
mounted one above another and between structural compo 
nents described elsewhere herein and as necessary to pro 
vide a functional fuel cell. Such end-plates/caps, fuel feed 
tubes and associated non-conductive seals are of well 
known material choice and construction, the design of which 
can be as shown in FIG. 7B or, in accordance with this 
invention, as necessary to provide the desired performance 
property or parameter. 

0039. As discussed above, SOFCs are a very promising 
energy conversion technology for utilization of fossil fuels 
and hydrocarbons produced therefrom. The present inven 
tion introduces a novel stacking geometry devised to 
enhance the benefits available from this technology. The 
geometry involved has all active SOFC components and the 
interconnect deposited as thin layers on an electrically 
insulating Support. This configuration allows the choice of a 
Support material that provides optimal mechanical tough 
ness and thermal shock resistance. The Supports can be in the 
form of flattened tubes, providing relatively high strength, 
high packing densities, and minimizing the number of seals 
required. The integration of SOFCs and interconnects on the 
same Support provides several other advantages including 
the reduction of electrical resistances associated with pres 
Sure contacts between the cells and interconnects, relaxation 
of fabrication tolerances required for pressure contacts, 
reduction of ohmic losses, and reduction of interconnect 
conductivity requirements. The materials used in the inte 
grated Stacks of this invention can be similar to or the same 
used with conventional SOFCs, and long-term stable opera 
tion will be achievable. Use of thin layer cell-active com 
ponents helps to lower overall material costs. 
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0040. Without limitation as to the scope of this invention 
and irrespective of the fuel (hydrogen or hydrocarbon) used, 
the following provides several advantages, attributes and/or 
aspects pertaining to one or more embodiments of the 
stacking configurations, planar geometries and/or assem 
blies described herein. 

0041 1. The support is not an electrically active part of 
the stack; it can be designed chosen for optimal mechanical 
properties. 

0.042 2. There are no separate interconnect pieces, and a 
reduction in the number of seals is possible. The cells can be 
fabricated in the form of flattened tubes, such that a seal-less 
design similar to tubular stacks can be implemented while 
retaining the high power-to-volume ratios of planar stacks. 

0043. 3. Because the SOFC components and intercon 
nects are in intimate contact, electrical losses related to 
pressure contacts are greatly reduced, improving stack per 
formance. 

0044. 4. Because no separate interconnect pieces and 
fewer gas-flow channels are required, there is a reduction in 
stack Volume and weight. 
0045 5. Large integrated stack elements can be made by 
increasing the number of cells: there is no need to make very 
large area cells. 
0046 6. Considerable flexibility is provided by way of 
stack design: for example, individual cell sizes can be varied 
slightly to account for spatial variations in gas composition 
and temperature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0047 FIG. 1A illustrates cell voltage and power density 
vs. current density for an SOFC operated on air and meth 
ane; FIG. 1B provides variations in operating temperature 
for the cell of FIG. 1A and the respective voltage and power 
densities observed therewith and as shown in FIG. 1A. The 
measurements were collected in atmospheric pressure air, 
and methane fuel was supplied at ~50 cm STP min. 
0.048 FIG. 2 shows a comparison of electrode imped 
ance spectra for Ni-YSZ/YDC anodes measured at 600° C. 
in (a) 97% CH+3% HO, (b)3% H2+3% HO+94% Ar, and 
(c) 97% H+3% H.O. 
0049 FIG. 3 compares impedance spectroscopy results 
for Ni-YSZ and Ni-YSZ/YDC anodes in 97% CH+3% HO 
at 600° C. 

0050 FIG. 4 shows CO/CO ratios calculated at equilib 
rium with graphitic carbon (O P+P, 0.1 atm; and 
P+P, 0.2 atm) based on reaction (5), in Example 7. 

0051 FIG. 5 is a table showing conditions that limit and 
promote carbon deposition, as compared to various Ni-YDC 
anodes and the parenthetical reference to Ni weight percent 
therein. While such percentages are shown with respect to 
ethane and nickel-based anodes, the same can be extented 
with comparable effect to other anode metals and the direct 
oxidation of other hydrocarbons, as would be well known to 
those skilled in the art and made aware of this invention. 

0.052 FIG. 6 compares cell power density vs. current 
density for a solid oxide fuel cell operated on air and ethane. 
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0053 FIG. 7A shows an enlarged schematic view of an 
integrated Stack element showing the cell-interconnect 
geometry. 

0054 FIG. 7B illustrates a hydrogen (or hydrocarbon) 
flow cavity can be created between two such stack elements 
by sealing at the edges. The addition of end-caps that include 
fuel-feed tubes results in a fully sealed geometry. 
0055 FIG. 8 provides a comparison of various perfor 
mance properties and parameters associated with a typical 
solid oxide fuel cell (SOFC), as described, and an integrated 
solid oxide fuel cell (ISOFC) of this invention. 
0056 FIG. 9 demonstrates another aspect of the present 
invention, low lateral resistance loss and reduction thereof 
with cell width, as can be illustrated with Ni-YSZ and LSM 
cathodes. 

0057 FIG. 10 is a schematic illustration of stacked 
integrated Solid oxide fuel cells, in accordance with this 
invention, showing in particular, the structural relationship 
and placement of various cell assembly components such as 
current collectors and fuel tubes. 

0058 FIG. 11 provides and compares representative 
materials for the cell components of this invention. 
0059 FIG. 12 is an SEM fracture cross-sectional image 
of a typical thin-electrolyte SOFC showing LSM-YSZ sub 
strate, YSZ electrolyte, and Ni-YSZ anode (the thin YDC 
layer is not visible) 
0060 FIG. 13 is an optical micrograph showing a portion 
of a patterned NiO-YSZ anode layer on a CSZ support. 
0061 FIG. 14 is an SEM micrograph of the top surface 
of a sintered YSZ layer. 
0062 FIG. 15 is an SEM micrograph showing the 
masked edge of a YSZ electrolyte on Ni-YSZ. The Ni-YSZ 
(lower part) can be distinguished from the YSZ layer (upper 
part) by its Smaller grain size. 
0063 FIG. 16 shows 2-point conductivity measurement 
of porous PSZ substrate. 
0064 FIG. 17 provides a schematic representation of an 
anode conductivity test. 
0065 FIG. 18 graphically illustrates the sheet resistance 
of a preferred screen printed Ni-YSZ anode. 

0066 FIG. 19 graphically illustrates the sheet resistance 
of a screen printed LSFC-GDC cathode, in accordance with 
this invention. 

0067 FIG. 20 shows, in schematic sequence, in cross 
sectional view, planar SOFC component layers, assembled 
in accordance with this invention. 

0068 FIG. 21 shows a cross-sectional SEM micrograph 
of the screen printed component layers of the integrated 
Solid oxide fuel cell of FIG. 20. 

0069 FIG. 22 graphically illustrates performance of a 
4-cell ISOFC stack. The area of each cell is -0.1 cm. 

0070 FIG. 23 shows, schematically in cross-sectional 
view, a preferred array of solid oxide fuel cells, in accor 
dance with this invention, utilizing a closed-ended tubular 
PSZ support. 
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DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0071. One schematic perspective view of an SOFC stack, 
in accordance with this invention, is shown in FIGS. 7A and 
7B. An array of SOFCs 12, connected in series by thin-film 
interconnects 22, are deposited onto a porous, insulating 
support 14. The layers 12 can be deposited in the order: 
electrode (cathode or anode), electrolyte, interconnect, and 
electrode (cathode or anode). The patterning is such that 
electrolyte 20 and interconnect 22, which are both dense 
layers, are continuous and form a gas-tight seal over the 
entire surface. With respect to FIGS. 7A and 7B, the 
electrodes, cathode 16 and anode 18 are porous layers 
separated by electrolyte 20, and connected by interconnect 
22. Alternatively, and as elsewhere described more fully, 
anodes can be positioned on the Substrate and interconnected 
with cathodes. (See, e.g., examples 26-27 and FIG. 20.) 
0072 By contrast, in conventional planar stacks, the 
current flows between separate SOFC and interconnect 
pieces: the Stacking order is hydrogen (fuel)-SOFC-oxygen 
interconnect-hydrogen (fuel)-SOFC, and so forth. The polar 
ity of the SOFCs must be maintained in order for additive 
voltages. In the stacks 10 of this invention, however, the 
current flows across the integrated Stack elements. There is 
no requirement that the pieces be stacked with the same 
polarity, Such that the cells can be mounted in opposite 
directions as shown schematically in FIG. 7B: that is, a 
stacking order of fuel-SOFC-oxygen-SOFC-fuel-SOFC, etc. 
There are no separate interconnect pieces, and the gas-flow 
Volume per unit generator area is reduced by a factor of s2. 
0073 FIGS. 7A and 7B illustrate a straightforward 
approach in which the individual planar integrated Stack 
pieces 12 are mounted between end plates 24 and feed tubes 
26, requiring seals between the Stack pieces and end plates. 
An alternative approach is the deposit of cells on both sides 
of unistructure closed-end flattened tubes 26, using well 
known ceramic techniques, eliminating the need for seals, 
such as those used in tubular stacks. S. C. Singhal, Proc. 6th 
Intl. Symp. Solid Oxide Fuel Cells, Ed. By S. C. Singhal and 
M. Dokiya (Electrochemical Society, Pennington, N.J. 
1999), p. 39. On the other hand, the present invention 
provides the high power-to-volume ratios of planar stacks. 
0074 As described above, the SOFC stacking of this 
invention includes patterned layers. As would be understood 
by those skilled in the art, patterning can be performed 
during deposition and, as a result, no additional process 
steps are required. In particular, masking is readily incor 
porated and used with sputter deposition. Colloidal spray 
deposition processes are also contemplated in conjunction 
with contact masks, especially ultrasonic sprays which pro 
duce very small (20-40 um) droplets. A. Q. Pham, T. H. 
Lee, and R. S. Glass, Proc. 6th Intl. Symp. Solid Oxide Fuel 
Cells, Ed. By S. C. Singhal and M. Dokiya (Electrochemical 
Society, Pennington, N.J. 1999), p. 172. The design, assem 
bly and resulting configuration of this invention provides 
several distinct advantages: 
0075 1. Improved mechanical strength and toughness. 
The devices are deposited onto an electrically insulating 
ceramic that can be chosen for desired strength, toughness, 
thermal conductivity, and thermal expansion match to cell 
components. Partially-stabilized zirconia is a preferred 
choice based on its high toughness T. Yoshida, T. Hoshina, 
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I. Mukaizawa, and S. Sakurada, J. Electrochemical Society, 
146, 2604 (1989) and good thermal expansion match. Other 
materials with lower electrical conductivity and higher ther 
mal conductivity may also be advantageous. 
0076 2. Simplified gas manifolding and sealing. The 
stacking geometry shown in FIG. 1 would require seals like 
other planar stacks. However, a flattened tube design allows 
simple gas manifolding as in various tubular stacks of the 
prior art. S. C. Singhal, Proc. 6th Intl. Symp. Solid Oxide 
Fuel Cells, Ed. By S. C. Singhal and M. Dokiya (Electro 
chemical Society, Pennington, N.J., 1999. That is, one gas 
is introduced through a feed tube into the closed-end flat 
tened tube, and the other is fed to the outside. No sealing is 
required, or a single seal at the tube end can be used. 
0077 3. Small volume and weight. The design eliminates 
the separate interconnect pieces present in most planar 
stacks, and at the same time reduces the number of gas-flow 
channels by a factor of two. These changes reduce the 
Volume and weight required to generate a given amount of 
power. 

0078 4. Reduced internal electrical losses. The integrated 
stack features intimate contact of electrodes with intercon 
nects, eliminating the resistance loss associated with the 
pressure contacts used in many planar stacks. B. Krogh, M. 
Brustad, M. Dahle, J. L. Eilertsen, and R. Edegard, Pro 
ceedings of the 5th International Symposium on Solid Oxide 
Fuel Cells, Ed. By U. Stimming, S. C. Singhal, H. Tagawa, 
and W. Lehnert, (Electrochemical Society, Pennington, 
1997) p. 1234. While pressure contacts to both ends of the 
integrated Stack elements are required for current collection, 
the subdivision of the cell area into a large number of small 
series-connected cells results in relatively low currents and 
high Voltages. Such that losses at these contacts are minimal. 
Compare, for example, a 10 cmx10 cm single cell with the 
same size integrated Stack element. (See, FIG. 8.) Assuming 
a single cell producing 0.5 W/cm at an operating voltage of 
0.7V, the total current is 70 A. On the other hand, the same 
area integrated Stack with 452-mm-wide cells and 0.2-mm 
wide interconnects will run at 22.5 V and s2 A. Assuming 
2-mm-wide current collector strips at either end of the 
integrated stack, the collector current density would be the 
same as for a conventional cell. Thus, an s 1 $2cm contact 
resistance would yield sG).5V drop at the contact: this would 
roughly halve the power density from the single cell, but 
would have negligible effect on the integrated Stack. 
0079 Another consideration is the lateral resistance loss 
across the electrodes. The resistance loss is given by pL/2t, 
where p is the electrode resistivity, L is the length of the 
current path (i.e. the cell width), and t is the electrode 
thickness. This relationship clearly shows that small cell 
widths minimize ohmic losses. For example, a LSM cathode 
(ps 10° S.2cm) with L=2 mm and t=20 um yields 0.1 S2-cm. 
This value is reasonably low even for this very thin elec 
trode, and can be reduced further by reducing the cell width 
or increasing thickness. (See, FIG. 9.) 
0080) 5. The unit cell size is very small in one direction, 
s2 mm, and is several cm in the other. Scaleup of the stacks 
would involve primarily increasing tube length and number 
of cells, and perhaps a slight widening of the tubes, such that 
there would be little change in the unit cell size. This will be 
very favorable in the scaleup stage of Stack development, 
compared with conventional planar stacks where the indi 
vidual cell area must be increased. 
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0081 6. This invention provides considerable flexibility 
in Stack design. For example, stack performance can be 
optimized by varying individual cell widths along the gas 
flow direction. The variation would be used to compensate 
for variations in gas composition and cell temperature along 
the length of the tubes. See, for example, H. Yakabe, T. 
Ogiwara, I. Yasuda, and M. Hishinuma, Proc. 6th Intl. Symp. 
Solid Oxide Fuel Cells, Ed. by S. C. Singhal and M. Dokiya 
(Electrochemical Society, Pennington, N.J. 1999), p. 1087. 
For example, since a lower-temperature region would likely 
have lower current densities, the cell widths would be 
increased slightly to retain the same current per cell. 
0082. As mentioned above, the present invention 
includes fabrication and/or methods for the construction and 
assembly of the stacking geometries and configurations 
described herein. As a point of contrast and comparison, 
consider techniques of the prior art: a tubular version of 
series-interconnected cells, where individual cells and inter 
connects were deposited in bands around calcia-stabilized 
zirconia (CSZ) support tubes. A major difficulty was obtain 
ing patterned deposits with methods such as thick-film slurry 
coating and electrochemical vapor deposition (EVD). For 
example, a Ni-YSZ layer was slurry coated, then patterned 
by chemical etching. Electrolyte and interconnect layers 
were patterned by first covering selected areas with a 
loosely-bound powder, depositing the coating, and then 
mechanically scraping away the powder and the attached 
thick-film deposit. Disadvantages of these methods include 
the difficulty in scaling them into reliable mass production 
steps, the poor spatial resolution that led to relatively large 
unit cell sizes (1 cm), and the cycling to high temperature 
(s.1500° C.) required for each deposition step. 
0.083 Techniques recently developed for preparing low 
to-medium temperature SOFCs, which typically involve thin 
(5-10 um) electrolytes, are ideally suited for and can be 
readily applied to making the components, composites and 
stacks of this invention. Thin electrolytes and electrodes 
have been prepared using various colloidal deposition and 
sintering processes, K. Z. Fung, J. Chen, C. Tanner, and A. 
V. Virkar, Proc. 4th Intl. Symp. Solid Oxide Fuel Cells, Ed. 
by M. Dokiya, O. Yamamoto, H. Tagawa, and S. C. Singhal 
(Electrochemical Society, Pennington, 1995) p. 676. S. 
deSouza, J. S. Visco and L. C. DeJonghe, Solid State Ionics, 
98, 57 (1997). Tape calendaring and sintering, and sputter 
deposition methods are also well-known, reported in the 
pertinent literature and can be used to prepare Such compo 
nents. FIG. 12, for example, shows a cross-sectional SEM 
image of a typical sputter-deposited cell of the type available 
through prior art fabrication and now applicable to this 
invention, where the YSZ electrolyte and Ni-YSZ electrode 
were sputter deposited using Such techiques. It is well 
known that sputter deposition can produce patterned thin 
films by depositing through shadow masks. Similarly, some 
of the colloidal processes Such as spray deposition also can 
be used for patterned deposition. 
0084. Shadow masking is a simple technique for making 
patterned deposits. Mechanisms for accurately aligning 
shadow masks over planar Substrates are readily available. 
As discussed above, it is desirable to have relatively small 
width cells. Feature sizes down to 0.1 mm are easily 
achieved, such that relatively small (e.g. 1-2 mm wide) cells 
can be prepared. Using the patterning techniques employed 
for banded-tublar SOFCs, it was more difficult to achieve the 
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desired size reduction: 1-cm wide cells were used in those 
stacks, but this size does not provide the low ohmic loss 
observed with the present invention. 
0085 Cell component materials in the integrated stacks, 
geometries and configurations of this invention can be 
largely the same as those used in conventional SOFCs: YSZ 
electrolyte, LSM cathode, and Ni-YSZ anode. The same 
type of variations used to improve performance, e.g. addi 
tion of YSZ to the LSM cathode or ceria to the anode, can 
be employed. Such variations including those discussed 
elsewhere herein. The interconnect material can be doped 
LaCrO, (LSC). As the interconnect conductivity required in 
an inventive stack is much lower than in conventional stacks 
(the interconnect layer is only several microns thick), alter 
nate materials with lower conductivity than LSC can be 
used. Reference is made to Example 13 and FIG. 11. 
0086 An important aspect of an integrated stack is the 
support material. In prior work on the tubular banded cells, 
the Support was calcia-stabilized Zirconia, providing the 
advantage of excellent thermal expansion match with the 
YSZ electrolyte and other cell materials. However, the ionic 
conductivity was a problem because it tended to shunt the 
cells. In response thereto, another feature of this invention, 
distinct from the banded-tubular prior art, is low operating 
temperature, which minimizes Support shunting. Another 
“problem” with zirconia is the poor thermal conductivity, 
which limits thermal shock resistance. Accordingly, Support 
components of this invention can comprise materials over 
coming such concerns, including but not limited to MgO and 
PSZ, partially-stabilized Zironia. 
0087 As mentioned above, the present invention could 
be used in any fuel cell application, including the full range 
of commercial applications which can be expected of fuel 
cells. A particular application of this stacking approach is for 
making Small fuel cell power Supplies for portable applica 
tions, especially those incorporating the low temperature 
cells of the type described elsewhere herein. 

EXAMPLES OF THE INVENTION 

0088. The following non-limiting examples, data and 
referenced graphics illustrate various aspects and futures 
relating to the cell apparatus, assemblies, configurations and 
methods of this invention, including the Surprising and 
unexpected results showing utility of hydrocarbon fuels at 
low temperature without carbon deposition. Comparable 
utilities and advantages can be realized using other embodi 
ments, consistent with this invention. For instance, while 
numerous examples illustrate this invention through use of 
methane and ethane, other hydrocarbons including the cor 
responding alcohols can be used with equal effect through 
straight-forward modifications of this invention and related 
fuel cell components, such modifications as would be well 
known to those skilled in the art and made aware of this 
invention. 

0089. The SOFCs used in several examples were fabri 
cated using techniques well-known in the art. In particular, 
several embodiments were utilized, but comparable results 
are available using other Such electrodes and electrolytes, 
including those described herein. In some preferred embodi 
ments for use with several examples, SOFCs were fabricated 
on porous Laos,Sr.,MnO (LSM) cathodes. The LSM pel 
lets were s2 cm in diameter and 1 mm thick, and were 
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produced using standard ceramic processing techniques. All 
SOFC layers, starting with a 0.5 um-thick 
(YO)ois (CeO)oss (YDC) porous film, were deposited on 
the LSM pellet using dc reactive magnetron Sputtering. The 
electrolyte, 8 mol % YO-stabilized ZrO. (YSZ), was 
Subsequently deposited under conditions yielding a dense 8 
um thick film. To complete the cell, another 0.5 ul-thick 
YDC film was deposited, followed by a porous, 2 um-thick 
Ni-YSZ anode. 

0090 Anode reactions were studied using impedance 
spectroscopy with anodes that were sputter deposited onto 
both sides of bulk YSZ single-crystal electrolytes. Data was 
collected in various fuel environments at the indicated 
temperatures. 

Example 1 

0.091 Single-cell current-voltage measurements were 
carried out in air and methane. Identical results were 
obtained for pure and humidified (containing 3% HO) 
methane in the early stages of cell tests; while cell perfor 
mance was stable with dry methane, after s2 hrs of testing 
in humidified methane, cell performance degraded because 
of oxidation of the anode Ni. FIG. 1 shows the measured 
current density and power density vs. Voltage. The open 
circuit voltage (OCV) was 1.06V. The current density vs. 
Voltage curves were non-ohmic indicating a substantial 
electrode overpotential. Based on prior studies of these cells 
operated on hydrogen fuel, the current densities were limited 
primarily by cathode, overpotential. Current densities 
increased with increasing temperature. Such that maximum 
power density increased from 250 mW/cm at 600° C. to 370 
mW/cm at 650° C. 

Example 2 

0092. By way of comparison, the results of Example 1 
were similar to those obtained for cells operated with 
humidified hydrogen fuel, except that the power densities 
were s20% greater. Visual observation, energy dispersive 
X-ray (EDX), and scanning electron microscopy (SEM) 
observations of the anodes, carried out after the call tests, 
showed no evidence of carbon deposition after s 100 hrs of 
operation. 

Example 3 

0093 Successful cell operation on dry methane (Example 
1) indicated that direct electrochemical oxidation, 

was the primary anode reaction mechanism. The OCV 
values measured in Example 1, s 1.06V, were typically very 
close to the values measured for these cells operated with 
97% H+3% HO fuel. This is reasonable given that the 
AG (600° C.) values are similar for eqn. 3 and hydrogen 
oxidation. The exact Nernst potential for eqn. 3 cannot be 
calculated since the, H0 and CO partial pressures are not 
known, but the measured OCV suggest reasonable values, 
<O.18 atm for HO and <0.09 atm. CO. 
0094. While eqn. 3 shows electrochemical oxidation of 
methane, it should be noted that the present invention 
contemplates the possibility of other reaction mechanisms 
for the desired oxidation products. For instance, various 
intermediate reactions and/or species can exist enroute to 

Aug. 10, 2006 

complete oxidation under cell operating conditions. While 
eqn. 3 illustrates methane oxidation, equations can be pro 
vided to portray oxidation of other hydrocarbons discussed 
herein, likewise accounting for and including the presence 
of various other intermediate reaction mechanisms and/or 
species. 

Example 4 

0095. It is unlikely that hydrocarbon reforming played a 
role in the cell operation of Example 1, and if so, only after 
H2O and CO were produced by reaction (3). Discounting 
Such an occurrence, reforming rates were probably too low 
to contribute significantly to the anode reaction, because of 
the small anode area (s1 cm) and low temperature. Fur 
thermore, the relatively high fuel flow rates used invariably 
flush any reformation reactants and products from the anode 
compartment. 

Example 5 

0096 Direct hydrocarbon oxidation is further evidenced 
by impedance spectra (FIG. 2) obtained from the above 
described Ni-YSZ/YDC anodes in humidified methane (a) 
and humidified dilute H. (b). An 3% H+3% HO+94% Ar 
mixture, which was used to simulate a slightly reformed 
methane fuel (b), yielded electrode arcs with a much differ 
ent shape than those for methane, indicating that the primary 
anode reaction with methane was not oxidation of hydrogen 
produced by reforming. Also shown in FIG. 2 is the imped 
ance result for the anode operated in 97% H+3% HO (c). 
This electrode arc was much smaller than that for methane, 
indicating a lower anode overpotential and explaining why 
the SOFC current densities were higher for hydrogen than 
methane. 

Example 6 

0097. It is thought that one factor contributing to the 
rapid direct electrochemical oxidation of methane at these 
temperatures is the anodes employed in the SOFCs and, in 
particular a combination of Ni-YSZ and YDC layers. This is 
illustrated in FIG. 3, which compares the impedance spectra 
taken in humidified methane for Ni-YSZ/YDC and Ni-YSZ 
anodes. The YDC layer causes a factor of s.6 decrease in the 
electrode resistance. This observation is consistent with 
prior studies indicating that ceria promotes hydrocarbon 
oxidation. Without restriction to any one theory or mode of 
operation, ceria is believed to be beneficial for several 
reasons. First, it becomes a mixed conductor in a reducing 
fuel environment, a condition which should expand the 
reaction Zone beyond three-phase boundaries. Second, the 
ionic conductivity of ceria is higher than that of YSZ, which 
improves the transport of oxygen ions from the electrolyte to 
the anodes. Third, ceria is known to readily store and 
transfer oxygen. The present invention also indicates that the 
oxygen storage capability of ceria can be enhanced by the 
addition of zirconia. Preferred embodiments include anodes 
with two ceria/Zirconia interfaces where enhanced oxygen 
storage can, in this manner, increase methane/hydrocarbon 
oxidation rates. 
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Example 7 

0098. Another result observed from the cell tests of this 
invention was the absence of carbon deposition. In general, 
carbon deposition can occur by methane pyrolysis, 

CH=C+2H. (4) 
or disproportionation, 

2CO=C+CO, (5) 

On the other hand, the oxygen flux arriving at the anode 
during SOFC operation tends to react with any carbon, 
Suppressing carbon deposition. The role of methane pyroly 
sis was tested by flowing pure methane over SOFC anodes, 
without SOFC operation, such that no reaction products 
were present. No carbon deposition was observed at <700° 
C., and the amount of carbon deposited increased only with 
increasing temperature above 700° C., showing carbon 
deposition via methane pyrolysis does not occur readily at 
low temperatures. 

Example 8 
0099. During cell operation, product gases are present in 
the anode compartment, raising, at least, the possibility of 
carbon deposition via reaction (5). However, as noted above, 
the present cell tests provide data for nearly pure hydrocar 
bon in the anode compartment, perhaps due to the Small-area 
cells and relatively high fuel flow rates resulting in small 
concentrations of reaction products. Even so, consideration 
was given to the situation encountered in a SOFC stack, 
where the products of reactions (1)–(3) would be present at 
Substantial partial pressures. Thus, a simple equilibrium 
calculation was done to determine the conditions where one 
might expect carbon deposition free stack operation in 
CO CO. mixtures. FIG. 4 shows the CO/CO, partial pres 
Sure ratio at equilibrium with graphitic carbon (eqn. 5) vs. 
temperature, for two CO+CO, total pressures. For suffi 
ciently low CO/CO ratios, carbon deposition will not occur. 
The optimal temperature range for SOFC stack operation on 
dry methane is s500-700° C. If the temperature is <500° C. 
carbon deposition proceeds by reaction (5) unless CO/CO 
ratios are very low. While temperatures 2700° C. would 
tend to suppress carbon deposition by reaction (5), they 
would allow carbon deposition by direct pyrolysis of meth 
ane (eqn. 4). 

Example 9 

0100 Some internal reforming would be necessary in a 
SOFC stack to produce a small amount of CO and H. 
However, carbon monoxide and hydrogen gas would bal 
ance the CO, and HO produced by direct oxidation, pre 
venting exceedingly low CO/CO and H/HO ratios where 
the anode Ni may oxidize. 

Example 10 

0101 Ethane fuel reactions were studied in SOFCs with 
anodes of low Ni content. Various cells were made using 
Ni-YDC anodes containing 10, 20 and 40 weight percent Ni. 
The porous Ni-YDC anodes were s2 um-thick. The cell 
structure and processing was similar to that described above, 
except that the cathode was an LSM-YSZ mixture. In order 
to identify carbon-free operating conditions, the Ni-YDC 
anodes were tested in ethane fuel environments at tempera 
tures ranging from 500-700° C. 
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0102 Ethane oxidation was studied at Ni-YDC anodes 
using low Ni concentrations intended to limit carbon depo 
sition. FIG. 5 summarizes carbon deposition results at the 
various Ni-YDC anodes exposed to dry and wet (3% HO) 
ethane from 500-600° C. These reaction studies were made 
without cell operation and indicate the onset of carbon 
deposition for the given conditions. In wet ethane, anodes 
with lower Ni content (10-20 wt %) were more resistant to 
carbon deposition at higher temperatures. For dry ethane 
fuel, carbon deposition occurred even for low temperatures 
and anodes with low Ni content. These observations show 
that carbon-deposition-free cell operation can be conducted 
using wet ethane with any of the above anode compositions 
at 500° C., and up to 550° C. for anodes with 10-20 wt % 
Ni. 

Example 11 

0.103 Current voltage measurements of cells were taken 
under operating conditions that avoided carbon deposition. 
The performance of a cell operating with wet (3% HO) 
ethane fuel at 500° C. (A) is illustrated in FIG. 6 and 
compared to wet hydrogen 92% hydrogen (O) and humidi 
fied dilute (94% Ar) hydrogen (). In this case the Ni-YDC 
anode contained 40 wt % Ni. The cell current densities were 
relatively low because of the low temperature. Current 
densities for ethane fuel were typically about 35% less than 
for hydrogen fuel. A maximum of s35 mW/cm was 
obtained with ethane. No carbon deposition was detected. 
Carbon-deposition-free cell operation with anodes of lower 
Ni content (10-20 wt %) was achieved up to 600° C., which 
is beyond the temperature range indicated by the carbon 
reaction studies given in FIG. 5. This suggests that the 
oxygen flux arriving at the anode during cell operation 
reacted with any carbon, thereby Suppressing carbon depo 
sition. However, cell power densities were somewhat low in 
these cells, either because of low anode electrical conduc 
tivity or low Ni catalyst content. 

Example 12 

0104. With reference to FIGS. 7A and 7B, the solid 
oxide fuel cell components of this invention can be stacked 
as shown in FIG. 10. Flattened support tubes allow high 
Volume densities and minimize sealing problems. The inte 
grated configurations eliminate interconnects and reduce the 
number of flow fields by two, relative to planar fuel cells of 
the prior art. Because the integrated arrays are not in contact, 
heat conductors can be inserted therebetween; this can help 
eliminate thermal gradients and improve efficiency through 
reduction of cooling requirements. Current flows along the 
surfaces of the fuel cell rather than between separate com 
ponents thereof. 

Example 13 

0105. With reference to FIGS. 7A, 7B and 10, the fuel 
cell components and material composition thereof can be 
selected according to performance and function parameters 
desired. FIG. 11 provides construction profiles of two such 
fuel cells of this invention, as designed according to desired/ 
relative operating temperatures. Such cells, in accordance 
with the broader aspects of this invention, can be integrated 
as described herein and incorporated into an assembly of 
Such cells. Various other material choices and component 
constructions would be well-known to those skilled in the art 
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and made aware of this invention, depending upon a par 
ticular performance property or parameter desired. Such 
designs and constructions are limited only by the availability 
of a desired component material to be used in conjunction 
with thin layer fabrication techniques. 

Example 14 
0106 Current procedures can involve first depositing 
anode material, followed by electrolyte. After high tempera 
ture sintering, interconnect and cathode layers are applied 
and sintered at a lower temperature. Thin Ni-YSZ anodes 
and YSZ electrolytes are deposited using a colloidal pro 
cessing technique called centrifugal casting. In this method, 
a partially-sintered Ca-stabilized Zirconia (CSZ) ceramic 
pellet (the support for the ISOFC) is immersed in a slurry, 
based on water or acetone, that contains the appropriate 
powder. Patterning is achieved simply by placing an adhe 
sive polymer mask on the pellet. The pellet and slurry are 
then placed in a centrifuge where centrifugal forces are used 
to rapidly deposit the powder onto the pellet surface, yield 
ing high quality, high packing density Ni-YSZ or YSZ 
coatings. The layers and Support are co-sintered in air at 
1400-1500° C. FIG. 13 shows an optical microscope image 
of a patterned Ni-YSZ strip after sintering. The layer is 
uniform with a low-defect-density and well-defined pat 
terned edges. 

Example 15 
0107 A key issue in the processing of example 14 is the 
drying stress caused by the liquid evaporating from the thin 
Ni-YSZ and YSZ layers. The film shrinkage during drying 
can cause cracking, and is generally worse for thicker films 
and Smaller particle sizes. The process described herein uses 
nano-scale YSZ for the electrolyte to reduce sintering tem 
peratures. It produced several micron thick YSZ films in 
single step. Multiple deposition steps were used to make 
thicker layers. Another aspect of this process is co-sintering. 
Fuel cells require a thin dense YSZ layer with porous 
cathodes, anodes, and Support. Difficulties can include 
matching shrinkages (to avoid cracking of the layers and/or 
sample curvature) and maintaining electrode porosity at the 
high temperatures required for YSZ sintering. 
0108) High temperature sintering at 1500° C. resulted in 
high quality dense YSZ electrolytes. An SEM image of the 
top surface of atypical YSZ layer is shown in FIG. 14. The 
YSZlayer is clearly dense and defect free, with a large grain 
size. The shrinkages were matched well: no cracking or 
curvature of the samples was observed. FIG. 15 shows a 
SEM image of a portion of a patterned YSZ film. The YSZ 
film is seen in one region while the other region while the 
uncovered Ni-YSZ anode can be seen in another region. 
This result, along with that shown in FIG. 13, demonstrates 
successful fabrication of patterned anode and electrolyte 
layers. 

Example 16 
0109 The successful fabrication of a patterned anode and 
electrolyte on a Support can be challenging aspects of this 
type of ISOFC processing. Additional steps involve simple 
slurry painting and relatively low temperature sintering, 
using techniques well-known to those in the art. 
0110. An ISOFC of this invention can, preferably, have a 
ceramic interconnect, such as LaCrOs. However, an Ag 
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paste can also be used as the interconnect for purposes of 
illustration. Above 600° C., this material sinters to a high 
density, providing a good gas seal. It is easily painted onto 
an ISOFC. A cathode typically comprises standard SOFC 
materials: (La,Sr)MnO (LSM) or (La,Sr) (Co,Fe)O. 
(LSCF), as can be applied by painting followed by relatively 
low temperature sintering. 

Example 17 
0.111 Desireable properties for a fuel cell support include 
(1) high resistivity, (2) high strength and toughness, (3) a 
stable porous structure at the operating temperature, (4) low 
cost, and (5) a thermal expansion coefficient matching that 
of a preferred electrolyte YSZ (CTEs 10.5x10 K). As 
mentioned above, a useful material is partially-stabilized 
zirconia (PSZ), which has an excellent thermal expansion 
match with YSZ. The partial stabilization results in trans 
formation toughening and also results in a Substantially 
lower ionic conductivity that fully stabilized zirconia. In the 
experiments described below, PSZ processing was devel 
oped to produce high strength Supports with reasonable 
porosity, and the effect of the electrical conductivity on 
shunting the SOFCs was estimated. 

Example 18 

0112 Ceramic supports were fabricated using standard 
ceramic processing techniques, i.e. calcining the as-pur 
chased powder to vary particle size, thoroughly dry-mixing 
the powder with pore former, uniaxially pressing the mixture 
into pellets, and finally sintering. Archimedes density mea 
Surements and Scanning electron microscopy were used to 
analyze the porosity and structure of the Supports. In order 
to investigate the factors that most affect Substrate porosity 
and strength, an experiment was designed using the D-Op 
timal method, which attempts to pick the trials that will give 
the most information based on the parameters in the experi 
ment. The factors and levels used in the study are listed 
below in Table 1. 

TABLE 1. 

Factors and levels examined in the substrate porosity study 

Factor Level 1 Level 2 Level 3 

Material Partially Stabilized Yttria Stabilized PSZ with 20 
Zirconia (PSZ, Zirconia (YSZ, wt % Al2O. 
3 mol % Y.O., 8 mol % Y.O.s, (PSZ-A, Tosoh 
Tosoh TZ-3YS) Tosoh TZ-8YS) TZ-3Y20A) 

Calcining 2 3 4 
Time (hr) 
Calcining 900 1OOO 1100 
Temperature 
(Celsius) 
Filler (starch) 5 10 15 
amount (wt %) 

0113 Powders (all from Tosoh) were mixed with appro 
priate filler (starch) and uniaxially pressed into four 1-inch 
diameter pellets. The filler was burned out at 400° C. for 2 
hours with a ramp rate of 5° C. per minute. The samples 
were then sintered at 1200° C. for 6 hours with a ramp rate 
of 10° C. per minute. Half of the pellets were set aside for 
mechanical testing, while the other half were sintered at 
1400° C. for 6 hours to simulate the high temperature 
conditions that would be used in fuel cell fabrication. One of 
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the high temperature samples was used to measure porosity 
by the Archimedes method, using water as the fluid. The 
biaxial flexural strength of all the samples was determined 
using the Ball-on-Ring method. G. de With and H. Wage 
mans, “Ball-on-Ring Test Revisted.J. Am. Ceram. Soc., 72 
8 1538-41 (1989). Multiple regression analysis was used 
to formulate models for porosity and flexural strength in 
terms of the factors studied. 

Example 19 
0114. In order to investigate the effects of current shunt 
ing by the porous PSZ Support, 2-point conductivity mea 
surements were performed on round PSZ pellets with about 
30 vol % porosity and a thickness of about 1.5 mm. 
Electrical contacts were made by painting silver squares on 
the flat sides of the pellets and attaching silver wires (see 
FIG. 16). Resistance was read directly from the two con 
tactS. 

Example 20a 
0115 Notwithstanding other anode materials of this 
invention, the anodes of this example were of NiO (Baker) 
and YSZ (Tosoh) in a 70:30 weight ratio, translating to 
roughly 55 vol% Ni in the reduced state. The material was 
sintered at 1200° C. for 6 hours after screen printing. The 
cathodes were either of 1) Lao SroFeos,Coo. Os (LSFC) 
and Gadolinium-doped Ceria (GDC) in a 1:1 weight ratio, 
which were sintered at 900° C. for 3 hours after screen 
printing, or 2) Laos Sr.,MnO (LSM) and YSZ in a 1:1 
weight ratio, which were sintered at 1200° C. for one hour. 
All prints were made with inks formed by mixing the above 
powders with Heraeus vehicles, of ethyl cellulose and ter 
pineol. 

Example 20b 
0116 For the four-cell stacks described below (FIG. 20), 
two different fabrication or processing procedures were 
used. First, the anode (Ni-YSZ), electrolyte (YSZ), and 
interconnect (Laos Sro Cao CrOs) were printed in that 
order, with a drying step after each layer, then Subsequently 
co-fired at 1400° C. for 6 hours. The cathode was then 
printed, dried, and the stack was sintered under the condi 
tions described above. The images shown below are for 
ISOFCs prepared in this way. Illustrating a second fabrica 
tion method, the Ni-YSZ anode was screen printed, followed 
by centrifugal casting of YSZ (described below) and co 
firing at 1400° C. for 6 hours. The Ag interconnect and 
LSCF-GDC cathode were then screen printed and fired at 
900° C. for 3 hrs. 

Example 20c 
0117 Two-point electrical conductivity was measured for 
screen-printed anodes and cathodes. Silver contacts were 
made to both ends of the anode strip, which was printed on 
a porous PSZ substrate (FIG. 17). 

Example 21 
0118. The YSZ slurry, referenced in the preceeding 
example, was prepared from 1 gram of YSZ powder (Tosoh) 
mixed with 200 ml ethanol and sonicated for 1 hour to get 
a stable Suspension or slurry. 
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0119 PSZ substrates were placed in a vessel with a flat 
bottom and 10 mL of the slurry added along with 10 mL of 
ethanol. The vessels were then placed in a centrifuge with a 
radius of 20 cm for 30 min at 1500 rpm. In the centrifugal 
field, the ceramic particles in the Suspension are forced down 
to the Surface of the Substrate to form a coating the 
Supernatant was clear after the centrifuge process. After 
decanting the Supernatant, the wet green body was allowed 
to dry. The coated pellets were dried in open air for more 
than 8 hours, and then sintered 1400° C. for 4 hours. 

Example 22 

0.120. A representative three-dimensional plot of the flex 
ural strength (MPa) versus filler (wt. percent) and material 
(PSZ to YSZ to PSZ-alumina) shows that PSZ generally has 
the highest strength, followed by PSZ-alumina and finally 
YSZ. As expected, higher filler content results in lower 
strength due to increased porosity. A strength plot holding 
material and filler content constant, shows a very slight 
decrease in strength with increasing calcining time and an 
apparent maximum with calcining at 1000° C. Plotting the 
porosity at a calcining temperature and time of 1000° C. and 
2 hours, respectively, shows a general increase in porosity 
with increasing filler content, as expected. PSZ and PSZ 
alumina show overall higher porosity than YSZ. Holding the 
material (PSZ) and filler content (15 wt %) constant shows 
very weak dependence of porosity on calcining time and 
temperature; the variations in porosity shown are easily 
attributable to error associated with the Archimedes method. 

Comparing Such data, it is clear that the material and filler 
amount most affect the Substrate strength and porosity. 
Based on all the data, a useful substrate formula for devel 
opment of the ISOFC comprises PSZ calcined for 2 hours at 
1000° C. with 15 wt % of added filler. (Note that linear 
shrinkages remained essentially constant at s20% in all 
cases examined.) 

Example 23 

0121 One issue with PSZ supports is their ionic conduc 
tivity, which can lead to a shunting of the ISOFC stack 
current, with decreasing cell Voltage and efficiency. Initial 
studies were done to estimate this leakage current using the 
following assumptions: 

0122) 
COnnect 

10 cmx10 cm ISOFC, 10% of cell area for inter 

0123 452-mm-wide cells 

0.124 0.5 W/cm at 0.7 V (14 A, 31.5 V) 
0.125 Leakage currents calculated using the stack voltage 
and substrate resistance (derived from the substrate conduc 
tivity and dimensions) are listed below in Table 2. Overall, 
the expected leakage currents are fairly small, <4% of cell 
current at 800° C. and <1% at 600° C., showing cell 
performance not greatly affected by the PSZ substrate. 
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TABLE 2 

Porous PSZ substrate conductivity and calculated 
leakage currents at various temperatures 

T 

600° C. 700° C. 800° C. 

Conductivity 6.25 x 10' 2.03 x 10 5.32 x 103 
(S/cm) 
Leakage O.OO6 A O.O2 A O.OSA 
current (0.42%) (1.4%) (3.6%) 

Example 24 

0126 The ISOFC structures, designs and geometries of 
this invention are best employed with electrodes having 
Sufficient conductivity to transport current across each cell 
without significant loss. If one assumes a 0.6 G2cm cell 
resistance (electrolyte ohmic loss and electrode polarization 
resistances) and 0.2 cm cell area (2 mm wide, 10 mm long), 
one obtains an individual cell resistance of 392. Assuming 
that a preferred anode should contribute no more than one 
tenth of that measured resistance, its resistance should be 
0.3S2, which translates into a sheet resistance of 1.5 
S2/square. 

0127. Anode sheet resistances measured as shown in 
FIG. 17 are presented in FIG. 18, which shows that a 
Ni-YSZ anode sheet resistance was well below 1.5 
C2/square. Given that the electrode thickness was s10 um, 
the Ni-YSZ conductivity was s1x10 S/cm in the 500° 
C.-800° C. temperature range, in agreement with literature 
values. N. Q. Minh, “Ceramic Fuel Cells.J. Am. Ceram. 
Soc., 763563-88 (1993). 

Example 25 

0128. The measured sheet resistances for cathodes con 
sisting of Lao Sro Feos,Co-O (LSFC) and Gadolinium 
doped Ceria (GDC) in a 1:1 weight ratio, shown in FIG. 19. 
are much higher than the desired 1.5 G.2/square. The resis 
tivity calculated for the thickness of s 10 um at 800° C. is 0.4 
G2cm. The relatively high resistivity is presumably due to the 
high GDC content in the electrode; prior studies have shown 
that adding 50% of a poor conductor generally decreases the 
conductivity at least 10 times. A relatively thick over-layer 
of pure LSFC, on top of the LSCF-GDC, serves to increase 
cathode conductivity. (La,Sr)MnO is expected to yield 
similar results. 

Example 26 

0129. As noted above, screen printing is a preferred 
fabrication technique for the present array of SOFC's 12 and 
corresponding structure and geometry because of its low 
cost (relative to technologies such as electrochemical vapor 
deposition and sputter deposition), its ability to produce 
patterns with 50 Lum lateral resolution, and because all 
ISOFC layers can be deposited using this method. The 
processing scheme was as follows. First, anode 18 was 
deposited, followed by electrolyte layer 20 and interconnect 
22. Second, these layers and support 14 were all co-sintered 
at 1400° C. Third, cathode layer 16 was deposited. Fourth, 
the cathode was sintered. 

12 
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0.130 FIG. 20 shows schematically, in cross-section, the 
screen printed layers and patterns resulting from the depo 
sition sequence described above. 
0131 FIG. 21 shows a cross-sectional SEM image of an 
ISOFC, such as that described above, printed on a porous 
PSZ substrate. The fired layer thicknesses are about 10 um 
and the cathode and anode are visibly porous. The YSZ 
electrolyte is fairly dense with only a small amount of closed 
porosity visible in the sample. Furthermore, the substrate 
shows an open pore network, which allows gas transport to 
the electrode. There were no catastrophic film failures (e.g. 
peeling or cracking) observed, so the shrinkages of the 
Substrate and layers are in close proximity of one another. 
There was, however, some slight sample curvature perhaps 
due to differential sintering. The ISOFC processing and 
fabrication of this example shows that the desired patterning 
accuracy was achieved, and each component shows the 
desired structure. 

Example 27 

0132) Four-cell ISOFC tests on devices similar to those 
shown in FIGS. 20 and 21 were prepared and tested. 
Centrifugal casting, as described above, was used to deposit 
the electrolyte, and Ag ink was used for the interconnect. 
Patterning of the centrifugally cast electrolyte layers was 
achieved by using masks of adhesive tape during the cen 
trifuge process. Silver wires were attached to the end anode 
and cathode current collectors. Voltage versus current and 
power were measured with air as the oxidant and humidified 
hydrogen as the fuel, using a standard single cell test 
configuration. The results of the test at different tempera 
tures, given in FIG. 22, showed a maximum stack Voltage 
of 3.2V. somewhat lower than the expected value of 4.4V 
(1.1V per cell). Stack current and power increased with 
increasing temperature, as expected for Solid oxide fuel 
cells. The maximum power was s25 mW at 700° C. This 
relatively low value is presumably due to insufficient con 
ductivity of the cathode layers in this demonstration stack— 
this was expected since the LSCF-GDC cathode conductiv 
ity is not very high. This value is low relative to single 
thin-electrolyte SOFCs with similar materials, but note that 
such tests are usually made with additional Pt mesh current 
collectors to minimize resistance losses. Extra current col 
lectors were not used in the present test. It will be relatively 
easy to improve on the results in FIG. 15 can be improved 
by adding pure LSCF layers on top of the LSCF-GDC to 
decrease the sheet resistance. 

Example 28 
0.133 With reference to FIGS. 7A and 23, an array of 
solid oxide fuel cells 12, connected in series by thin-film 
interconnects 22, can be deposited about, and/or top and 
bottom, a closed-ended tubular porous, insulating Support 
14, as can be fabricated using partially-stabilized Zirconia, as 
would be understood by those skilled in the art and made 
aware of this invention. The components of layer 12 can be 
deposited, as described elsewhere herein, on opposed sides 
of flattened tubular support 14. With reference to tubular 
stacks of the prior art, Such a configuration/geometry further 
reduces sealing requirements, with improved overall perfor 
aCC. 

0.134) While the principles of this invention have been 
described in connection with specific embodiments, it 
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should be understood clearly that these descriptions, along 
with the chosen figures, charts, graphics, and data therein, 
are made only by way of example and are not intended to 
limit the scope of this invention, in any manner. For 
example, the inventive anodes and related cellular compo 
nents have been shown as utilized with various hydrocar 
bons; however, as would be well-known to those skilled in 
the art and made aware of this invention, the methods 
described herein can also be utilized with various other 
higher molecular weight hydrocarbon Stocks or reaction 
systems. Likewise, while certain ceria and/or electrolyte 
materials have been described herein, others can be used 
alone or in combination and with or without various dopants 
to achieve the same or similar effect. While various param 
eters. Such as temperature and concentrations, have been 
described in conjunction with the construction, fabrication 
and/or operation of various fuel cells and their components, 
the same parameters can be varied in order to achieve 
oxidation rates and/or power densities comparable to those 
described herein. Other advantages and features of this 
invention will become apparent on the following claims, 
with the scope thereof determined by the reasonable equiva 
lents, as would be understood by those skilled in the art. 
What is claimed is: 

1. A solid oxide fuel cell assembly, comprising: 
a Substantially planar array of fuel cells on a Substrate, 

each said cell comprising cathode, anode, electrolyte 
and electrode interconnect component structures, each 
said component structure of each said cell having a 
Sub-planar arrangement of one said component struc 
ture to another, 

an oxidant cavity adjacent said Substrate; and 
a fuel cavity adjacent said Sub-planar anode arrangement. 
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2. The assembly of claim 1 wherein said anode comprises 
a composite having a catalytic metal and a ceria material, 
said metal present in an amount less than 60 weight percent 
of said anode. 

3. The assembly of claim 2 wherein said metal is catalytic 
for the cracking of hydrocarbons. 

4. The assembly of claim 3 wherein said metal is selected 
from the group consisting of Pt, Ru, Pd, Fe, Co and Ni. 

5. The assembly of claim 4 wherein each said metal is 
present in an amount less than about 40 weight percent. 

6. The assembly of claim 2 wherein said ceria material 
further includes a dopant. 

7. The assembly of claim 2 wherein said anode is a nickel 
composite. 

8. The assembly of claim 7 wherein said composite 
further includes Zirconia. 

9. The assembly of claim 2 wherein said zirconia is an 
electrolyte, said Zirconia doped with yttria. 

10. A solid oxide fuel cell composite comprising: 
a Substantially planar electrically-insulating Substrate; 
a plurality of cathode components on said Substrate, each 

said cathode component spaced one from another, 
an electrolyte on and between each said cathode compo 

nent; 

a plurality of anode components, each said anode com 
ponent spaced one from another and corresponding in 
number to said plurality of cathode components; and 

an interconnect component contacting a portion of each 
said cathode component and a portion of each said 
corresponding anode component. 


