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(57) ABSTRACT 
Disclosed are solid fuel cells, including solid oxide fuel cells 
and PEM fuel cells that include nanocrystalline cerium oxide 
materials as a component of the fuel cells. A solid oxide fuel 
cell can include nanocrystalline cerium oxide as a cathode 
component and microcrystalline cerium oxide as an electro 
lyte component, which can prevent mechanical failure and 
interdiffusion common in other fuel cells. A solid oxide fuel 
cell can also include nanocrystalline cerium oxide in the 
anode. A PEM fuel cell can include cerium oxide as a catalyst 
Support in the cathode and optionally also in the anode. 
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1. 

NANOCRYSTALLINE CERUMOXDE 
MATERALS FOR SOLID FUEL CELL 

SYSTEMS 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims filing benefit of U.S. Provisional 
Patent Application Ser. No. 61/414,127 having a filing date of 
Nov. 16, 2010 entitled “Zero Interface Cathode/Electrolyte 
Structure Based on Bulk and Nanocrystalline CeOMaterials 
for SOFC Systems,” which is incorporated herein in its 
entirety by reference. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

This invention was made with Government support under 
Contract No. DE-AC09-08SR22470 awarded by the United 
States Department of Energy. The Government has certain 
rights in the invention. 

FIELD OF THE INVENTION 

This invention is directed to an improvement in energy 
conversion devices such as solid oxide fuel cells. The inven 
tion discloses the use of specialized nanocrystalline materials 
having a controlled grain size so as to provide enhanced 
electronic connectivity while resisting cracking and other 
mechanical failures which can otherwise occur by thermal 
expansion of traditional cathodes, electrolytes and/oranodes. 

BACKGROUND OF THE INVENTION 

Solid oxide fuel cells (SOFC) and other similar energy 
conversion devices are often utilized at extreme operating 
conditions and will frequently experience integrity problems, 
primarily due to the different materials used within the energy 
conversion device. 

For instance, FIG. 1A sets fortha typical energy conversion 
device 10 in which the electrolyte 12 and the cathode 14 are 
formed of different materials. For example, the electrolyte 12 
can be cerium(IV)oxide (CeO2) as is known in oxygen ion 
systems. The electrolyte ideally serves to transportionic spe 
cies without significant levels of electronic conductivity so as 
to avoid deterioration of the device performance. The mate 
rial of the cathode 14 is a porous, mixed ionic and electronic 
conducting material such as (La,Sr)MnO, that allows for both 
oxygen ion and electron transfer. Solid oxide fuel devices as 
illustrated in FIG. 1A can also include an anode (not shown in 
FIG. 1A), e.g., a nickel/ceramic composite, that is porous to 
allow gas transfer and is stable at low oxygen partial pressure 
conditions. 

Solid fuel devices typically operate at elevated tempera 
tures and are Subjected to extreme temperature fluctuations 
during the heating and cooling steps necessary to achieve a 
steady state operation. These operation conditions lead to 
difficulties during operation. One difficulty is inter-diffusion 
and secondary phase formation at the interfaces between the 
electrolyte and the cathode. This secondary phase formation 
degrades the cell performance. A second difficulty concerns 
cracking and mechanical failure that is contributable to dif 
ferences in thermal expansion of the materials used to form 
the cathode, electrolyte, and anode of solid oxide fuel cells. 

Other solid fuel cells such as polymer electrolyte mem 
brane (PEM) fuel cells also require electronically conducting 
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2 
layers that resist degradation overlong term use. For instance, 
a significant problem hindering large-scale implementation 
of PEM fuel cell technology is the loss of performance during 
extended operation and cycling. Investigations of the deterio 
ration of cell performance have revealed that a considerable 
part of the performance loss is due to the degradation of the 
electrocatalyst. High Surface area carbon materials such as 
carbon blacks have found widespread use as a catalyst Sup 
ports for fuel cells owing to their low cost, good electron 
conductivity, high Surface area, and chemical stability. 

While carbon has been proven to be a stable support in the 
anode environment, it has been shown to be thermodynami 
cally unstable in the cathode environment. When exposed to 
water and oxygen the carbon Supports react to form carbon 
dioxide (CO). Sintering and dissolution of the catalyst, gen 
erally platinum and platinum alloy, on the carbon Surface 
increases with carbon corrosion. Oxidation of the carbon 
surface increases hydrophilicity and affects water removal 
leading to increased mass transport losses. Also, carbon cor 
rosion decreases the thickness of the catalyst layer leading to 
decrease in the electrical contact between the current collec 
tor and Subsequent increase in the cell resistance. 
The high Surface area and Surface chemistry of carbon play 

an important role in the deposition and Stability of catalystic 
metals such as platinum (Pt). Unfortunately, the very proper 
ties that make carbon materials good catalyst Supports (i.e., 
high Surface area and Surface functionality) serve to enhance 
corrosion at high oxidative potentials. The instability of car 
bon is accelerated at the current operating conditions of the 
fuel cell Such as high metal loadings (e.g., greater than 10 wit 
%), high water content, low pH (generally less than 1.0), high 
temperature, high oxygen concentration, and high operating 
potentials, particularly those that occur during startup and 
shutdown cycles. 

Accordingly, there remains room for improvement and 
variation within the art of energy conversion devices. For 
instance, what are needed in the art are energy conversion 
devices that provide long term use without degradation due 
to, e.g., secondary phase formation, disparate thermal expan 
sion characteristics, corrosion, and the like. For instance, the 
ability to produce highly dispersed and high surface area Pt 
crystallites is essential to increase the reaction rate of kineti 
cally slow reactions such as the oxygen reduction reaction in 
a PEM fuel cell. Thus, there exists the need to develop cata 
lytic Support materials that afford improved corrosion resis 
tance. Increased corrosion resistance of the catalyst Support is 
required in order for fuel cells to meet the design lifetime 
requirements of 40,000 hours for stationary applications and 
5,000 hours for transportation applications. 

SUMMARY OF THE INVENTION 

According to one embodiment, disclosed is a solid fuel 
cell. The solid fuel cell includes an ionically conducting elec 
trolyte and a cathode adjacent to the electrolyte. The cathode 
includes nanocrystalline cerium oxide. More specifically, the 
nanocrystalline cerium oxide of the cathode is mixed ionic 
and electronic conducting cerium oxide. 

In another embodiment, disclosed is a solid oxide fuel cell. 
For instance, the solid oxide fuel cell can include an electro 
lyte comprising exclusively ionically conducting cerium 
oxide having a grain size between about 1 and about 5 
micrometers, a cathode comprising mixed ionic and elec 
tronic conducting cerium oxide having a grain size between 
about 10 and about 50 micrometers, and an anode. 

Also disclosed are methods for forming a solid fuel cell. 
For example, a method can include forming nanocrystalline 
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cerium oxide having an average diameter of between about 10 
and about 50 nanometers, and adjoining a first layer compris 
ing the nanocrystalline cerium oxide to a second layer, the 
second layer being exclusively ionically conducting. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A sets forth a prior art cathode/electrolyte interface 
using two different materials for the respective cathode and 
electrolyte. 

FIG. 1B sets forth a cathode and electrolyte interface using 
fine grain CeO for an electrolyte and nanocrystalline size 
grains of CeO for the porous cathode structure. 

FIG.1C sets forthan anode, a cathode, and an electrolyte in 
accordance with an aspect of the present invention. 

FIG. 2 is a graph setting forth various properties of CeO, 
materials based upon grain size. 

FIG. 3 sets forth a portion of a PEM solid fuel cell as 
described herein. 

FIGS. 4A and 4B display the X-ray and SEM determined 
microstructure for ceria films fabricated by Sol-gel and sput 
tering methods onto PtSi substrates. 

FIG.5 displays the X-ray spectra of the bare porous cerium 
oxide substrate (FIG.5A) and following sputtered and sol-gel 
cerium oxide film deposition (FIG. 5B). 

FIG. 6 presents an Scanning electron microscope image 
(SEM) of a view of a porous CeO porous substrate, a 1 um 
sputtered CeO layer and a dense sol-gel CeO layer (FIG. 
6A) and a closer view of the sputtered CeO layer and the 
dense sol-gel CeO, layer (FIG. 6B). 

FIG. 7A presents the oxygen flux characteristics for a 
nanocrystalline CeO film on a porous substrate. 

FIG. 7B shows the activation energy for oxygen flux 
through a nanocrystalline CeO membrane. 

FIG. 8 displays predictions of the oxygen flux versus grain 
size and temperature. 

FIG.9 shows the impact of oxygen partial pressure driving 
force on the predicted permeation of nanocrystalline CeO. 
membranes at 800°  C. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Reference will now be made in detail to embodiments of 
the invention, one or more examples of which are set forth 
below. Each example is provided by way of explanation of the 
invention, not limitation of the invention. In fact, it will be 
apparent to those skilled in the art that various modifications 
and variations can be made in the present invention without 
departing from the scope or spirit of the invention. For 
instance, features illustrated or described as part of one 
embodiment can be used on another embodiment to yield a 
still further embodiment. Thus, it is intended that the present 
invention cover Such modifications and variations as come 
within the scope of the appended claims and their equivalents. 
Other objects, features, and aspects of the present invention 
are disclosed in the following detailed description. It is to be 
understood by one of ordinary skill in the art that the present 
discussion is a description of exemplary embodiments only 
and is not intended as limiting the broader aspects of the 
present invention, which broader aspects are embodied in the 
exemplary constructions. 

It is one aspect of at least one of the embodiments to 
provide for a cathode for an energy conversion device having 
a porous nanocrystalline grain structure of CeO2 having an 
average grain size of 50 nm. 
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4 
It is a further aspect of at least one embodiment of the 

present invention to provide for an energy conversion device 
in which the cathode and the electrolyte interface is com 
prised of the same material, thereby preventing cathode and 
electrolyte degradation contributable to different materials 
having different thermal expansion properties. 

It is a further aspect of at least one embodiment of the 
present invention to provide for an energy conversion device 
having an electrolyte and a cathode interface, both compris 
ing CeO2, with the cathode further having a grain size of 
substantially about 50 nm. 

It is a further aspect of at least one embodiment of the 
present invention to provide for a process of using nanocrys 
talline grains of CeO2 to form a cathode for an energy con 
version device. 

It is a further aspect of at least one embodiment of the 
present invention to provide for an energy conversion device 
having a catalyst Support comprising nanocrystalline grains 
of CeO. 

In general, the present disclosure is directed to energy 
conversion devices that include nanocrystalline CeO. CeO. 
exhibits a drastic increase in the electronic conductivity of 
nanocrystalline samples near atmospheric oxygen pressure. 
In contrast, bulk CeO2 having a grain size on the micrometer 
scale shows exclusively ionic conductivity. The result of 
increased electronic conductivity in nanocrystalline CeO2 
results in “mixed conductivity, including both significant 
electronic and ionic contributions. One of the implications of 
this phenomenon is the ability of the nanocrystalline material 
to separate oxygen from air using only the chemical potential 
gradient of oxygen as the driving force, without the applica 
tion of an external bias field as is required in oxygen “pumps” 
often based on Zirconia and other ceria materials. 

FIG. 2 presents properties of bulk (i.e., micron grain size) 
and nanocrystalline CeO2 materials (Chiang, Y. M., et al., 
Defect and transport properties of nanocrystalline CeO2-X. 
Applied Physics Letters, 1996. 69(2): p. 185-187). At 
elevated temperatures near 800°  C., the conductivity of 
nanocrystalline CeO2 in air/cathode conditions and low pres 
Sure P/fuel side conditions (partial pressure of oxygen 
(P) from 0.21 atm to 10 atm)approaches 1 S/cm. Accord 
ingly, energy conversion devices including nanocrystalline 
CeO can be beneficially utilized in both high and low P. 
modes. 

In one embodiment, the energy conversion device can be a 
solid oxide fuel cell, an example of which is illustrated in FIG. 
1B. Solid oxide fuel cell 20 includes an electrolyte 22 and a 
cathode 24 that are both formed of CeO, but with different 
grain sizes. More specifically, the cathode is formed of nanoc 
rystalline CeO2 having a grain size on the nanometer scale 
such that the electrolyte/cathode interface is formed using 
differently sized particles of CeO. The use of the same mate 
rial with different grain sizes (alternatively referred to 
throughout this disclosure as particle sizes) can provide an 
improved electrolyte/cathode structure and interface. For 
instance, the electrolyte/cathode structure avoids both inter 
diffusion and secondary phase formation at the electrolyte/ 
cathode interface as well as mechanical failure due to thermal 
expansion characteristics of two different materials that are 
commonly associated with energy conversion devices oper 
ating at elevated temperatures and/or that are subject to wide 
temperature fluctuations. 

In general, the grain size of the nanocrystalline CeO for 
use in an energy conversion device can be less than about 100 
nanometers in average diameter, less than about 50 nanom 
eters in average diameter, or less than about 40 nanometers in 
average diameter. In one embodiment, the nanocrystalline 
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CeO can have an average diameter of between about 10 
nanometers and about 50 nanometers. By way of example, the 
cathode 24 of FIG. 1B can be constructed of CeO having a 
grain size of approximately 50 nm. Such a grain size can 
enhance the electronic conductivity of the cathode. While 
variations upward or downward of about 50 nanometers are 
encompassed in the energy conversion devices, it has been 
found a size of about 50 nanometers is effective to meet the 
desired function of mixed ionic and electronic conduction. 
The nanocrystalline CeO may be fabricated by any suit 

able process So as to form a layer including porous nanocrys 
talline grains of CeO. More specifically, an energy conver 
sion device layer may be formed according to any Suitable 
process that includes alloying a porous layer of nanocrystal 
line grains of CeO on to a second layer of the device. For 
instance, in one embodiment, the layer including nanocrys 
talline CeO can be alloyed on to an electrolyte layer that 
includes exclusively ionically conducting CeO. 
By way of example, nanocrystalline CeO thin films can be 

fabricated by use of Sol-gel, sputtering, spray pyroloysis, 
pulsed laser deposition (PLD), or chemical vapor deposition 
(CVD), as are known in the art and have been utilized to 
achieve dense nanocrystalline CeO layers in other applica 
tions. In one embodiment, a spark plasma sintering technique 
as has been utilized for producing other dense nanocrystalline 
ceramics can be utilized to form a CeO layer on a Substrate, 
e.g., a CeO2 electrolyte layer. 
A sol-gel method similar to that described by Kagomiya, et 

al. (Electrochem. Solid-State Lett., 8, A70 (2005)) that has 
been used to deposit Gd doped CeO, and CoFeO spinel 
composite thin films on ceramic Substrates of the same com 
position can be utilized. For example, a sol-gel precursor 
Solution including cerium III acetylacetonate in an acetic 
acid/water solvent can be utilized. Other CeO precursors 
may optionally be utilized. Such as cerium acetate or cerium 
nitrate. The concentration and/or precursors of the Solution 
may be adjusted as necessary to account for the tendency of 
CeO2 to agglomerate and/or precipitate in solution. The pre 
cursor Solution can be spin coated onto an adjacent layer of 
the fuel cell, e.g., the electrolyte layer, followed by pyrolysis 
and annealing in a box furnace according to standard practice. 
The layer including nanocrystalline CeO can have a mixed 

ionic and electronic conductivity as may be evidenced by the 
oxygen flux through the layer. For instance, the layer can have 
an oxygen flux at 800°  C. of greater than about 0.001 umol/ 
cm-sec, greater than about 0.01 umol/cm-sec, greater than 
0.05umol/cm-sec, or greater than about 0.1 umol/cm-sec. 
In one embodiment, the layer including nanocrystalline CeO2 
can have an oxygen flux at 800°  C. of about 0.014 umol/cm 
Sec. The appreciable levels of oxygen flux of the nanocrys 
talline CeO2 layer confirms mixed ionic and electronic con 
ductivity. In one embodiment, the maximum oxygen flux for 
the nanocrystalline CeO layer can correspond to the maxi 
mum ambipolar conductivity of the layer. 

In general, the layer including the nanocrystalline CeO2 
need not include any dopants. The inclusion of dopants in a 
layer is not prohibited in the devices, however, provided the 
inclusion of a dopant does not materially affect the desired 
characteristics of the layer including the nanocrystalline 
CeO. For instance, when forming a cathode layer on a solid 
oxide fuel cell, the cathode layer including nanocrystalline 
CeO should not include a gadolinium dopant, as may be 
foundina CeO, electrolyte, as this dopant would decrease the 
electrical conductivity of the cathode. 

Referring again to FIG. 1B, the device 20 includes an 
electrolyte 22 adjacent to the cathode 24. The electrolyte 22 is 
constructed of an exclusively ionic conducting CeO Such as 
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6 
micron grain sized CeO. As utilized herein, the term micro 
grain sized generally refers to particles having an average 
diameter of greater than about 1 micrometer, for instance 
between about 1 and about 10 micrometers, or between about 
1 and about 5 micrometers. The resulting combination of the 
electrolyte and the cathode provides solid oxide fuel cell 
components formed of a single CeO2 material, but with each 
layer providing a different function to the fuel cell. 
The CeO2 electrolyte can be doped or undoped CeO and 

may be made from conventional processing techniques 
including, without limitation, ball milling, sintering, tape 
casting and combinations thereof. Such conventional pro 
cessing, e.g., ball milling followed by sintering at tempera 
tures on the order of about 1500°  C. can provide a target grain 
size for the electrolyte on the order of from about 1 to about 5 
micrometers. Other methods as are known in the art may be 
utilized to form the CeO, electrolyte layer such as, without 
limitation, physical vapor deposition (PVD) methods such as 
reactive DC magnetron sputtering, plasma assisted electron 
beam evaporation, pulsed laser deposition, aerosol-assisted 
metalo-organic vapor deposition, and the like. Dopants as 
may be incorporated in the electrolyte layer can include, 
without limitation, scandium (Sc), ytterbium (Yb), gado 
linium (Gd), Samarium (Sm), or a combination thereof. 
The solid oxide fuel cell can also include an anode. For 

instance, the Solid oxide fuel cell can include a porous cermet 
anode as is generally known in the art. In one embodiment, 
the anode can be a nickel/yttria-stabilized zirconia (YSZ) 
anode. The anode can be formed according to standard for 
mation methodology. For instance, the anode may be formed 
according to powder technology processes. For example, in 
formation of an Ni-YSZ anode, a slurry of nickel can be 
applied to a Surface of the cell, e.g., a Surface of the intercon 
nect, and then YSZ can be deposited according to an electro 
chemical vapor deposition process. In another embodiment, 
an Ni-YSZ slurry may first be formed and this slurry may be 
applied to a surface. Nickel oxide can also be used to form the 
slurry, with the nickel oxide being reduced to particulate 
nickel during sintering. 

Optionally, a slurry can include one or more fillers such as 
starch, carbon, or a resin that can burn out during sintering to 
form the desired porosity in the anode. In another embodi 
ment, a freeze-drying process can be used in which the slurry 
is freeze-dried followed by sublimation of the ice from the 
anode prior to sintering. 

In one embodiment, a standard anode as is known in the art, 
e.g., an Ni-YSZanode can serve as a structural Support for the 
remaining layers of the fuel cell. For instance, the anode can 
be first formed, and the electrolyte layer and cathode layer can 
then be formed on the Supporting anode layer. 

According to one embodiment a CeO fuel cell may be 
provided having a monolithic material structure in which all 
of the electrolyte, the cathode, and the anode are formed of 
CeO. For example, FIG.1C illustrates a fuel cell 30 in which 
the CeO, electrolyte 32 includes microcrystalline particles 
while nanocrystalline particles are used for both the CeO. 
anode 36 and for the CeO2 cathode 34. The CeO anode 36 
can be formed according to methods as described above for 
the cathode, and can be formed according to the same or a 
different procedure as the cathode. In another embodiment, 
the anode can also include CeO nanocrystalline materials, 
but may differ from the cathode in another fashion. For 
instance, the anode can be a Ni-CeO anode, comparable to 
an Ni-YSZ anode discussed previously, but utilizing CeO. 
instead of the YSZ. The utilization of the nanocrystalline 
porous CeO2 in the anode can provide improvements over 
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previously known nickel-based anodes in terms of both 
mechanical stability and chemical compatibility with a 
CeO based electrolyte. 
A solid oxide fuel cell can generally be utilized in a stacked 

arrangement as is known in the art. For instance, a plurality of 5 
solid oxide fuel cells can be stacked with one another includ 
ing an interconnect between each cell. An interconnect can 
generally be either a metallic layer, a ceramic layer, or a 
cermet layer as is known in the art that can be exposed 
simultaneously to the reducing environment of the anode and 10 
the oxidizing environment of the cathode. Interconnect mate 
rials can include, without limitation, metal alloys such as 
nickel or ferritic steel based alloy, stainless steel, LaCrO. 
doped with a rare earthelement such as Ca,Mg, Sr., or the like, 
Ca-doped yttrium chromite, and so forth. 15 

In one embodiment, the electrodes and electrolyte of a 
solid oxide fuel cell can be formed without the use of dopant 
chemistry to achieve the desired levels of ionic/electronic 
conductivity and/or without the use of metallic face coatings 
to provide a dual ionic/electronic functionality to the cathode. 20 
The ability to use one material for the formation of a cathode, 
anode, and electrolyte can be achieved by controlling the 
respective grain size of the components to achieve the desired 
but different functionality with respect to the various parts. 

Solid fuel cells including a layer of nanocrystalline CeO 25 
are not limited to solid oxide fuel cells as illustrated in FIG.1. 
In one embodiment, nanocrystalline CeO2 can function as a 
catalyst supportin a PEM solid fuel cell. APEM solid fuel cell 
includes the polymer electrolyte membrane to provide ion 
exchange between the cathode and anode. During use, the 30 
fuel is Supplied to the fuel cells anode and oxygen is Supplied 
to the cell's cathode. Both of the cathode and anode can 
include a catalyst layer, e.g., a platinum catalyst. The catalyst 
layer can also include a catalyst Support that includes nanoc 
rystalline CeO. Catalyst supports provide sites for the 35 
anchoring of the catalyst particles and an electron conductive 
path for the transport of electrons, while the ion conductive 
path is mostly provided by the ionomer inside the catalyst 
layer. Use of nanocrystalline CeO2 as catalyst Support can 
prevent corrosion of the Support as has been seen with carbon 40 
Support materials, particularly on the cathode of the devices. 
Corrosion of the catalyst support results in the detachment of 
the platinum nanoparticles from the Support. This causes a 
loss of the electron conductive pathway and catalytic Surface 
area due to the sintering of the platinum nanoparticles. 45 

Utilization of nanocrystalline supports in solid fuel cells 
can offer multiple benefits to the devices. For instance, 
enhancements in performance through appropriate micro 
structures may lead to reduced catalyst loading and lower 
membrane electrode assembly (MEA) formation costs. Addi- 50 
tionally, ceria-based metal oxide materials offer the possibil 
ity of stability to oxidative cathode corrosion and high con 
ductivity and stability at low oxygen partial pressure and as 
such can be utilized beneficially for both cathode and anode 
Support materials, which can lead to simplification of a large 55 
scale MEA production process. 

FIG. 3 illustrates one embodiment of a portion of a PEM 
solid fuel cell 40. APEM fuel cell can be designed for gaseous 
or liquid fuels including, without limitation, hydrogen and 
methanol. Solid fuel cell 40 includes anode 46 at the fuel side 60 
and cathode 44 at the oxygen side. Anode 46 is separated from 
cathode 44 by the PEM42. PEM42 provides for ion transport 
to facilitate reactions in the fuel cell 40. In one arrangement, 
close contact between each electrode 44, 46 and the PEM 42 
can provide essentially continuous polymeric contact for ion 65 
transfer. For example, one or both electrodes 44, 46 can be 
inset or at least partially embedded in the PEM 42. 

8 
The PEM 42 can be any suitable ion conductive polymeric 

material as is known in the art. PEM membranes encom 
passed herein include those described in U.S. Pat. No. 4,272, 
353 to Lawrance, et al., U.S. Pat. No. 3,134,697 to Niedrach, 
and U.S. Pat. No. 5,211,984 to Wilson, all of which are 
incorporated herein by reference. The PEM polymer(s) 
include ionic groups in the polymeric structure; one ionic 
component of which is fixed or retained by the polymeric 
matrix and at least one other ionic component being a mobile, 
replaceable ion that is electrostatically associated with the 
fixed component. The ability of the mobile ion to be replaced 
under appropriate conditions with other ions imparts ion 
exchange characteristics to the fuel cell. 
The PEM 42 can be prepared according to known methods 

by polymerizing components, at least one of which is an ionic 
constituent. One broad class of cation exchange, proton con 
ductive polymers as may be utilized is Sulfonic acid cation 
exchange polymers. In Sulfonic acid-based membranes, the 
cation ion exchange groups are hydrated Sulfonic acid radi 
cals that are attached to the polymer backbone by sulfonation. 
In one embodiment, the PEM 42 can be a perfluorinated 
sulfonic acid polymer electrolyte in which the entire mem 
brane structure has ion exchange characteristics. 
PEM materials are commercially available, for instance 

membranes available from E.I. Dupont de Nemours & Co., 
under the trade designation Nafion(R) that are prepared from 
copolymers of tetrafluoroethylene and perfluorinated mono 
mers containing Sulfonic or carboxylic acid groups. 
The electrodes 44, 46 include an active material which 

engages in cell reactions. Electrochemical reactions in the 
PEM fuel cell 40 occur in an interface region among the 
proton conductive ionomer of the PEM 42, a catalyst, an 
electron-conducting catalyst Support, and the gaseous reac 
tant. Thus, for good catalyst utilization, the electrode can be 
designed so that the catalyst sites are in intimate contact with 
the proton exchange membrane, the gaseous reactant, and the 
electron-conducting catalyst Support. 
The electrodes 44, 46 include nanocrystalline CeO par 

ticles 48 that function as a support for the catalyst 47. The 
catalyst 47 is generally a metallic catalyst, either a metal or a 
metal alloy. In one embodiment, the catalyst 47 can be a noble 
metal catalyst such as platinum (Pt) and palladium (Pd). 
However, other relatively stable metals can be used, including 
those Suitable for alloying. Examples include titanium, ruthe 
nium, rhodium, tungsten, tin, molybdenum, or combinations 
thereof. It should be understood that though the cathode 44 
and the anode 46 of the PEM fuel cell 40 both include nanoc 
rystalline CeO, this is not a requirement of the disclosed fuel 
cells, and in other embodiments, the anode may differ in 
composition from the cathode. 
The nanocrystalline CeO particles 48 and catalyst 47 can 

beformed separately and then combined prior to formation of 
the electrodes 44, 46. By way of example, an aqueous Solution 
of a cerium oxide precursor, e.g., an aqueous cerium acetate 
Solution or cerium nitrate solution, can be processed accord 
ing to a reactive deposition process Such as a spray pyrolysis 
technique. According to this technique, the precursor Solu 
tion, which can include additional processing aids such as 
complexing agents and the like, can be fed into a rotating 
furnace via a nozzle at a Suitable feed rate, e.g., about 5 to 
about 10 liters/hour. The atomized precursor solution will dry 
and decompose at the hot Zone temperature, generally less 
than about 1200°  C., to form the metal oxide. The CeO. 
particles can then be collected, for instance in a cyclone, and 
further processed with the catalyst of choice to form the 
composite particles. Deposition of platinum nanoparticles on 
the CeO Support may take place using a deposition-precipi 
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tation method. For example, the Support can be submerged in 
HO. A salt solution of the catalyst, such as a platinum salt 
Solution, can be prepared in a separate container. The pH of 
the CeO Support Suspension can be adjusted to the basic 
region using, e.g., a dilute potassium hydroxide Solution. The 
catalyst solution can then be added drop-wise to the slurry 
resulting in precipitation of platinum onto the CeO supports. 
The catalysts may be dried overnight before reduction in 
hydrogen atmosphere to produce the composite particles 
including CeO2 nanocrystalline Support and the catalyst. 

According to another embodiment, composite particles 
including the CeO and the catalyst can be formed in a single 
step operation. For instance, a reactive deposition technique, 
Such as a sol-gel deposition process, a spray pyrolysis pro 
cess, or the like, can be carried out in which the precursor 
solution is formed to include the catalyst. 
The composite particles including the nanocrystalline 

CeO particles 48 and the catalyst 47 can be combined with a 
proton conductive binder, for instance in Solution with a cast 
ing solvent. The solution can be applied directly to the PEM 
42 or can be applied to another layer of the fuel cell, for 
instance a conductive layer Such as a conductive graphite 
sheet (not shown in FIG. 3). Following application, the cast 
ing solvent can be evaporated to form the electrode 44, 46. In 
those embodiments in which the composite particles includ 
ing the nanocrystalline CeO, particles 48 and catalyst 47 are 
applied to a layer of the fuel cell other than the PEM 42, this 
layer can be applied to the PEM 42, for instance via hot 
pressing. Following application, the nanocrystalline CeO2 
particles 48 and catalyst 47 can be in intimate contact with 
and adhered to the PEM 42. 

Beneficially, due to the characteristics of the nanocrystal 
line CeO, support, the PEM fuel cell can be formed with less 
catalyst than has been necessary for previously known PEM 
fuel cells such as those that utilize a carbon-based catalyst 
Support. For example, a typical loading level of platinum 
catalyst can be about 0.4 mg/cm. Through utilization of a 
nanocrystalline CeO Support, which can limit both catalyst 
agglomeration and performance degradation as has been 
problematic with carbon-based supports in the past, it is 
believed that catalyst loading can be reduced by about 5%, 
about 10%, or even more. For instance, a PEM fuel cell 
incorporating CeO Support in the catalyst can have a catalyst 
loading level of about 0.38 mg/cm, or even less in other 
embodiments, for instance less than about 0.36 mg/cm, or 
less than about 0.35 mg/cm. 
The present disclosure may be better understood with ref 

erence to the Example, below. 
Example 

Sample preparation and characterization. Porous CeO2 
substrates were prepared by ball milling cerium oxide (ob 
tained from High Purity Chemical Co., Japan) with 7 wt % 
carbon powder (NICABEADSR), Nippon Carbon Co., Ltd., 
Japan) in ethanol for 24 h. After drying and sieving, the 
powder was mixed with a binder and uniaxially pressed into 
pellets of 16 mm diameter with a force of 20 kN and sintered 
at 1500°  C. for 6 h in air. The sintered ceramic samples had 
relative densities of 70% (30% porous) with pore sizes of 1 to 
3 um and a physical gas flux greater than 2 umöl/cm-S. 
A layer of cerium oxide was the sputter deposited onto the 

polished porous substrate surface in order to inhibit sol-gel 
Solution leakage into the porous Substrate. Sputtering was 
performed on a JEOL, Tokyo, Japan (JEC-SP360M) system 
at 200 W and 0.5 Pa of Argas at room temperature using a 
cerium oxide target. 
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The final step in sample preparation was the chemical 

Solution deposition of a ceria Solonto the porous Substrate and 
blocking layer. Concentrations of a deposition Solution 
exceeding 0.2 M prepared with cerium acetate and acetylac 
etonate solutions inacetic acid/water (ratio 2:1) were found to 
be unstable. A solution including cerium III acetylacetonate 
(Aldrich, USA, chemicals) in an acetic acid/water solvent 
was formed. The precursor was mixed with 30 mL of acetic 
acid and 15 mL of deionized water, heated to 120°  C. and held 
under reflux conditions for 1 h, resulting in a clear yellow 
colored solution. The Solution was deposited by spin coating 
onto the porous cerium oxide Substrates with a predeposited 
cerium oxide buffer layer at 3000 rpm for 30s, followed by 
drying for 3 min at 100°  C. and pyrolysis for 3 min at 350°  C. 
This procedure was repeated ten times before heat-treatment 
in a box furnace to 800°  C. for 30 min in air. The process was 
repeated to obtain multilayer films consisting of 60 sol-gel 
layers. The final film thickness was nominally 500 nm. 

Thin film development of cerium oxide by sol-gel and 
sputtering methods were performed on PtSi substrates with 
rapid thermal annealing to 800°  C. for 10 minin air following 
film deposition. 
The crystal structure of the ceramics and thin films were 

examined by X-ray diffraction (Philips, XRD, Tokyo, Japan, 
X-pert), and the microstructure was examined by SEM 
(JEOL). The mean grain size was determined by an average of 
50 grains using the Software package Image available from 
the National Institutes of Health. 
Oxygen flux measurement. Oxygen flux measurements 

were performed by placing the sample between two quartz 
tubes using a glass ring (melting point 620° C.) for gas sealing 
and a metal spacer with a diameter of 5 mm to control the area 
of gas flux. Air at 1 atm was supplied to the bottom of the 
porous substrate (feed side), while flowing Heat 20 sccm was 
Supplied to the permeate side (film Surface). The gas concen 
trations of O and N were measured on the permeate side 
using a gas chromatograph (GC323; GL. Sciences Co. Ltd., 
Tokyo, Japan). The leakage of oxygen was calculated by 
measuring the Volume of Nagas from air on the permeate side. 
The oxygen permeation flux was corrected using the total 
measured oxygen on the permeate side minus the physical 
leakage of oxygen. Leakage of air was not completely elimi 
nated, most likely due to possible cracks or damage to the thin 
film Surface during the glass sealing process and/or remaining 
low levels of porosity in the film. However, the physical 
leakage of oxygen comprised less than 10% of the total con 
centration of oxygen measured on the permeate side at 800°  
C. The leakage was constant with temperature (as measured 
by the N concentration), while the oxygen concentration 
increased due to increased oxygen transport through the 
membrane. The oxygen concentration measured on the per 
meate side at 800°  C. was 0.012% corresponding to an oxy 
gen partial pressure Po2 of 10' atm. The concentrations of 
oxygen and nitrogen measured were well within the cali 
brated range for the GC, and a repetition of these results on 
numerous samples confirmed that the majority of oxygen 
detected was in fact due to oxygen transport through the 
cerium oxide film. 
The measurement of the oxygen flux through the sample 

can be formally described by the Wagner equation (1): 

(1) 
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where O, and O. are the ionic and electronic conductivities, 
P(O2)' and P(O2)" are the oxygen partial pressure on the feed 
and permeate sides, respectively, T is the temperature in 
kelvin, R is the gas constant, F is the Faraday constant, and L 
is the membrane thickness. 

Surface effects have the potential to be the rate determining 
step and can be described by a modification of Eq. (1) to 
include a characteristic length, below which a decrease in the 
thickness does not lead to an increase in measured oxygen 
flux. In ceria-ferrite based composite ceramic membranes 
with micrometer size grains fabricated by conventional 
ceramic processing, significant limitations due to Surface 
exchange kinetics were observed at membrane thicknesses 
less than L-0.5 mm under a large oxygen partial pressure 
gradient from Ar-5% H to air. Under a less severe oxygen 
partial pressure gradient from He to air used this example, as 
well as the much reduced oxygen fluxes obtained in this 
example, the characteristic length would be smaller than this 
value and the oxygen flux should be controlled by bulk dif 
fusion. In general, the characteristic length depends on the 
ratio of surface exchange to bulk diffusion of the ionic species 
and has been reported to range from hundreds of nanometers 
to thousands of micrometers, depending on the material sys 
tem, microstructure, morphology, and measurement condi 
tions. Recent data on the thickness dependence of nanocrys 
talline ceria-ferrite thin film membranes on porous substrates 
similar to films fabricated in this example have demonstrated 
that the oxygen flux is inversely proportional to the mem 
brane thickness, even with thicknesses in the range of 2 um. 

Using the assumption in nanograin ceria that O>O, Eq. (1) 
may be rearranged to give an estimate of the ionic conductiv 
ity from the measured oxygen flux: 

J(O2) 16FL (2) 

where O is the ionic conductivity (S/m) assumed P(O2) inde 
pendent, J(O2) is the oxygen permeation flux (mol/m-s), R is 
the gas constant (8.1314 J/mol-K), T is the temperature 
(Kelvin), F is the Faraday constant (96.485 C/mol), L the 
thickness of the membrane (500 nm) and P(O2)' and P(O2)" 
are the oxygen partial pressures on the feed and permeate 
sides. The concentration of gas at the permeate sides P(O2)" 
in the argon Sweep gas was determined by the GC and was 
Subsequently used as the oxygen partial pressure “driving 
force' for ionic conduction. 

Initial experiments indicated that sputtered layers of 1 um 
in thickness on porous cerium oxide Substrates were ineffec 
tive in preventing air leakage during oxygen permeation mea 
surements. Therefore, dense layers of cerium oxide were 
deposited by a sol-gel method on the surface of the sputtered 
cerium oxide. This composite structure had the advantage of 
reduced solution leakage into the Substrate with a sputtered 
layer, as compared to the Substrate itself. 

Since films of cerium oxide were required from both sol 
gel and sputtering methods for the samples, the films were 
characterized separately on PtSi substrates. FIGS. 4A and 4B 
display the X-ray and SEM determined microstructure for 
ceria films fabricated by Sol-gel and sputtering methods onto 
PtSi substrates. The X-ray diffraction spectrum of the sol-gel 
film shows peaks from ceria and the Pt substrate, while sput 
tered films show the presence of a PtCe compound, most 
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12 
likely due to the increased energies of the Sputtering process. 
The microstructure of the films was dense with nanometer 
size grains. 
FIG.5 displays the X-ray spectra of the bare porous cerium 

oxide substrate (FIG. 5A) and substrate following sputtered 
and sol-gel cerium oxide film deposition (FIG. 5B). The 
X-ray broadening observed is indicative of the reduced grain 
size of cerium oxide thin films, as compared to the ceramic 
substrate. The microstructure of the film? ceramic substrate is 
shown in FIG. 6. In FIG. 6A is seen a expanded view of the 
substrate with micrometer size pores due to carbon burnout 
during sintering. The Sputtered cerium oxide buffer layer can 
also be seen to grow in a columnar fashion up from the 
substrate/film interface. A close-up of the dense sol-gel 
derived cerium oxide film and the sputtered cerium oxide 
buffer layer is shown in FIG. 6B, clearly showing the colum 
nar nature of the Sputtered layer with a mean column diameter 
of 90 nm and the dense Sol-gel layer with a mean grain size of 
50 nm and a nominal film thickness of 500 nm. 
The oxygen flux characteristics for the nanocrystalline 

CeO film on a porous substrate are presented in FIG. 7A. At 
low temperatures near 654 C. it is seen that the oxygen 
concentration in the permeate side from oxygen flux through 
the membrane is approximately equal to the amount of oxy 
gen in air that passed through as leakage. As the temperature 
increased to 804° C., the oxygen flux due to oxygen transport 
through the membrane increased an order of magnitude to 
0.014 umol/cm, while the amount of oxygen due to leakage 
remained constant, accounting for less than 10% of the total 
measured oxygen concentration on the permeate side at 804°  
C. FIG. 7B shows the activation energy for oxygen flux 
through the thin CeO membrane, determined from the loga 
rithm of oxygen flux versus reciprocal temperature to be 
approximately 160 kJ/mol. 
The ionic conductivity of the films fabricated in this 

example calculated from the modified Wagner relation equa 
tion (1) were on the order of 107 S/cm, a value significantly 
less than bulk ceramics. The ionic conductivity in undoped 
ceramics is on the order of 10 S/cm, while highly aliovalent 
doped cerium oxide can approach 10 S/cm at 800°  C. The 
trend of a decrease inionic conductivity with decreasing grain 
size is consistent with space charge effects induced adjacent 
to positively charged grain boundary cores, resulting in the 
depletion of oxygen vacancies. 

While not wishing to be bound to any particular theory, it is 
believed that through variation in preparation routes, the oxy 
gen permeation values reported in this example could poten 
tially be enhanced with an increase in the ionic conductivity 
to levels near 10-10 S/cm with the concomitant elevated 
electronic conductivity expected in nanocrystalline ceria. For 
instance, a physical vapor deposition process could provide a 
layer with fewer unexpected dopant impurities as compared 
to a wet solution chemistry method as utilized here. FIG. 8 
displays predictions of the oxygen flux versus grain size and 
temperature using literature data (Tschope, et al., J. Electro 
ceram., 7, 169 (2001)) and Eq. (1) for a 500 nm thick film in 
the absence of surface limitations. The conductivities were 
assumed to be independent of oxygen partial pressure over 
the range from 0.21 to 10 atm P. The temperature depen 
dence of the conductivities was calculated using an ionic 
activation energy of 97 kJ/mol and an electronic activation 
energy of 222 kJ/mol for large grain size material down to 100 
nm. Grain sizes below 50 nm utilized an ionic activation 
energy of 153 kJ/mol and an electronic activation energy of 
125 kJ/mol. The maximum of predicted oxygen flux between 
50 and 100 nm grain size corresponds to the maximum ambi 
polar conductivity, resulting in flux values near 0.06 
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um/cm-s at 800°  C. compared to experimentally determined 
flux of 0.014 um/cm-s presented in this work. 

FIG.9 shows the impact of oxygen partial pressure driving 
force on the predicted permeation of nanocrystalline CeO. 
membranes at 800°  C. The flux predictions were calculated 
given a constant feed side partial pressure of 0.21 atm, while 
the downstream concentration (partial pressure) of oxygen 
was variedbetween 10°  and 10°  atm, resulting in an oxygen 
flux varying from 0.028 to 0.114 um/cm. In the absence of 
Surface limitations, it was observed that the oxygen flux could 
exceed 1 um/cm-s for films with ionic conductivities on the 
order of 10 S/cm, approaching the flux target of oxygen/air 
separation membranes by using Solely CeO as a single mate 
rial system. 

Although preferred embodiments of the invention have 
been described using specific terms, devices, and methods, 
such description is for illustrative purposes only. The words 
used are words of description rather than of limitation. It is to 
be understood that changes and variations may be made by 
those of ordinary skill in the art without departing from the 
spirit or the scope of the present invention as set forth in the 
description. In addition, it should be understood that aspects 
of the various embodiments may be interchanged, both in 
whole and in part. Therefore, the spirit and scope of the 
invention should not be limited to the description of the pre 
ferred versions contained therein. 
What is claimed is: 
1. A solid fuel cell comprising: 
an ionically conducting electrolyte; and 
a cathode adjacent to the electrolyte, the cathode having a 

thickness, the cathode comprising nanocrystalline 
cerium oxide across the entire thickness of the cathode, 
wherein the nanocrystalline cerium oxide is mixed ionic 
and electronic conducting cerium oxide and wherein the 
nanocrystalline cerium oxide is the Sole ionic conductor 
across the thickness of the cathode and the nanocrystal 
line cerium oxide is the sole electronic conductor across 
the thickness of the cathode. 

2. The solid fuel cell according to claim 1, the electrolyte 
comprising cerium oxide. 

3. The solid fuel cell according to claim 2, the electrolyte 
comprising micro-grain sized cerium oxide. 
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4. The solid fuel cell according to claim 3, wherein the 

micro grain sized cerium oxide has an average diameter of 
between about 1 and about 5 micrometers. 

5. The solid fuel cell according to claim 2, wherein the 
electrolyte comprises undoped cerium oxide. 

6. The solid fuel cell according to claim 1, wherein the 
nanocrystalline cerium oxide has an average diameter grain 
size of between about 10 and about 50 nanometers. 

7. The solid fuel cell according to claim 1, wherein the 
nanocrystalline cerium oxide has an average diameter grain 
size of about 50 nanometers. 

8. The solid fuel cell according to claim 1, the solid fuel cell 
further including an anode. 

9. A method for forming the solid fuel cell of claim 1 
comprising: 

forming the nanocrystalline cerium oxide, the nanocrystal 
line cerium oxide having an average diameter of 
between about 10 and about 50 nanometers; and 

adjoining a first layer comprising the nanocrystalline 
cerium oxide to a second layer, the second layer being 
exclusively ionically conducting. 

10. The method according to claim 9, the second layer 
comprising micro-grain sized cerium oxide. 

11. The method according to claim 9, the method further 
comprising adjoining a third layer to the second layer Such 
that the second layer is between the first and third layers. 

12. The method according to claim 9, comprising forming 
the first layer on a surface of the second layer. 

13. The solid oxide fuel cell according to claim 8, wherein 
the anode comprises nanocrystalline cerium oxide. 

14. The solid oxide fuel cell according to claim 13, wherein 
the cerium oxide of the cathode, the anode and the electrolyte 
are undoped. 

15. The solid oxide fuel cell according to claim 13, wherein 
the electrolyte, the cathode, and the anode form a single 
material system, the cerium oxide of the electrolyte, the 
anode and the cathode differing from one another only by 
grain size. 

16. The solid oxide fuel cell according to claim 2, wherein 
the cerium oxide of the electrolyte and the cathode are 
undoped. 


