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MAKING THE CHEMICAL COMPOSITIONS, 

AND STRUCTURES MADE FROM THE 
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2 
anode to allow internal reforming ofhydrocarbons. The effec­
tiveness of this cell structure was confirmed for direct use of 
iso-octane without coking in an SOFC with power densities 
of 0.3 to 0.6 W cm-2 at 670 to 770° C. (Science 308, 844 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims priority to U.S. provisional appli­
cation entitled, "Novel Anode Materials for SOFCs with High 
Sulfur and Coking Resistance," having Ser. No. 61/109,522, 
filed on Oct. 30, 2008, which is entirely incorporated herein 
by reference. In addition, this application claims priority to 
U.S. provisional application entitled, "Sulfur and Coking 
Resistant Ni-YSZ Anode Modified by Materials with Excel­
lent Water Uptake Ability" having Ser. No. 61/218,584, filed 
on Jun. 19, 2009, which is entirely incorporated herein by 
reference. 

5 (2005), which is incorporated herein by reference). Although 
this cell design has demonstrated the possibility of a simple 
low-cost SOFC system with common automotive fuels, the 
drawbacks include decreased power density, difficulty in cur­
rent collection, and the high cost of Ru. 

10 Nickel-free conducting metal oxides have also been devel-
oped as anode materials, including La0 _75 Sr0 _25Cr0 _5 Mn0 _5 

0 3 _,,, (with a Ce0 _8 Gda_2 0 2 _0 interlayer) (Nature Mater. 2, 320 
(2003), which is incorporated herein by reference), Sr2 

15 
Mg1_xMnxMo06 _0 (x=0-1) (Science 312, 254 2006, which is 
incorporated herein by reference), and doped (La,Sr)(Ti)03 

(Nature 439, 568 (2006) and Solid State Ionics 149, 21 
(2002), which are incorporated herein by reference). These 
anode materials showed different degrees of improved toler-

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with Govermnent support under 
Agreement No. DE-FG02-06ER15837 awarded by the U.S. 
Department of Energy. The Govermnent has certain rights in 
this invention. 

20 ance to coking, re-oxidation, and/or sulfur poisoning under 
various SOFC operating conditions. In many cases, however, 
the power densities of the SOFCs using Ni-free oxide anodes 
are less than those demonstrated by conventional Ni-YSZ 
supported SOFCs with thin electrolytes (by more than 50% ). 

BACKGROUND 

25 This low efficiency arises from difficulties in fabricating thin­
YSZ electrolyte on porous oxide anode supports that arise 
from delamination or formation of undesirable phases. In 
some cases, inadequate lateral conductivity (or substantial 
sheet resistance) of Ni-free oxide anodes also contributes to 

Unlike polymer electrolyte fuel cells, solid-oxide fuel cells 
(SOFCs) can use a wide variety hydrocarbon fuels (Solid 
State Ionics 135, 305 (2000), which is incorporated herein by 
reference). Because of their high operating temperatures ( 600 

30 low power density, especially for SOFC designs with long 
current collection paths as in fuel cell stacks. 

to 800° C.), metal catalysts added to the ceramic anodes can 
facilitate reforming reactions that generate H2 and CO from 35 

hydrocarbons. The conventional anode for an SOFC, a com­
posite consisting of nickel and yttria-stabilized-zirconia 
(YSZ), has excellent catalytic activity for fuel oxidation, 
good conductivity for current collection, and unmatched 
compatibility with YSZ electrolyte for easy cell fabrication, 40 

but it is highly susceptible to carbon buildup (coking) and 
deactivation (poisoning) by contaminants commonly 
encountered in readily available fuels (Nature Mater. 3, 17 
(2004), which is incorporated herein by reference). Some 
contaminants (e.g., sulfur impurities) can dramatically 45 

degrade its performance even at parts per million (ppm) levels 
(Science 312, 1508 (2006), which is incorporated herein by 
reference). Sulfur adsorbs strongly on Ni surface and thus 
blocks the active sites for electrochemical oxidation of fuel, 
resulting in considerably increased anodic polarization and 50 

energy loss. 
To overcome these problems, significant efforts have been 

devoted to the development of new anode materials and novel 
electrode structures. For example, the use of a ceria-based 
anodes demonstrate the potential for direct utilization of 55 

methane in an SOFC (Nature 400, 649 (1999), which is incor­
porated herein by reference). Later, the use of a composite 
anode consisting of copper and ceria led to successful opera­
tion of an SOFC with higher hydrocarbons than methane, 
which are more prone to coking due to higher content of 60 

carbon (Nature 404, 265 (2000), which is incorporated herein 
by reference). However, some practical issues still remain: 
The low melting point of Cu makes it difficult to fabricate 
anode-supported cells using conventional co-firing ceramic 
methods and the poor catalytic activity of Cu for fuel oxida- 65 

tion limits cell power output. In another approach, a catalyst 
layer (e.g., Ru-ceria) was applied to a conventional Ni-YSZ 

Thus, there is a need in the industry to develop new com­
position and structures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Many aspects of this disclosure can be better understood 
with reference to the following drawings. The components in 
the drawings are not necessarily to scale, emphasis instead 
being placed upon clearly illustrating the principles of the 
present disclosure. Moreover, in the drawings, like reference 
numerals designate corresponding parts throughout the sev­
eral views. 

FIGS. 1.lA to 1.lD illustrate various configurations of 
structures of the present disclosure. 

FIG. 2.lA illustrates the ionic conductivities ofBZCYYb, 
BZCY, GDC, and YSZ as measured at 400 to 7 50° C. in wet 
oxygen (with -3 v % H20). FIG. 2.lB illustrates the typical 
current-voltage characteristics and the corresponding power 
densities measured at 750° C. for a cell with a configuration of 
Ni-BZCYYblBZCYYblBZCY-LSCF when ambient air was 
used as oxidant and hydrogen as fuel (with or without 20 ppm 
H2 S contamination) and for another cell with a configuration 
ofNi-BZCYYblSDCILSCF when dry propane was used as 
fuel. 

FIG. 2.2A illustrates the terminal voltages measured at 
750° C. as a function of time for two cells with a configuration 
of Ni-BZCYYblBZCYYblBZCY-LSCF and 
Ni-BZCYYblSDCILSCF operated at a constant current den­
sity of700 mA/cm2 as the fuel was switched from clean H2 to 
H2 contaminated with different concentrations of H2 S (the 
number in each time interval represents the concentration of 
H2 S in wet hydrogen in ppm). Impedance spectra measured 
under OCV conditions at 750° C. for a cell with a configura­
tion ofNi-BZCYYblSDCILSCF in clean H2 and in H2 con­
taminated with 20 ppm H2 S for FIG. 2.2B, dry H2 S/H2 gases 
and FIG. 2.2C, wet H2 S/H2 gases (with -3 v % H2 0). 
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FIG. 2.17 illustrates a typical concentration profile of the 
outlet gas mixture monitored by mass spectrometer during 
operation of a Ni-BZCYYblYSZILSCF cell (electrode area 
0.21 cm2

) at a constant current density of300 mA/cm2 in wet 

FIGS. 2.3A and 2.3B illustrates in situ Raman spectra 
collected from BZCYYb samples (A) at room temperature 
under wet argon gas at various exposure times following a 
drying treatment at 400° C. under evacuation for 10 h; (B) at 
500° C. in dry and wet argon. 

FIG. 2.4 illustrates open circuit voltages measured at 750° 

5 C3H8 (-3 v % H2 0). The flow rates forthe inlet and outlet gas 
are 2.0 and 4.5 mL/min, respectively. 

C. as a function of time for a cell with a configuration of 
Ni-BZCYYblYSZILSCF with dry and wet propane as the 
fuel, and the terminal voltages for another cell with a con­
figuration of Ni-BZCYYblSDCILSCF operated at 600 
mA/cm2 using dry propane as fuel. Stationary air was used as 
oxidant in all cases. 

FIG. 2.18A illustrates the morphologies of the 
Ni-BZCYYb anode of a Ni-BZCYYblSDCILSCF cell (a) 
before and FIG. 2.18B shows this after operation in dry pro-

10 pane at a constant current density of 600 mA/cm2 for 24 
hours. FIG. 2.18C illustrates a cross-sectional view of the cell 
after operation showing the anode/electrolyte interface. 

FIG. 2.5 illustrates XRD patterns of BaZr0 _1Ce0 _7Y0 _2 -x 

Ybx03 _0 (x=0-0.2) powders. 
FIG. 2.6 illustrates the conductivities of BaZr0 _1Ce0 _7 

Y 0_ 2 -x Ybx03 _0 (x=0-0.2) in wet oxygen at different tempera­
tures as a function of the concentration ofYb. The number by 
each set of data represents the absolute temperature at which 
the conductivity was measured. 

FIG. 2.19 illustrates the XRD patterns for 
BaZr0 _1Ce0 _7Y0 _1Yb0 _10 3 _0 powders before and after expo-

15 suretoH2 with50vol % H20orH2 with50vol %C02 at750° 

FIG. 2.7 illustrates open circuit voltages (OCV) for a cell 
with a configuration of PtlBZCYYblPt with wet H2 (-3 v % 
H20) as fuel and air as oxidant. 

FIG. 2.8 illustrates open circuit voltages measured at 750° 

20 

C. for cells with configurations ofNi-BZCYYblYSZILSCF 25 

and Ni-BZCYIYSZILSCF with wet propane as the fuel and 
stationary air as oxidant. 

FIG. 2.9A illustrates a cross-sectional view of a cell with a 
configuration of Ni-BZCYYblBZCYYblBZCY-LSCF and 
FIG. 2.9B illustrates a surface view of the BZCYYb electro- 30 

lyte as fabricated using a solution coating process. 
FIG. 2.10 illustrates typical current-voltage characteristics 

and the corresponding power densities measured at 650° C. 

C. for 300 h. 
FIG. 2.20 illustrates the XRD patterns for 

BaZr0 _1Ce0 _7Y0 _1Yb0 _10 3 _0 powders before and after expo­
sure to 50 ppm H2 S/H2 at 750° C. for 50 h. 

FIG. 2.21 illustrates the raman spectra collected in-situ at 
room temperature (25° C.) under wet and dry conditions. 

FIG. 2.22 illustrates the peak power density versus cycle 
number for a Ni-BZCYYblSDCILSCF cell at 750° C. in wet 
H2 . Repeated power cycles from open circuit voltage (OCV) 
to a terminal voltage of 0.4 V and back to OCV. 

FIG. 3.1 illustrates a comparison of the ionic conductivity 
as a function of temperature for B9KlZCY7 and BZCY7 
electrolyte materials. 

FIG. 4.lA illustrates a schematic diagram of cell with 
Ni-YSZ anode modified by inner BZCYYb infiltrated and 
outer Ni-BZCYYb catalyst layers; FIG. 4.lB illustrates a 
cross-sectional morphologies of full cell consisting of modi­
fied Ni-YSZ anode, YSZ electrolyte, SDC buffer layer and 
LSCF cathode; FIG. 4.lC illustrates the interface between for a cell with a configuration of 

Ni-BZCYYblBZCYYblBZCY-LSCF when ambient air was 
used as oxidant and wet hydrogen as fuel. 

35 Ni-YSZ and Ni-BZCYYb anode; and FIG. 4.lD illustrates 
BZCYYb nanoparticles in Ni-YSZ porous anode. 

FIG. 2.11 illustrates the terminal voltage for a cell with a 
configuration of BZCYYb/Ni-YSZIYSZILSCF operated at 
500 mA/cm2 in wet hydrogen containing 10 ppm H2 S at 750° 
C. The Ni-YSZ anode was infiltrated with a BZCYYb solu- 40 

tion to introduce a thin coating ofBZCYYb on the surface of 
the Ni-YSZ anode. 

FIG. 4.2 illustrates the cell voltage and power density as a 
function of current density in H2 , 10 ppm H2 S/H2 and C3H8 

for cells with BZCYYb modified Ni-YSZ anodes. 
FIG. 5.lA and FIG. 5.lB show the current-voltage charac­

teristics and the corresponding power densities at 800° C. and 
7 50° C., respectively, in H2 for YSZ based anode-supported 
fuel cells with/without BaO thin film. FIG. 2.12 illustrates the terminal voltage for a 

Ni-BZCYYblSDCILSCF cell operated at a constant current 
density of 700 mA/cm2 in wet H2 and wet H2 containing 30 
ppm H2 S at 750° C. The fuel was switched to wet H2 contain­
ing 30 ppm H2 S after a few hours operation in wet H2 . 

FIG. 5.2 shows the current density of a typical cell with 
45 BaO modified Ni-YSZ anode as function of time in wet and 

dry propane at 750° C. 

FIG. 2.13A illustrates the surface morphology of 
Ni-BZCYYb anode in a cell with a configuration of 
Ni-BZCYYblYSZILSCF, while FIG. 2.13B illustrates a typi- 50 

cal EDS spectrum collected from the Ni grain area in a Ni­
BZCYYb composite anode. (The spectrum also shows Au, 
which is from the Au coating on the sample surface to mini­
mize charging during SEM analysis). 

FIG. 2.14 illustrates raman spectra collected from 55 

Ni-BZCYYb anode in a cell with a configuration of 
Ni-BZCYYblYSZILSCF after exposure to (a)dry and(b), (c) 
wet propane at 750° C. for 3 hours under OCV condition. 

FIG. 2.15 illustrates the open circuit voltages measured at 
750° C. for cells with configurations of 60 

Ni-BZCYYblYSZILSCF and Ni-GDCIYSZILSCF with wet 
propane as the fuel and stationary air as oxidant. 

SUMMARY 

Embodiments of the present disclosure include chemical 
compositions, structures, anodes, cathodes, electrolytes for 
solid oxide fuel cells, fuel cells, fuel cell membranes, sepa­
ration membranes, catalytic membranes, sensors, coatings 
for electrolytes, electrodes, membranes, and catalysts, and 
the like, are disclosed. 

One exemplary chemical composition, among others, 
includes: AB03 , wherein A is selected from the group con­
sisting of: Al andA2~3Y, where x+y is equal to 1, wherein B 
is selected from the group consisting of: ZrmCem Zr

0
CePBlq, 

ZrrCesB2,B3u, where m+n is equal to 1, where o+p+q is equal 
to 1, wherer+s+t+u is equal to 1, whereinAl,A2, andA3 are 
each independently selected from the group consisting of: Ba, 
K, Ca, and La, wherein Bl, B2, and B3 are each indepen­
dently selected from the group consisting of: a rare earth 

FIG. 2.16 illustrates the terminal voltages measured at a 
current density of 300 mA/cm2 and OCVs (intermittently 
monitored) at 750° C. for a cell with a configuration of 
Ni-BZCYYblYSZILSCF with wet (with -3 v % H20) pro­
pane as fuel and stationary air as oxidant. 

65 element, a transition metal, and a precious metal. 
One exemplary structure, among others, includes: a com­

posite of Ni andAB03 , wherein A is selected from the group 
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consisting of: Al and A2~3Y, where x+y is equal to 1, 
wherein Bis selected from the group consisting of: ZrmCen, 
Zr0 CePBlq, ZrrCe5 B2,B3u, where m+n is equal to 1, where 
o+p+q is equal to 1, where r+s+t+u is equal to 1, wherein Al, 
A2, and A3 are each independently selected from the group 
consisting of: Ba, K, Ca, and La, wherein B 1, B2, and B3 are 
each independently selected from the group consisting of: a 
rare earth element, a transition metal, and a precious metal 

6 
the upper and lower limit of that range, and any other stated or 
intervening value in that stated range, is encompassed within 
the disclosure. The upper and lower limits of these smaller 
ranges may independently be included in the smaller ranges 
and are also encompassed within the disclosure, subject to 
any specifically excluded limit in the stated range. Where the 
stated range includes one or both of the limits, ranges exclud­
ing either or both of those included limits are also included in 
the disclosure. 

Unless defined otherwise, all technical and scientific terms 
used herein have the same meaning as commonly understood 
by one of ordinary skill in the art to which this disclosure 
belongs. Although any methods and materials similar or 
equivalent to those described herein can also be used in the 
practice or testing of the present disclosure, the preferred 
methods and materials are now described. 

All publications and patents cited in this specification are 
herein incorporated by reference as if each individual publi­
cation or patent were specifically and individually indicated 

One exemplary structure, among others, includes: a Ni­
YSZ composite, wherein YSZ is yttria-stabilized zirconia; 10 

and a layer of AB03 disposed on at least one surface of the 
Ni-YSZ composite, wherein A is selected from the group 
consisting of: Al and A2~3Y, where x+y is equal to 1, 
wherein Bis selected from the group consisting of: ZrmCen, 
Zr

0
CePBlq, ZrrCe

5
B2,B3u, where m+n is equal to 1, where 15 

o+p+q is equal to 1, where r+s+t+u is equal to 1, wherein Al, 
A2, and A3 are each independently selected from the group 
consisting of: Ba, K, Ca, and La, wherein B 1, B2, and B3 are 
each independently selected from the group consisting of: a 
rare earth element, a transition metal, and a precious metal. 

One exemplary structure, among others, includes: a Ni­
YSZ composite, wherein YSZ is yttria-stabilized zirconia, 
wherein the Ni-YSZ composite is porous; and anAB03 dis­
posed in the pores of the Ni-YSZ composite, wherein A is 
selected from the group consisting of: Al andA2~3Y, where 25 

x+y is equal to 1, wherein B is selected from the group 
consisting of: ZrmCem Zr0 CePBlq, ZrrCesB2,B3u, where 
m+n is equal to 1, where o+p+q is equal to 1, where r+s+t+u 

20 to be incorporated by reference and are incorporated herein 
by reference to disclose and describe the methods and/or 
materials in connection with which the publications are cited. 
The citation of any publication is for its disclosure prior to the 

is equal to 1, wherein Al, A2, andA3 are each independently 
selected from the group consisting of: Ba, K, Ca, and La, 30 

wherein B 1, B2, and B3 are each independently selected from 
the group consisting of: a rare earth element, a transition 
metal, and a precious metal. 

One exemplary structure, among others, includes: an 
anode and a solid electrolyte disposed on at least one side of 35 

the anode, wherein the anode is a composite selected from the 
group consisting of: Ni and AB03 , where AB03 that has a 
precious metal dopant, wherein A is selected from the group 
consisting of: Al and A2~3Y, where x+y is equal to 1, 
wherein Bis selected from the group consisting of: ZrmCen, 40 

Zr0 CePBlq, ZrrCe5 B2,B3u, where m+n is equal to 1, where 
o+p+q is equal to 1, where r+s+t+u is equal to 1, wherein Al, 
A2, and A3 are each independently selected from the group 
consisting of: Ba, K, Ca, and La, wherein B 1, B2, and B3 are 
each independently selected from the group consisting of: a 45 

rare earth element, a transition metal, and a precious metal, 
wherein the solid electrolyte is selected from the group con­
sisting of: AB03 ; YSZ, where YSZ is yttria-stabilized zirco­
nia; doped Ce02 , LSGM, wherein LSGM is La

0
Sr1 _

0 

Ga6Mg1_6 0 3 , where a is about 0.8 to 0.9 and bis about 0.8 to 50 

0.9; a composite of BaZrmCen03 (H+) and YSZ(02
-); and a 

composite ofBaZrmCen03 (H+) and doped Ce02 (02
-). 

filing date and should not be construed as an admission that 
the present disclosure is not entitled to antedate such publi­
cation by virtue of prior disclosure. Further, the dates of 
publication provided could be different from the actual pub­
lication dates that may need to be independently confirmed. 

As will be apparent to those of skill in the art upon reading 
this disclosure, each of the individual embodiments described 
and illustrated herein has discrete components and features 
which may be readily separated from or combined with the 
features of any of the other several embodiments without 
departing from the scope or spirit of the present disclosure. 
Any recited method can be carried out in the order of events 
recited or in any other order that is logically possible. 

Embodiments of the present disclosure will employ, unless 
otherwise indicated, techniques of chemistry, material sci­
ence, physics, and the like, which are within the skill of the 
art. Such techniques are explained fully in the literature. 

The following examples are put forth so as to provide those 
of ordinary skill in the art with a complete disclosure and 
description of how to perform the methods and use the com­
positions and compounds disclosed and claimed herein. 
Efforts have been made to ensure accuracy with respect to 
numbers (e.g., amounts, temperature, etc.), but some errors 
and deviations should be accounted for. Unless indicated 
otherwise, parts are parts by weight, temperature is in ° C., 
and pressure is in atmosphere. Standard temperature and 
pressure are defined as 25° C. and 1 atmosphere. 

Before the embodiments of the present disclosure are 
described in detail, it is to be understood that, unless other­
wise indicated, the present disclosure is not limited to par­
ticular materials, reagents, reaction materials, manufacturing 

One exemplary structure, among others, includes: a Ni­
YSZ composite anode and a thin film selected from the group 
consisting of: a BaO thin film and a K20 thin film. 

DETAILED DESCRIPTION 

55 processes, or the like, as such can vary. It is also to be under­
stood that the terminology used herein is for purposes of 
describing particular embodiments only, and is not intended 
to be limiting. It is also possible in the present disclosure that 

Before the present disclosure is described in greater detail, 
it is to be understood that this disclosure is not limited to 60 

steps can be executed in different sequence where this is 
logically possible. 

particular embodiments described, as such may, of course, 
vary. It is also to be understood that the terminology used 
herein is for the purpose of describing particular embodi­
ments only, and is not intended to be limiting. 

Where a range of values is provided, it is understood that 
each intervening value, to the tenth of the unit of the lower 
limit (unless the context clearly dictates otherwise), between 

As used herein, the term "adjacent" refers to the relative 
position of one or more features or structures, where such 
relative position can refer to being near or adjoining. Adjacent 
structures can be spaced apart from one another or can be in 

65 actual contact with one another. In some instances, adjacent 
structures can be coupled to one another or can be formed 
integrally with one another. 
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It must be noted that, as used in the specification and the 
appended claims, the singular forms "a," "an," and "the" 
include plural referents unless the context clearly dictates 
otherwise. Thus, for example, reference to "a support" 
includes a plurality of supports. In this specification and in the 
claims that follow, reference will be made to a number of 
terms that shall be defined to have the following meanings 
unless a contrary intention is apparent. 
Discussion 

8 
of ammonia, and the like. In an embodiment, the membrane 
can be BaZrmCen03 wherein m and n are defined below, 
which could be used in catalytic applications. 

Furthermore, compositions and structures of the present 
disclosure can be used in sensors in the open circuit mode, 
proton conducting electrolyte membranes can be used in 
hydrogen, steam, alcohol, or hydrocarbon sensors (e.g., leak 
detection in chemical plants, coal mines, and the like). 

In an embodiment, the composition includes AB03. The A 
site dopant can be Al or A2~3Y, where x+y is equal to 1. Al, 
A2, and A3 are each independently selected from Ba, K, Ca, 
and La. In an embodiment, Al is Ba, and in another embodi­
ment, A2 is Ba andA3 is K, where xis about 0.8 to 1 and y is 

Embodiments of the present disclosure include chemical 10 

compositions, structures, anodes, cathodes, electrolytes for 
solid oxide fuel cells, fuel cells, fuel cell membranes, sepa­
ration membranes, catalytic membranes, sensors, coatings 
for electrolytes, electrodes, membranes, and catalysts, and 
the like, are disclosed. 15 

about 0.01 to 0.2. 

Embodiments of the present disclosure provide for com­
positions that can be used to produce structures (e.g., anodes, 
cathodes, membranes, catalysts, electrodes, and the like) that 
have high electrical conductivity (e.g., about 1.3 to 6.4xl 0-2 

g-1cm- 1 at relatively low temperatures (about 500 to 700° 20 

C.)) and chemical and thermal stability over a wide range of 
conditions (e.g., no phase change upon exposure in H2 con­
taining 50 v % C02 or 50 v % H2 0 at 750° C.). In an embodi­
ment, the composition allows for the rapid transport of pro­
tons and oxide ion vacancies, which gives the structure (e.g., 25 

in a fuel cell) a distinct advantage by allowing the structure to 
supply and take up water thereby using less steam. The con­
tent of the composition can be modified so that the structure is 
an anode or a cathode and/or so the structure has certain 
characteristics (e.g., catalytic, high ionic, proton, and/or elec- 30 

tron conductivity, chemical stability, and/or thermal stability, 
and the like). In an embodiment, use of the composition in a 
structure can reduce carbon buildup and reduce or prevent 
sulfur poisoning, which can be advantageous in fuels cells. 

Embodiments of the present disclosure provide for solid 35 

oxide fuel cells having chemical stability. One or more of the 
components in the solid oxide fuel cell can be made using 
chemical compositions of the present disclosure. For 
example, embodiments of the present disclosure provide for 
tolerance (e.g., can directly use dry propane) to coking and 40 

fuel poisoning (e.g., no degradation up to 50 ppm H2 S/H2 ) on 
one or more of the components in the solid oxide fuel cell. 
Specifically, embodiments of the present disclosure have a 
high tolerance for sulfur poisoning, which allows the fuel cell 
to operate under varying conditions (e.g., use ofless steam) 45 

and use various fuels (e.g., hydrocarbon fuel, coal gas, renew­
able fuels). In an embodiment, the advantage of removing 
sulfur from the anode allows the solid oxide fuel cell to use 
less steam in the reformation of carbon-containing fuels. 

The B site dopant can be ZrmCem where m+n is equal to 1; 
Zr0 CePBlq, where o+p+q is equal to l; and ZrrCe5 B2,B3u, 
where r+s+t+u is equal to 1. Bl, B2, and B3 are each inde­
pendently selected from a rare earth element, a transition 
metal, and a precious metal. In an embodiment, B 1 is Y, and 
in another embodiment B2 is Y and B3 is Yb, where tis about 
0.01 to 0.2 and u is about 0.01 to 0.2. 

Embodiments of the AB03 can include: AlZrmCem 
AlZr0 CePBlq, AlZrrCesB2,B3u, A2A3ZrmCem 
A2A3Zr

0
CePBlq and A2A3ZrrCe

5
B2,B3u. In an embodi­

ment,AB03 is BaZrmCen03 , wherein mis about0.01to1 and 
n is about 0.01 to 1 or mis about 0.1 to 1 and n is about 0.01 
to 1. Illustrative examples are shown in the Table below. 

AlZrmCen 
A1Zr0 CePBlq 
A1ZrrCe,B2,B3 0 

A2A3ZrmCen 
A2A3Zr0 CePBlq 
A2A3ZrrCe,B2,B30 

BaZr02Ce0.80 3 
BaZr0.1Ce0.7Y0.20 3 
Ba(Zr0.1Ce0.7 Y 0.1 Yb0.1)03 
(Bao.9Ko.1)(Zro.2Ceo.s)03 
(Bao.9Ko.1)(Zro.1 Ceo.7 Y 0.2)03 
(Bao.9Ko.1)(Zro.1 Ceo.7 y o.1 Ybo.1)03 

Subscript x can be about 0.01 to 1 or about 0.8 to 1. 
Subscript y can be about 0.01 to 1 or about 0.01 to 0.2. 

Subscript mis about 0.01 to 1 or about 0.1 to 1. Subscript 
n is about 0.01 to 1 or about 0.01 to 1. 

Subscript o is about 0.01 to 1 or about 0.1to1. Subscript p 
is about 0.01 to 1 or about 0.01 to 1. Subscript q is about 0.01 
to 0.2 or about 0.01 to 0.2. 

Subscript r is about 0.01 to 1 or about 0.1 to 1. Subscripts 
is about 0.01 to 1 or about 0.01 to 1. Subscript tis about 0.01 
to 0.2 or about 0.01 to 0.2. Subscript u is about 0.01 to 0.2 or 
about 0.01 to 0.2. 

In an embodiment, the amount of A site dopant relative to 
the amount of A site is about 0.01 to 0.2 or about 0.01 to 0.2. 

Embodiments of the present disclosure have good compat­
ibility with components of current SOFCs system such as 
NiO, YSZ, and doped Ce02 . Thus, it is convenient to fabricate 
anode-supported type device using traditional ceramic pro­
cessing techniques. 

50 In an embodiment, the amount ofB site dopant relative to the 
amount of B site is about 0.01 to 0.2 or about 0.01 to 0.2. 

As mentioned above, embodiments of the present disclo- 55 

sure include chemical compositions. Embodiments of the 
composition include compositions, compositions with 
dopants, composites, and the like. The compositions can be 
used to form anodes, cathodes, electrolytes, separation (e.g., 
H2 ) membranes, layers to be disposed on the cathodes, 60 

anodes, membranes, and the like. 
In addition, compositions of the present disclosure can be 

used as catalysts in dry and steam processing, oxidative cou­
pling of methane to C2 and syngas, decomposition of alco­
hols, reactions of alkanes and alkenes, forward and/or reverse 65 

water gas shifts, steam electrolysis, decomposition of H2 S 
and NOx (where xis 0, 1, or 2), synthesis and decomposition 

In an embodiment, the rare earth element, the transition 
metal, and/or the precious metal can be selected based on 
which has the least or a limited effect on the basicity of 
adjacent oxygen, where the chemical match depends, at least 
in part, upon the ionic radius and/or electronegativity of the 
rare earth element, the transition metal, and/or the precious 
metal. The dopant can be selected to improve conductivity 
with little or no sacrifice of chemical stability. The A site 
dopant described above can be selected based on this same 
criteria. 

In an embodiment, the rare earth metal can be selected 
from Y, Yb, Gd, Sm, Sc, Lu, Dy, and Nd. In an embodiment, 
the rare earth metal can be Y and/or Yb. 

In an embodiment, the transition metal can be selected 
from Co, Fe, Mn, Pr, and Ni. In an embodiment, the transition 
metal can be Co and/or Pr. 
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In an embodiment, the precious metal can be selected from 
Cu, Au, Ru, Ag, Pd, and Pt. In an embodiment, the precious 
metal can be Ru and/or Pd. 

Embodiments oftheAB03 composition can be produced 
by traditional solid state reaction methods. Additional details 
are provided in the Examples. 

10 
catalytic activity, water uptake ability, and excellent stability. 
Also, it is compatible with other components in SOFC sys­
tems. 

In an embodiment, AB03 can be readily synthesized by 
solid state reactions. In an illustrative example, BaZrmCen03 

can be produced by reaction BaC03, Ce02 , and Zr02 . Other 
embodiments can be produced by varying the dopants (e.g., 
using precursor materials). For example, Y20 3 and Yb2 0 3 
should be introduced into mixed BaC03, Ce02 and Zr02 in 

In an embodiment, BaZrmCen03 , can be produced by mix­
ing BaC03, Ce02 and Zr02 under conditions ofabout 1100 to 
1400° C. at 10 h. 

It should also be noted that AB03 can be denoted as XX­
doped-AB03, where XX is the dopant element. The term 
dopant refers to the utilization of one, two or more doping 
elements in one crystallographic site: A or B site. For 
example, in BaZr0_1Ce0_7Y0_1Yb0_10 3, Y and Yb are dopants 
on the B-site for Ba(Zr1 .xCex)03. 

10 order to prepare BaZr0_1 Ce0_7 Y0_1Yb0_10 3. These precursors 
are mixed using ball-milling with stabilized zirconia media in 
ethanol for 48 h. The resultant mixture was dried at 60° C. for 
24 h, followed by calcination at 1100° C. for 10 h. The ball 
milling and calcination under same conditions were repeated 

One may want to dopeAB03 to impart some characteristic 

15 twice to obtain pure phase. Modification to this procedure can 
be made depending on the precursors. 

In an embodiment, the composition includes BaZrmCen03 

doped with a transition metal or a precious metal. In a par­
ticular embodiment, the transition metal is Co, which imparts 

to the composition. In an embodiment, a dopant such as a 
precious metal (e.g., Ru) can be used to enhance the charac­
teristics (e.g., catalytic activity and electron conductivity) of 
the composition so that it can be used to make an anode 
structure. In an embodiment, a dopant such as a transition 
metal (e.g., Co) can be used to enhance the characteristics 
(e.g., electron conductivity and catalytic activity) of the com­
position so that it can be used to make a cathode structure. In 
an embodiment, the dopants such as Y and/or Yb can be used 
to enhance the electrical conductivity and catalytic character­
istics of the composition. 

20 electron conductivity and catalytic activity characteristics, 
which is advantageous because it can effectively dissociate 
oxygen and transportions and electrons in the cathode. In 
another embodiment, the precious metal is Ru, which imparts 
electron conductivity and catalytic activity characteristics, 

25 which is advantageous because it can accelerate reforming of 
hydrocarbon and release electrons. These compounds can be 
made in manner consistent with methods to prepare com­
pounds described herein. 

In an embodiment, the composition includes is BaZrm-
30 Cen03 doped with two rare earth elements. In a particular 

embodiment, the rare earth metals are Y and Yb, which impart 
the ionic conductivity and water adsorption capability, which 
is advantageous because it can enhance the ionic transport 

Compounds having the general formula: AlZr
0
CePBlq, 

AlZrrCesB2,B3u, A2A3ZrmCem A2A3Zr0 CePBlq, and 
A2A3ZrrCesB2,B3u, can be readily synthesized by solid state 
reactions. Additional details are provided in the Examples. In 
general, embodiments of the present disclosure can be pre­
pared by firing precursor compounds such as the correspond-

35 
ing oxides and/or carbonates. 

BaC03, Ce02 , Zr02 are generally used as precursors. 
Depending on compositions and dopants, different precur­
sors are used. For example, Y 2 0 3 and Yb20 3 should be intro­
duced into mixed BaC03, Ce02 , and Zr02 in order to prepare 40 

BaZr0_1Ce0_7Y0_ 1 Yb0_1 0 3. These precursors are mixed using 
ball-milling with stabilized zirconia media in ethanol, for 
example, for about 48 h. The resultant mixture can be dried at 
about 60° C. for about 24 h, followed by calcination at about 
1100° C. for about 10 h. The ball milling and calcination 45 

under same conditions were repeated twice to obtain pure 
phase. Modification to this procedure can be made depending 
on the precursors. 

In general, these compounds can be formed by firing the 
corresponding oxides (e.g., BaC03, Ce02 , Zr02 , and the 50 

appropriate dopant oxides) or carbonates at high tempera­
tures as described herein. Additional details are provided in 
the Examples. 

In an embodiment, the composition includes a composite 
of Ni andAB03, also referred to as Ni-AB03, which can be 55 

used as an anode structure in a fuel cell. AB03 can include any 
description of AB03 provided herein. The precursor to form 
Ni can be NiO. In general, AB03 and NiO will be co-fired in 
air at high temperatures to for the desired microstructure. 
Upon exposure to a fuel, however, NiO will be reduced to 60 

pure Ni. Thus, it is pure Ni metal that gives the desired 
properties under service conditions, and will be referred to as 
Ni-ABOy The ratio of Ni to AB03 can be about 80:20 to 
20:80 or about 65:35 to 35:65. In an embodiment, AB03 is 
BaZrmCen03 , whereinm is about0.01to1 andnis about 0.01 65 

to 1 or m about 0.1 to 1 and n is about 0.01 to 1. Advantages 
of BaZrmCen03 include high electrical conductivity, good 

and removal of sulfur and carbon. 
As noted above, embodiments of the present disclosure 

include a structure including one or more of the following: an 
anode, an electrolyte, and a cathode. In general, the electro­
lyte is disposed between the anode and the cathode. Embodi­
ments of the structures can be fuel cells, solid oxide fuel cells, 
liquid or gas processing fuel cells, and the like. The anode can 
have a thickness of about 50 to 500 µm. The electrolyte can 
have a thickness of about 10 to 200 µm. The cathode can have 
a thickness of about 30 to 500 µm. 

FIGS. 1.lA to 1.lD illustrate cross-sections of various 
structure configurations. In addition to these structures, a 
layer of material can be disposed on and/or between each of 
these configurations. In an embodiment, the anode/electro­
lyte bilayers can be fabricated by traditional co-pressing or 
tapecasting, followed by sintering at about 1400° C. The 
additional anode layer can be prepared by screen printing or 
drop coatings. 

In an embodiment, the structure includes a Ni-YSZ com-
posite, where YSZ is yttria-stabilized zirconia, and a layer of 
AB03 disposed on the Ni-YSZ composite. YSZ is zirconia 
(Zr02 ) that is partially or fully stabilized by yttria (Y 2 0 3). 
YSZ is a zirconium oxide based ceramic. The addition of the 
yttria stabilizes the zirconia at room temperature. In an 
embodiment, the relative amounts of zirconia and yttria are 
about 8 mo!% Y 20 3 in YSZ. AB03 can include any descrip­
tion of AB03 provided herein. In an embodiment, AB03 is 
BaZrmCen03 , wherein mis about0.01to1 andnis about0.01 
to 1 or m is about 0.1 to 1 and n is about 0.01 to 1. In an 
embodiment, AB03 includes anA site and/or a B site dopant, 
such as those described above. In particular, the A site dopant 
can be K. The B site dopant can be Y and Ru. 

In an embodiment, a YSZ solid electrolyte is disposed on at 
least one surface of the Ni-YSZ composite. For example, the 
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solid electrolyte is disposed on the side opposite the layer of 
AB03 . The layer can be about 10 to 200 µm thick or about 10 
to 30 µm thick. The solid electrolyte can be disposed using 
techniques such as dry press or tape casting. 

In another embodiment, the structure includes a Ni-YSZ 5 

composite having pores, wherein AB03 is disposed within 
portions (e.g., 30 to 100% coverage) of the pores and/or on a 
surface of the Ni-YSZ composite. In an embodiment, the 
pores have a diameter of about 20 nm to 5 µm or about 100 nm 
to 2 µm. The pores extend into the Ni-YSZ composite and 10 

may penetrate about 20%, about 40%, about 60%, about 80%, 
or all the way through the Ni-YSZ composite. The pores may 

12 
precious metal can be any of those described herein, in par­
ticular, the precious metal can be Ru. In an embodiment, the 
solid electrolyte is selected from AB03 ; YSZ, where YSZ is 
yttria-stabilized zirconia; doped Ce02 (e.g., doped with Gd 
and/or Sm), LSGM, wherein LSGM is LaaSr1_aGa6Mg1 _60 3 , 

where a is about 0.8 to 0.9 and b is about 0.8 to 0.9; a 
composite of BaZrmCen03 (H+) and YSZ(o2

-); and a com­
posite of BaZrmCen03 (H+) and doped Ce02 (02

-) (e.g., 
doped with Gd and/or Sm). The solid electrolyte layer has a 
thickness of about 10 to 200 µm or about 10 to 30 µm. The 
solid electrolyte layer can be disposed using techniques such 
as dry press and/or tape casting. 

or may not have a uniform diameter. The pores can be formed 
using pore formers such as starch and carbon black, for 
example. 

In an embodiment, the AB03 is a layer disposed on por­
tions (e.g., 30 to 100% coverage) of the pores. The layer can 

In each instance, AB03 can include any description of 
AB03 provided herein. In particular, AB03 can be BaZrm-

15 Cen03, where mis about 0.01 to 1 and n is about 0.01 to 1 or 
mis about 0.1 to 1 and n is about 0.01 to 1. 

be about 10 to 500 µm thick or about 30 to 100 µm thick. In 
another embodiment, theAB03 are nanoparticles disposed on 
portions (e.g., 30 to 100% coverage) of the pores. The nano- 20 

particles can have a diameter of 1 to 50 nm or about 5 to 20 
nm. In an embodiment, the AB03 can be a layer and nano­
particles disposed on portions (e.g., 30 to 100% coverage) of 
the pores. In an embodiment, theAB03 can be BaZrmCen03, 
where m is about 0.01 to 1 and n is about 0.01 to 1 or m is 25 

about 0.1to1 andn is about 0.01to1. In an embodiment, the 
BaZrmCen03 are nanoparticles having a diameter of about 1 
to 50 nm. In an embodiment, the AB03 layer can be prepared 
by dip-coating, screen printing, and/or tape casting on Ni­
YSZ layer. In an embodiment, the nanoparticles can be dis- 30 

posed in the pores using a vacuum to force the nanoparticles 
into the pores. 

In an embodiment, doped BaZrmCen03 can be formed 
from precursor was prepared by mixing Ba (N03 ) 2 , ZrO 
(N03 ) 2 , Ce(N03 ) 3 .6H2 0, and nitrates for dopants. 0.25 35 

mol/L aqueous nitrate solutions of doped BaZrmCen03 was 
mixed with ethylenediaminetetraacetic acid (EDTA) and eth­
ylene glycol with corresponding molar ratios. EDTA and 
ethylene glycol acted as complex agents to form correct per­
ovskite phase. 10 µl of solution was then infiltrated into NiO- 40 

YSZ anode substrate using micro-liter syringe in order to 
control the amount of loading. A vacuum apparatus was 
employed to force liquid into micro pore. 

An advantage ofBaZrmCen03 in/on Ni-YSZ is its catalytic 
activity of, which effectively prevents carbon buildup and 45 

sulfur poisoning, thereby enhancing the tolerance ofNi-YSZ 
anode. 

In another embodiment, an electrolyte layer is disposed on 
the Ni-YSZ composite. In another embodiment, electrolyte 
layer can be YSZ and can have a thickness of about 10 to 200 50 

µm or about 30 to 100 µm. 
In another embodiment, a layer of a composite of Ni and 

AB03 is disposed on the Ni-YSZ composite. In an embodi­
ment, the AB03 can be BaZrmCen03, where mis about 0.01 
to 1 andnisabout0.01to1 ormisabout0.1to1 andnisabout 55 

0.01 to 1. The layer of composite can be disposed using 
techniques such as ry press, tape casting, and/or dip-coating. 

In another embodiment, an electrolyte (e.g., YSZ) layer is 
disposed on one side of the Ni-YSZ composite while a layer 
of a composite of Ni andAB03 is disposed on the other side 60 

of Ni-YSZ composite. In an embodiment, the electrolyte 
layer and the composite can be any of these described herein. 

As mentioned above, embodiments of the present disclo­
sure include structures having an anode and a solid electrolyte 
disposed on at least one side of the anode. The anode is a 65 

composite selected from Ni andAB03 composite, andAB03 

that has a precious metal dopant. In an embodiment, the 

Use of AB03 as the solid electrolyte is advantageous 
because it has high proton conductivity and good compatibil­
ity with electrode. 

Use of YSZ as the solid electrolyte is advantageous 
because YSZ is a commercial electrolyte which is compatible 
with current SOFC systems. 

Use of doped Ce02 as the solid electrolyte is advantageous 
because doped Ce02 has high oxygen ion conductivity which 
can facilitate reforming/oxidation of carbon and sulfur. 

Use of LSGM as the solid electrolyte is advantageous 
because it has high ionic conductivity and negligible electron 
conductivity. 

Use of a composite ofBaZrmCen03 (H+) and YSZ(02
-) as 

the solid electrolyte is advantageous because the mixed con­
duction can be rationally designed by adjusting the ratio of 
two components. Also, this composite can utilize the advan­
tages of two phases such as water adsorption ability ofBaZrm­
Cen03 and oxygen transport ofYSZ. 

Use ofa composite ofBaZrmCen03 (H+) and doped Ce02 

(02
-) as the solid electrolyte is advantageous because the 

mixed conduction can be rationally designed by adjusting the 
ratio of two components. Also, this composite can utilize the 
advantages of two phases such as water adsorption ability of 
BaZrmCen03 and oxygen ion transport ofYSZ. 

In another embodiment, a cathode is disposed on the solid 
electrolyte. In an embodiment, the cathode is AB03 that has a 
transition and/or precious metal dopant. AB03 can include 
any description of AB03 provided herein. In particular, AB03 

can be BaZrmCen03, where mis about 0.01 to 1 and n is about 
0.01 to 1 or mis about 0.1 to 1 and n is about 0.01 to 1. In an 
embodiment, the transition metal dopant can be any transition 
metal described herein, in particular, Co. In an embodiment, 
the precious metal dopant can be any transition metal 
described herein, in particular, Ru and/ or Pd. The cathode can 
have a thickness of about 30 to 500 µm. The cathode can be 
disposed using techniques such as dry press, screen printing, 
and/or tape casting. 

As mentioned above, embodiments of the present disclo­
sure include a Ni-YSZ composite anode and a thin film. The 
thin film can be a BaO thin film or a K2 0 thin film. The thin 
film can have a thickness of about 1 to 50 nm or about 1 to 10 
nm. 

In an embodiment, the BaO thin film can be formed by the 
evaporation of BaO, BaN03 , BaC03 , and/or BaZrmCen03. 
The evaporation can take place by heating BaO, BaN03 , 

BaC03 , and/or BaZrmCen03 at high temperature (e.g., about 
1000° C. to 500° C.). 

It should be noted that during the formation of the BaO thin 
film, a layerofBaZr,Y10 3 can be formed between the Ni-YSZ 
composite anode and the thin film. The subscript i can be 
about 0.8 to 1 and j is about 0.01 to 0.2. The layer of 
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BaZr,Y10 3 can have a thickness of about 1 to 50 or about 1 to 
10 run. The formed BaZr,Y10 3 can change the surface elec­
trical and catalytic properties ofYSZ and adsorb water mol­
ecules, thereby enhancing the coking and sulfur tolerance. 

14 
YSZ, GDC, and BZCY (FIG. 2.lA), 
BaZr0_1Ce0_7Y0_ 1 Yb0_1 0 3 _0 displayed the highest conductiv­
ity below 7 50° C. Operation of SOFCs at lower temperatures 

The K20 thin film can be formed by the evaporation of 5 

K20, K2N03 and K2C03 at a temperature of about 500 to 
1200° C. at a pressure of about 10-10 to 1 atm. 

makes it possible to use much less expensive materials for cell 
components, thus reducing the cost while prolonging the 
operational life. As expected, the conductivities are sensitive 
to doping and partial pressure of oxygen, hydrogen, and water 
(FIGS. 2.5 and 2.6). When used as the electrolyte in an SOFC, 
the electronic conductivity of BZCYYb is relatively small, EXAMPLES 

Example 1 

Brief Introduction 

A barium zirconate-cerate co-doped with Y and Yb dra­
matically enhances the tolerance to sulfur poisoning and cok­
ing when used as a component in the anode for a solid oxide 
fuel cell powered by sulfur-contaminated hydrogen and pro­
pane. The anode materials that have been developed for solid 
oxide fuel cells (SOFCs) are vulnerable to deactivation by 
carbon buildup (coking) from hydrocarbon fuels or by sulfur 
contamination (poisoning). We report a mixed ion conductor, 
BaZr0_1Ce0_7Y0_2 _xYbx03 _0 , that allows rapid transport of 
both protons and oxide ion vacancies. It exhibits high ionic 
conductivity (1.3 to 6.4x10-2 g- 1cm- 1

) at relatively low tem­
peratures (500 to 700° C.). Its unique ability to resist deacti­
vation by sulfur and coking appears linked to the mixed 
conductor's enhanced catalytic activity for sulfur oxidation 
and hydrocarbon cracking/reforming, as well as enhanced 
water adsorption capability. 

Discussion 
We report high tolerance to coking and H2 S poisoning of a 

new material for SOFCs, a barium zirconate-cerate co-doped 
with Y and Yb, or BaZr0_1Ce0_7Y0_1Yb0_10 3 _0 (BZCYYb). 
This material has very high ionic conductivity below 7 50° C. 
(FIG. 2.1) which allows for fabrication of anode-supported 
thin-electrolyte SOFCs of high power output at lower tem­
peratures. Second, there is no observable change in power 
output when the fuel is switched to one contaminated with 50 
ppm H2 S, which we attributed to catalytic conversion ofH2 S 
to S02 . Third, continuous and stable operation in dry propane 
for more than 100 hours without observable degradation in 
performance suggests that it is very effective for in situ ref­
ormation of hydrocarbons, which should help inhibit coking. 
Finally, it demonstrates adequate chemical and electrochemi­
cal stability over a wide range of conditions relevant to SOFC 
operation, implying long-term stability and long operational 
life. We also systematically investigated anodes consisting of 

10 more so at lower temperatures (FIG. 2.7). When used as a 
component for the anode and exposed to hydrogen and water, 
however, not only the ionic defects (OH0 • and V 0 ··) but also 
the electronic defects (e' and h") may coexist, enhancing the 
catalytic activity for reforming and/or oxidation ofhydrocar-

15 bans and for conversion ofH2 S to S02 . While the conductiv­
ity of BZCYYb is about 80% better than that of BZCY (at 
750° C.), the catalytic activities ofBZCYYb are quite differ­
ent from that of BZCY. Under open circuit conditions, for 
example, the cells with a Ni-BZCYYb anode show higher and 

20 more stable open cell voltages (OCVs) than the cells with a 
Ni-BZCY anode when exposed to wet propane at 750° C. 
(FIG. 2.8), an indication of much-improved ability of hydro­
carbon reformation. 

Typical performance of a cell based on a Ni-BZCYYb 
25 cermet anode, a BZCYYb electrolyte, and a composite cath­

ode consisting of BZCY and LSCF (20) (FIG. 2.9) entailed 
peak power densities of -1.1 W/cm2 at 750° C. (FIG. 2.lB) 
and-660mW/cm2 at 650° C. (FIG. 2.10)whenH2 and ambi­
ent air were used as fuel and oxidant, respectively. Further, 

30 when the fuel was switched to H2 contaminated with 20 ppm 
H2 S, the observed power output remained about the same. 
Furthermore, a cell based on a Ni-BZCYYb anode and a 
Sm0_1Ce0_90 2 _0 (SDC) electrolyte displayed a peak power 
density of 564 mW/cm2 at 750° C. when dry propane was 

35 used as the fuel, showing a considerably high resistance to 
coking and power output for an SOFC running on dry hydro­
carbon. Typically, water has to be fed with a hydrocarbon fuel 
to prevent coking; however, addition of water will reduce the 
energy efficiency while increasing the complexity and cost of 

40 fuel cell systems (since it dilutes the fuel and requires a water 
management subsystem). 

We investigated the sensitivity of this anode to sulfur poi­
soning by gradually increasing the concentration of H2 S in 
hydrogen. The terminal voltages of the same cells (with 

45 BZCYYb and SDC as the electrolyte) at 750° C. were 
recorded as a function of time when the fuel was contami­
nated with different concentrations ofH2 S (FIG. 2.2A). The 
Ni-BZCYYb anodes for both cells showed no observable 

Ni and BZCYYb in H2 S-contaminated H2 and hydrocarbon 
fuels. They displayed not only impressive power output in 50 

clean hydrogen but also superior tolerance to coking and 
sulfur poisoning. 

change in power output as the fuel was switched from clean 
hydrogen to hydrogen contaminated with 10, 20, or 30 ppm 
H2 S. This sulfur tolerance was also evident from our imped-
ance data (FIGS. 2.2B and 2.2C). When water was absent 
from the fuel, the electrode polarization resistance increased 
about 80% upon exposure to 20 ppm H2 S, from -0.06 ohm 
cm2 inH2 to -0.11 ohmcm2 inH2 containing20ppmH2 S, as 
commonly observed in previous studies (21). When a small 

Doped zirconate-cerate compounds have been reported to 
exhibit both proton and oxide ion conductivity as well as a 
strong tendency for water absorption (or hydration) (13-17). 55 

For example, Y-doped zirconate-cerate, Ba(Zr0_1Ce0_7Y0_2 ) 

0 3 _0 (BZCY), has high ionic conductivity and excellent 
chemical stability in atmospheres containing C02 and H20 
under SOFC operating conditions (18). In this study, we have 
explored co-doping barium zirconate-cerate with Y and Yb 60 

using compositions of BaZr0_1Ce0_7 Y0_2-x Ybx03 _0 (x=O to 
0.2). We believe that the two dopants on the B-site function in 

amount of water (only-3 v %) was introduced with the fuel, 
the electrode polarization resistance in hydrogen with 20 ppm 
H2 S was reduced to that in clean hydrogen, as can be inter­
preted from the collected impedance spectra (FIG. 2.2C). It is 
believed that sulfur poisoning is caused by the strong adsorp-
tion of the elemental sulfur on Ni surface and the three-phase 
boundaries (TPB) between Ni, electrolyte, and the fuel. Sul­
fur would then block the active site for fuel oxidation in a 

a cooperative fashion to improve the ionic conductivity and 
the catalytic activity for reforming/oxidation ofhydrocarbons 
as well as conversion ofH2 S to S02 . 

When we compared the conductivities of BZCYYb with 
those of several other SOFC electrolyte materials, namely 

65 traditional Ni-YSZ anode and increase the polarization resis­
tance (22, 23). We hypothesized that water might adsorb on 
the surface of BZCYYb to facilitate the oxidation of H2 S or 
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elemental sulfur to S02 at or near the active sites. Unlike H2 S 
or elemental sulfur, S02 readily desorbs from electrode sur­
face (24). 

16 
This catalytic activity ofNi-BZCYYb for in situ reforming 

of hydrocarbons is further demonstrated in operating cells 
powered by propane. A stable power output was observed for 
more than 100 hours (FIG. 2.16) at a current density of300 We note that when the fuel was switched to hydrogen 

containing 40 and 50 ppm H2 S, the cell with a BZCYYb 
electrolyte (a mixed proton and oxide ion conductor) suffered 
some drop in power output whereas the cell with an SDC 
electrolyte (an oxide ion conductor) displayed no observable 
change in performance. One possible explanation is that more 
water was produced at the active sites on the anode of the cell 
with an SDC electrolyte under active operation because of 
increased hydrogen oxidation; the water produced at the 
active sites is beneficial to sulfur removal. Continuous opera­
tion in H2 S-contaminated fuel for a longer period of time (200 

5 mA/cm2 for a cell with a Ni-BZCYYb anode, a YSZ electro­
lyte, andanLSCF cathode when wet (-3 v % steam) propane 
was used as fuel and air as oxidant. Analysis of the effluent gas 
using mass spectrometry indicated that propane was mostly 
converted to C2 H4 , CH4 , H2 , H20, C02 and CO through 

10 cracking, reformation, and electrochemical oxidation during 
cell operation (FIG. 2.17). In contrast, conventional Ni-YSZ 
anodes studied under similar conditions showed rapid degra­
dation in performance within minutes due to severe carbon 

to 1000 hours) further confirmed that sulfur poisoning can be 15 

fully suppressed in the presence of a small amount of steam 
(FIGS. 2.11 and 2.12). 

deposition. 
Because steam is produced on the anode surface of an 

operating cell when an oxygen anion conductor (e.g., SDC) is 
used as the electrolyte, tolerance to coking of BZCYYb­
based anodes may be further enhanced by an operating cur­
rent of such a fuel cell. Indeed, when the operating current 

We used Raman spectroscopy to probe for the presence of 
water on the surface of BZCYYb. Previous studies suggest 
that the characteristic OH-bond vibration modes for water 
appear in the 3100-3700 cm- 1 regime (25, 26). We collected 
Raman spectra from BZCYYb at different times of exposure 

20 density is sufficiently high, cells based on an SDC electrolyte 
(FIG. 2.4) can even operate in dry propane, producing stable 
power output without observable degradation. Microanalysis 
of the anode before and after operation in dry propane for 24 
hours indicates that there was no visible change in micro-

to wet argon (-3 v % water) at room temperature, where 
incorporation of water into the bulk phase of BZCYYb is 
unlikely or insignificant because of limited bulk diffusion. 
The BZCYYb powder sample was first dried at 400° C. under 
evacuation for 10 hours to remove water from the sample. 
Upon exposure to wet (3 v % H20) argon at room tempera­
ture, the mode near 3580 cm- 1 emerged and slowly grew 
more intense over time. The presence of the modes in the 30 

3100-3700 cm- 1 range, particularly that mode which peaks 
near 3580 cm- 1 (FIG. 2.3A), is strongly indicative of surface 
water molecules, as water modes at higher wave-numbers 
may correspond to adsorbed water with weak hydrogen 
bonds (27). Thus, one possible explanation for this behavior 
is that a layer of water accumulates at the surface quickly in a 
wet atmosphere, while more water builds up more slowly. 
These features are notably absent for the sample exposed to 
dry gas. Spectra collected in situ from samples held under the 
same gas conditions at 500° C. display similar features and 
contrast (FIG. 2.3B). Because most fuels (including H2 ) are 
humidified at room temperature (yielding -3 v % H2 0 in gas) 
for typical operation of SOFCs, no excess water is needed to 
achieve the desired tolerance to H2 S contaminants. 

The coking resistance of this material was demonstrated in 
a cell with a Ni-BZCYYb cermet anode, YSZ electrolyte, and 
LSCF cathode. When dry propane was used as fuel, the open 
circuit voltage (OCV) dropped quickly within minutes (FIG. 
2.4), an indication of rapid carbon deposition as expected for 

25 structure and no observable carbon deposition (FIG. 2.18). It 
appears that in situ reformation of hydrocarbons has pre­
vented carbon deposition on the anode when an adequate 
amount of water is produced at the active sites under the 
operating conditions. 

To examine the chemical stability, we exposed BZCYYb 
powder samples to H2 containing 50 v % C02 or 50 v % H2 0 
at 750° C. for 300 hand to H2 containing 50 ppm H2 S at 750° 
C. for 50 h. X-ray diffraction (XRD) analysis of the samples 
before and after the exposures confirmed that BZCYYb is 

35 chemically stable under these testing conditions (FIGS. 2.19 
and 2.20). Raman spectra were also collected from BZCYYb 
powder samples under wet and dry conditions in the 100-
1000 cm- 1 range in order to assess the phase stability of the 
material with adsorbed water, and no compositional differ-

40 ence was apparent between the wet and the dry samples (FIG. 
2.21). Further, the Ni-BZCYYb anode is very stable under 
repeated electrochemical cycling: the terminal voltage of the 
cell was swept between OCV and 0.4 Vat a rate of 10 mV/S 
for 1,000 cycles with no significant change in peak power 

45 density (FIG. 2.22). The remarkable ionic conductivity and 
stability suggest that BZCYYb is an attractive electrolyte or 
electrode component for low-temperature SOFCs. In addi­
tion, the material may also be used as catalysts for reforming 
of hydrocarbon fuels and for removal of fuel gas contami-

50 nants such as sulfur. a conventional Ni-based anode. In contrast, when wet (-3 v % 
steam) propane was used as fuel, the OCV was very stable 
(FIG. 2.4), suggesting that the observed tolerance to coking is 
also attributed to the presence of a small amount of steam. 
Further, the contamination of Ni surface by BZCYYb during 
co-firing ofBZCYYb and NiO might enhance the resistance 55 

to carbon buildup (FIG. 2.13). The whole surface of the 
Ni-BZCYYb anode exposed to wet (-3v % H20) propane 
appeared clean and free of carbon deposition, as revealed 
using Raman spectroscopy (FIG. 2.14). The OCVs of the cell 
are greater than those observed for other alternative anode 60 

materials, ( 5, 6, 9, 28) and approach 1.00 V for wet propane. 
Coking may be inhibited by water reforming propane on the 
surface ofBZCYYb and the reforming products (H2 and CO) 
adsorb on the active sites of the anode surface, leading to a 
stable OCV output. We note that conventional Ni-YSZ and 65 

Ni-GDC anodes suffered severe carbon deposition under the 
same conditions (FIG. 2.15). 
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Fabrication of Test Cells 

The button cells with a configuration of 
Ni-BZCYYblBZCYYblcathode were fabricated as follows. 
First, a mixture ofNiO and BZCYYb powder (weight ratio of 
65:35) was pressed into pellets (-0.6 mm thick and 13 mm in 
diameter), followed by pre-firing at 800° C. for 2 h. Second, 
a thin layerofBZCYYb (-10 µm) was deposited on the anode 
support by a solution coating process followed by co-firing at 
1400° C. for 5 h. Third, a BZCY-LSCF slurry was screen 
printed onto the top of the BZCYYb electrolyte and fired at 
1000° C. for 2 h to form a porous cathode (-30 µm thick). The 
Ni-BZCYYblSDCILSCF cells were prepared by the same 
method. The LSCF cathode was fired at 1050° C. for 2 h. The 
SDC and LSCF layer thicknesses are about 20 and 30 µm, 
respectively. For the Ni-BZCYYblYSZILSCF cells, a YSZ 
disk (150 µm thick and 20 mm in diameter) was fabricated by 
tape casting and firing at 1450° C. for 5 h. Next, a GDC buffer 
layer (5 µm) was screen-painted on both sides of the YSZ and 
fired at 1200° C. for 2 h. Finally, NiO-BZCYYb (analogous to 
NiO-GDC and NiO-YSZ) anodes and LSCF cathodes were 
screen-painted on the GDC buffer layers, followed by firing at 
1050° C. for 2 h. For the cells with a BZCYYb infiltrated 
Ni-YSZ anode, solution infiltration (1-5) was used to deposit 23. J. H. Wang, M. L. Liu, Electrochem. Commun. 9, 2212 

(2007). 
24. J. H. Wang, M. L. Liu, J. Power Sources 176, 23 (2008). 
25. V. Crupi, D. Majolino, P. Migliardo, V. Venuti, J. Phys. 

25 a thin layer ofBZCYYb on the porous Ni-YSZ, followed by 
calcination at 850° C. for 2 h to obtain a pure phase. The active 
electrode areas for all cells are 0.21 cm2

. 

Chem.A 104, 11000(2000). 
26.A.Anedda, C. M. Carbonaro, F. Clemente, R. Carpino, P. 

C. Ricci, J. Phys. Chem. B. 107, 13661 (2003). 30 

27. B. Ratajska-Gadomska, W. Gadomski, J. Chem. Phys. 
121, 12583 (2004). 

Electrochemical Testing 
For conductivity studies, platinum paste was applied to 

both sides of electrolyte disks and fired at 900° C. for 30 min 
to form porous platinum electrodes. Two platinum wires were 
attached to each of the electrodes. The electrical conductivi-
ties were studied in dry and wet oxygen, H2 , argon, and 4% H2 28. M. Mogensen, K. Kammer, Ann. Rev. Mater. Res. 33, 321 

(2003). 
29. This research was supported by the U.S. Department of 

Energy Basic Energy Science Catalysis Science Program 
under Grant No. DE-FG02-06ER15837. 

35 
(balanced with argon) at different temperatures. The wet 
gases were prepared by passing the corresponding gases 
though a water bubbler at 25° C. to bring in -3 v % of water 
vapor. 

For H2 S tests, each button cell was sealed on an alumina 
Supplemental Information for Example 1 

Materials and Methods 

Electrolyte and Electrode Powder Preparation 

40 tube and heated up to 750° C. in ambient air. Since H2 S can 
dissolve in water, a separate flow ofN2 was passed through a 
water bubbler to bring water vapor into the system. H2 S 
concentration was adjusted by mixing H2 and a certified mix­
ture gas containing 100 ppm H2 S in H2 using two mass flow 

The compos1t10ns of the materials were 45 controllers. The flow rate was 30 mL/min. All fuel cells were 
BaZr01Ce00 7Y02_xYbx03 _0 (x=O, 0.05, 0.1, 0.15, 0.2). All 
powders were synthesized by a conventional solid state reac­
tion method. Stoichiometric amounts of high-purity barium 
carbonate, zirconium oxide, cerium oxide, ytterbium oxide, 
and yttrium oxide powders (all from Aldrich Chemicals) were 50 

mixed by ball milling in ethanol for 48 h, followed by drying 
in an oven and calcination at 1100° C. in air for 10 h. The 
calcined powder was ball milled again, followed by another 
calcination at 1100° C. in air for 10 h. For the conductivity 
measurement, the pre-calcined powders were then isostati- 55 

cally pressed into a disk at 274.6 MPa. The green disks had a 
diameter of 10 mm, with a typical thickness of 1 mm. The 
disks were then sintered at 1550° C. for 10 h in air (to achieve 
relative density >96% ). Sm0 _1 Ce0 _9 0 2 _0 (SDC) powders were 
synthesized by a chemical co-precipitation process using cor- 60 

responding metal nitrates as precursors and ammonium car­
bonate as the precipitation agent. After washing and drying, 
the resultant powders were subsequently calcined at 800° C. 
for 2 h. Gd0 _1Ce0 _90 2 _0 (GDC) and Y0 _15Zr0 _850 2 _0 (YSZ) 
were obtained from TOSOH Co., while 65 

La0 _6 Sr0 .4C00 _2 Fe0 _80 3 _0 (LSCF) and NiO powders were 
obtained from Fuel Cell Materials and Sigma-Aldrich. 

first conditioned at a constant current density in clean H2 to 
obtain steady state performance before switching to H2 S­
contaminated H2 (6-7). 

For hydrocarbon testing, following reduction of anode in 
H2 , the cell was conditioned in H2 as was just described, and 
then dry or wet C3H8 with a flow rate of 2 mL/min (passing 
through a water bubbler at room temperature) was fed into the 
cell at 750° C. 
Other Characterization 

X-ray diffraction with CuKa radiation (Philips, PW-1800) 
and Raman spectroscopy with a 514 nm excitation source 
(Renishaw, Raman System 2000) were used to analyze crys­
tal structure and phase composition. Raman was also used to 
probe water adsorbed on sample surfaces. The microstruc­
tures of fuel cells before and after testing were revealed using 
a scanning electron microscope (SEM; LEO 1530) equipped 
with energy dispersive x-ray spectroscopy (EDS). The stabil­
ity ofBZCYYb powders was tested by exposing materials to 
H2 containing 50 v % H20 (passed through a water bubbler at 
85° C.) and 50 v % C02 . The composition of the inlet and 
outlet gas mixture was monitored online by mass spectrom­
eter (MS, Riden HPR 20) at room temperature. All standard 
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electrochemical experiments were performed using a Solar­
tron 1286 electrochemical interface and a Solartron 1255 HF 
frequency response analyzer. 
General Properties ofBaZr0_1Ce0_7Y0_2 _xYbx03_0 (x=0-0.2) 

20 
density of700 mA/cm2 at 7 50° C. when the fuel was switched 
from wet hydrogen to wet hydrogen contaminated with 30 
ppm H2 S, indicating that sulfur poisoning can be fully sup-

FIG. 2.5 shows XRD patterns of various Yb-doped 5 

BaZr0_1Ce0_7Y0_2 0 3_0. A pattern for a pure perovskite resem­
bling that of BaCe03 can be observed. It is clear that Yb has 
replaced Y and has been doped into the lattice of 
BaZr0_1Ce0_7Y0_2 0 3_0 properly. Furthermore, XRD patterns 

pressed in the presence of a small amount of water. After the 
200 h operation, the Ni-BZCYYb anode surface was exam­
ined by EDS under SEM, but there was no sulfur detected. 

We used electron microscopy and Raman spectroscopy to 
determine if carbon had deposited in the anode structure after 
exposure to dry and wet propane under open circuit condi­
tions, the most severe conditions for carbon deposition (since 
the operation of the cell will produce water and co2 at the 
anode, thus increasing the steam to carbon ratio and the 
probability of reformation). If coking is absent at OCV, it 

of the materials did not change after conductivity measure- 10 

ments in dry and wet argon, oxygen, and hydrogen, suggest­
ing that the samples are quite stable over a wide range of 
oxygen partial pressures. 

would be less likely to occur during cell operation. FIG. 2.13 
shows a typical morphology ofNi-BZCYYb anode and EDS 
spectrum collected from a Ni area, suggesting that Ba is 
present in the Ni area. Apparently, the Ni grains had been 
contaminated by BZCYYb. XPS analysis of the surface of Ni 

FIG. 2.6 shows the conductivities of BaZr0_1Ce0_7 Y0_2 -x Y­
bx03_0 (x=0-0.2) in wet oxygen. The conductivities mea- 15 

sured at different temperatures seem to have similar depen­
dence on Yb concentration. The conductivities increase 
quickly with increasing Yb concentration, reaching a maxi­
mum at -10%. With any further increase in the concentration 
ofYb dopant, the conductivities decreased slightly. However, 
the conductivities in BaZr0_1Ce0_7Yb0_20 3_0 are still higher 
than those in BaZr0_1Ce0_7 Y0_20 3_0. It is interesting to see that 
the barium zirconate-cerate solid solution containing mul­
tiple dopants has a higher conductivity than one containing a 
single dopant, which could herald a new method for the 
design of high-conductivity proton conductors. 

20 grains also confirms that Ba was present on the surface. The 
contamination of Ni surface by BZCYYb most likely hap­
pened during the co-firing of BZCYYb and NiO (at 1400° C. 
for 5 hours). In all likelihood, the spreading of elements from 
BZCYYb to the surface of NiO grains during co-firing 

25 resulted in a surface that has enhanced resistance to coking. 
While it is certain that the Ni surface became contaminated by 
BZCYYb, the detailed structure of this contaminated Ni sur­
face is still unknown. In situ surface analysis techniques must 
be used to characterize the surface composition and structure 

FIG. 2.7 shows the open circuit voltages, together with the 
Nernst potentials, for a cell based on a BZCYYb electrolyte 
membrane at different temperatures with wet H2 (-3 v % 
H20) as fuel and air as oxidant. The electronic transference 
number varies from -0.02 at 500° C. to -0.1 at 750° C., 
suggesting that the electronic conduction is relatively insig­
nificant at low temperatures. 

FIG. 2.8 shows the open cell voltages (OCVs) of two cells 
with different anodes: Ni-BZCYYb and Ni-BZCY. The cell 
with a Ni-BZCYYb anode displayed higher and more stable 
OCVs than the cell with a Ni-BZCY anode, suggesting that 
BZCYYb has much-improved ability for hydrocarbon refor­
mation. 

FIG. 2.9 shows the morphologies of a typical 
Ni-BZCYYblBZCYYblBZCY-LSCF cell as fabricated (be­
fore NiO was reduced to Ni). The BZCYYb electrolyte is -10 
µm thick and adhered well to the anode support, indicating 
that our solution coating method can produce a thin and dense 
BZCYYb electrolyte that requires a relatively low sintering 
temperature. The average grain size is relatively large (-15 
µm), which could effectively reduce grain boundary resis­
tance. 

FIG. 2.10 shows the current-voltage characteristics and the 
corresponding power density for a fuel cell based on a Ni­
BZCYYb anode, a BZCYYb electrolyte, and a BZCY-LSCF 
composite cathode at 650° C., demonstrating a peak power 
density is -660 m W/cm2

. Stability ofNi-BZCYYb anodes in 
H2 S-contaminated H2 and C3H8 

FIG. 2.11 shows the performance of a cell with a configu­
ration of BZCYYb/Ni-YSZIYSZILSCF operated in wet 
hydrogen contaminated with 10 ppm H2 S. The Ni-YSZ anode 
was coated with a thin layer of BZCYYb using a solution 
infiltration process. This cell demonstrated that the state-of­
the-art fuel cells based on YSZ, Ni-YSZIYSZILSCF, can be 
readily modified by a thin film coating of BZCYYb to 
enhance the tolerance to sulfur poisoning. Further, the cell 
showed a stable power output for 1000 h, implying that 
BZCYYb exhibits considerable stability for long-term sulfur 
tolerance. 

FIG. 2.12 shows the performance of a 
Ni-BZCYYblSDCILSCF cell operated at a constant current 

30 under SOFC operating conditions because ex situ surface 
characterization may not be reliable; the surface composition 
and structure may change as a functional cell is cooled down 
(from 750° C. in the fuel to room temperature in air) to 
prepare samples for ex situ analysis such as electron micros-

35 copy and spectroscopy in vacuum. 
Since Raman is very sensitive to trace amounts of carbon 

(which may not be observable under SEM examination), we 
used Raman spectroscopy to probe and map the presence of 
any carbon on a large area of an anode surface after exposure 

40 to propane. FIG. 2.14 shows some typical Raman spectra 
collected from Ni-BZCYYb anodes after exposure to wet and 
dry propane under open circuit conditions. While the disor­
dered and graphitic carbon peaks (near 1340 cm- 1 and 1580 
cm-1, respectively) (8) were readily observable from the 

45 anode exposed to dry propane (FIG. 2.14A), they were largely 
absent from the spectra collected from the same anode surface 
after exposure to wet (-3 v % H20) propane (FIG. 2.14B). 
Out of 100 spectra collected from 100 points uniformly dis­
tributed in a rectangular mesh covering an area of 80 µmx60 

50 µm, only 42 spectra show a trace amount of carbon, and are 
comparable to FIG. 2.14C, an indication of minimal carbon 
deposition. 

FIG. 2.15 shows that the OCVs of a cell with a Ni-GDC 
anode and YSZ electrolyte decreased rapidly upon exposure 

55 to wet (3 v % water) propane, while the OCVs of a cell with 
a Ni-BZCYYb anode was very stable under the same condi­
tions, an indication of remarkable tolerance to coking of 
BZCYYb over GDC. The strong adsorption of water on the 
surface of BZCYYb, the TPB, and the contaminated Ni sur-

60 face may dramatically change the local composition of the 
fuel in equilibrium with these surface sites on the anode. 
While the average steam to carbon ratio (S/C) for the incom­
ing wet (-3v %H2 0)propane in the gas phase is about 1to97, 
this ratio could be much greater on the anode surface because 

65 of the strong adsorption of water, possibly approaching the 
needed S/C ratio to avoid coking (about 1: 1) under open 
circuit conditions. 
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FIG. 2.16 shows open circuit voltages and power output at 
a constant current density of 300 mA/cm2 for a cell with a 
configuration ofNi-BZCYYblYSZILSCF when wet (-3 v % 
steam) propane was used as fuel and air as oxidant. It dem­
onstrated stable OCV and sustained power output for over 5 

100 h when wet propane was used as fuel. The outlet gas from 
this cell under steady state operation was analyzed using mass 
spectrometry, as shown in FIG. 2.17. Due to the instrumental 
limitations, it is not possible to determine the relative contri­
butions of the fragments [COt and [C2 H4 t to the mass 10 

signal at m/z=28. However, our analysis of oxygen mass 
balance suggests that the ratio of CO to C2H4 is relative small. 
At an operating current of 63 mA (=0.21 cm2 x300 mA/cm2

), 

the oxygen flux going through the electrolyte to the anode was 
15 

-3.21x10-7 molls or 0.431 mL/min. Since the concentrations 

22 
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Example 2 

FIG. 3.1 shows a comparison of the ionic conductivity as a 
it is certain that the in situ reforming and electrochemical 
oxidation are sufficiently fast to avoid carbon buildup at the 
anode. 

FIG. 2.18 shows the morphologies of a 
Ni-BZCYYblSDCILSCF cell before and after operation in 
dry propane at a constant current density of 600 mA/cm2 for 
24 hours. It is seen that the Ni-BZCYYb anode exhibit fine 
uniform micro structures and that no carbon deposits blocked 
the pores. Further, the anode adheres well to the electrolyte. 
Chemical and Electrochemical Stability ofBZCYYb in H20, 
C02 , andH2 S 

30 function of temperature for B9K1ZCY7 and BZCY7 electro­
lyte materials. We developed a mixed proton and oxygen-ion 
conductor (Ba0 _9 K0 _ 1)(Ce0 _ 7Zr0 _1 Y 0 _2)03 _0 (B9Kl ZCY7) in 
which Ba is doped by Kin A-site and Ce is doped by Yin B 
site without crushing the structure of the perovskite due to 

FIG. 2.19 shows XRD patterns of BZCYYb powders 
before and after exposure to H2 with 50 vol % C02 and H2 

with 50% H20 at 750° C. for 300 h. Contrary to decomposi­
tion that is normally seen in doped BaCe03 , it can be 
observed that the structure ofBZCYYb is stable in an atmo­
sphere containing H20 or C02 . The partial substitution of Ce 

35 similar ionic radius between the Ba2 + and K1+ (Ba2+-1.36 
A, K1+-1.33 A). This A-site and B-site doped conductor 
exhibited high ionic conductivities. As shown in FIG. 3.1, the 
total ionic conductivities of B9K1ZCY7 is higher than only 
B-site doped conductor (BZCY7) in the whole temperature 

40 range (from about 300° C. to 700° C.), especially at the high 

by Zr did indeed increase the chemical stability of this mate- 45 

rial (9-11 ). Additionally, Y and Yb are further shown as stable 
dopants for cerate system (12). 

FIG. 2.20 indicates XRD patterns of BZCYYb powders 
before and after exposure to 50 ppm H2 S-contaminated H2 . It 
was shown that no chemical reactions occur between 50 

BZCYYb and H2 S at 50 ppm. 
FIG. 2.21 shows a characteristic Raman spectrum for 

BZCYYb, which is similar to that of BaCe03 . The most 
intense signals, which are found in the 275-350 cm-1 range, 
are produced by Ce-0 stretching in the structure (13). The 55 

Ce--Ovibrations are generallyobservedin the300-375 cm-1 

range for BaCe03 spectra. Thus, the shift in the Ce---0 range 
in the BZCYYb spectrum is most likely an effect of the 
dopants in BZCYYb. No difference in composition is observ­
able between wet and dry BZCYYb, so the bulk phase 60 

remains unchanged between these conditions. 
To evaluate the electrochemical stability ofNi-BZCYYb 

anode, we first ran the cells for repeated power cycles from 
open circuit voltage (OCV) to 0.4 V and back to OCV. The 
potential sweeping rate was 10 mV/s. The Ni-BZCYYb 65 

anode is electrochemically stable under the testing condi­
tions, as demonstrated by the cycling data shown in FIG. 2 .22. 

temperatures. 

Example 3 

Modification ofNi-YSZ by BZCYYb 

FIG. 4.lA represents the schematic structure of cells with 
modified Ni-YSZ anodes. Both inner infiltrated BZCYYb 
and outer Ni-BZCYYb catalyst layer are utilized to prevent 
the sulfur poisoning and coking ofNi-YSZ simultaneously. 
FIG. 4.lB is the cross-sectional morphology of a typical full 
cell. All anode, electrolyte, buffer and cathode layers are 
well-adhered. FIG. 4.lC represents the interface between 
Ni-YSZ and Ni-BZCYYb. The compatible thermal expan­
sion coefficient leads to formation of a mechanically strong 
bond between two layers. Further, BZCYYb nanoparticles 
are found to be uniformly distributed in the porous Ni-YSZ 
anodes shown in FIG. 4.lD. 

The double effects of inner and outer coatings can effec­
tively eliminate sulfur poisoning due to low concentration of 
sulfur. After reforming by outer catalyst layer, the residue 
hydrocarbon in Ni-YSZ might be further catalyzed by 
BZCYYb nanoparticles before its decomposition. The infil­
trated catalyst is capable of inhibition of sulfur and carbon 
poisoning at this low concentration. Thus, the OCV of cell 
with two modifications in propane is as high as 1.03 V, indi­
cating nearly full reforming of equilibrated propane. FIG. 4.2 
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shows current-voltage characteristics and power density of 
the cells with and without modification of Ni-YSZ anode 
before/after exposure to 10 ppm H2 S and propane at 7 50° C. 
It is easily seen that no obvious performance degradation of 
BZCYYb modified Ni-YSZ anode was observed in H2 S com­
paring it in H2 , indicating enhanced sulfur tolerance. 
BZCYYb modified Ni-YSZ anode shows impressive cata­
lytic activity toward propane reforming/oxidation. The OCV 
is as ~gh as 1.03 V and the peak powder density is impressive, 
reachmg a value of about 560 m W/cm2 at 750° C. 

Example 4 

Modification ofNi-YSZ by BaO 

One of~he unique advantages ofSOFCs over other types of 
fuel cells 1s the fuel flexibility. SOFCs have the potential of 
direct utilization of hydrocarbon fuels. Compared with pure 
hydrogen, hydrocarbon fuels have higher energy density and 
are readily available and easier to transport and store based on 
current infrastructure. To use them, hydrocarbon fuels are 
reformed externally or internally into CO and H2 on catalysts 
such as nickel. Traditional Ni-yttria-stabilized-zirconia 
(YSZ) is highly susceptible to coking when operated at high 
temperatures. To overcome these problems, significant 
efforts have been devoted to the development of new anode 
materials and novel electrode structures. However, all of these 
achievements are either incompatible with current SOFC sys­
tem or too expensive to be practically commercialized. Thus 
it is necessary to explore a simple and cheap modification of 
state-of-the-art Ni-YSZ anode while achieving excellent cok­
ing tolerance. Here we reported evaporation deposition of 
BaO thin film on Ni-YSZ anode which demonstrated stable 
power output in dry propane. 

24 
resistance of this cell was increased after using BaO treated at 
~00° C. However, when the armealing temperature was 
mcreased to 1250° C., the excess BaO evaporated and film 
become so thin that electron turmeling occurs. The other 
possibility is the formation of BaZrx Y 1_x03 on the YSZ sur­
face, which might facilitation of H2 dissociation. 

FIG. 5.2 shows the current density of a typical cell with 
BaO modified Ni-YSZ anode as function of time in wet and 
~ry propane at 7 50° C. This indicates that stable power output 

10 m propane can be obtained after introduction of BaO thin 
film. However, Ni-YSZ anode without BaO suffered severe 
degradation in performance within minutes as a result of 
severe carbon deposition. 

It should be noted that ratios, concentrations, amounts, and 

15 other numerical data may be expressed herein in a range 
format. It is to be understood that such a range format is used 
for convenience and brevity, and thus, should be interpreted in 
a flexible marmer to include not only the numerical values 
explicitly recited as the limits of the range, but also to include 

20 all the individual numerical values or sub-ranges encom­
passed within that range as if each numerical value and sub­
range is explicitly recited. To illustrate, a concentration range 
of"about 0.1 % to about 5%" should be interpreted to include 
not only the explicitly recited concentration of about 0.1 wt% 

25 to about 5 wt %, but also include individual concentrations 
(e.g., 1 %, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%, 
1.1 %, 2.2%, 3.3%, and 4.4%) within the indicated range. The 
term "about" can include ±1 %, ±2%, ±3%, ±4%, ±5%, or 
±10%, of the numerical value(s) being modified. In addition, 

30 the phrase "about 'x' to 'y"' includes "about 'x' to about 'y"'. 
Many variations and modifications may be made to the 

above-described embodiments. All such modifications and 
varia~io~s are intended to be included herein within the scope 
ofth1s disclosure and protected by the following claims. 

FI?~· 5.lA and FIG. 5.lB show the current-voltage char- 35 

actenst1cs and the corresponding power densities at 800° C. 
and 750° C., respectively, in H2 for YSZ based anode-sup­
ported fuel cells with/without BaO thin film. Obviously, Ni­
~SZ with modification of BaO film at 1250° C. produced 
highest power densities throughout the testing temperatures. 40 

In contrast, the cell with BaO film at 900° C. decreased the 
power output. This is due probably to the blockage of electron 
transport resulting from insulating BaO. From the impedance 
spectroscopy measurements, it was found that the ohmic 

Therefore, the following is claimed: 
1. A structure, comprising: 
a Ni-YSZ composite anode and a thin film selected from 

the group consisting of: a BaO thin film and a K20 thin 
film. 

2. The structure of claim 1, wherein the thin film is BaO. 
3. The structure of claim 1, further comprising a layer of 

BaZr,Y10 3 between the Ni-YSZ composite anode and the thin 
film, wherein i is about 0.8 to 1 andj is about 0.01 to 0.2. 

* * * * * 
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