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Solid oxide fuel cells (SOFCs) have the promise to improve energy efficiency and to provide society
with a clean energy producing technology. The high temperature of operation (500—1000 °C) enables
the solid oxide fuel cell to operate with existing fossil fuels and to be efficiently coupled with turbines
to give very high efficiency conversion of fuels to electricity. Solid oxide fuel cells are complex
electrochemical devices that contain three basic components, a porous anode, an electrolyte
membrane, and a porous cathode. In this short review, a survey of the types and properties of
materials that have been considered for each of these components is presented with an emphasis on
the requirements for operation at intermediate temperature (500—800 °C). Some directions for future

research are discussed.

1. Introduction

Solid oxide fuel cells (SOFCs) have the promise to
improve energy efficiency and to provide society with a
clean energy producing technology. The high tempera-
ture of operation (500—1000 °C) enables the solid oxide
fuel cell to operate with existing fossil fuels to give very
high efficiency conversion of fuels to electricity and to
be used in combined heat and power applications or
efficiently coupled with gas turbines. SOFCs are quiet
and nonpolluting and their inherent high efficiency leads
to lower greenhouse gas emissions.! ™

Solid oxide fuel cells are complex electrochemical
devices that contain three basic components, a porous
anode, an electrolyte membrane, and a porous cathode. A
schematic representation of an electrolyte supported solid
oxide fuel cell is shown in Figure la. In this particular
design, the dense electrolyte membrane supports the
porous electrodes. The cathode is typically an oxide that
catalyzes the oxygen reduction reaction:

1/20,5(g) +2¢~ — O~ (s)

The anode catalyzes the oxidation of fuel, either hydrogen
or reformed hydrocarbons:

Hy(g) + O~ — H,0+2¢~ and CO(g) + O~ —
COy +2e ™

The dense electrolyte membrane separates the air and
fuel compartments and is a pure oxygen ion conductor.
Oxygen from air is supplied on one side of the cell and
hydrogen and carbon monoxide from reformed hydro-
carbon fuel on the other side. The electrodes provide the
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interface between chemical and electric energy and cata-
lyze the chemical reactions. Ideally, these reactions
should be very fast (at equilibrium) to minimize voltage
losses; high current requires fast reaction rates and high
fluxes of molecules, ions, and electrons. As shown sche-
matically in Figure 1b, the oxygen chemical potential
difference between air and fuel is distributed across the
cell and the output voltage depends on the magnitude of
the overpotentials at the electrodes. For compound elec-
trodes, their properties (for example, electronic conduc-
tivity and oxygen vacancy concentration) depend on the
effective chemical potential they “see” and the chemical
potential of the cathode is coupled to that of the anode.
An individual cell produces ~1.0 V on open circuit and
~0.6—0.7 V under load. Multiple cells are connected
together with bipolar plates to form a fuel cell stack that
provides the output voltage appropriate for a particular
application. The large gradient in the oxygen partial
pressure across the cell from 0.2 atm on the air side to
1 x 107 to 1 x 1072 atm on the fuel side places severe
constraints on the choice of materials in terms of stability,
chemical reactions at the interfaces, and compatible
thermal expansion coefficients.

In the 1990s, solid oxide fuel cells operating at 1000 °C
using an yttria stabilized zirconia electrolyte (YSZ), a
lanthanum strontium manganite cathode, and a nick-
el—YSZ cermet anode were developed. Cells were con-
nected by a lanthanum strontium chromite bipolar plate.
Various geometries for the cell design were investigated
but the most developed is the Siemens—Westinghouse
tubular configuration in which the YSZ electrolyte film
(30—40 um) is supported on a 1.5 m long tube of porous
lanthanum strontium manganite. The Siemens—Westing-
house design has been demonstrated successfully at the
100 kW scale.’

In recent years, the focus of SOFC development has
been on lowering the operating temperatures of SOFCs to

©2009 American Chemical Society
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Figure 1. (a) Schematic of a single solid oxide fuel cell; (b) schematic diagram illustrating the drop in oxygen chemical potential across a single cell.

500 — 800 °C in order to reduce costs. Lowering the
operating temperature has a significant impact on cost by
allowing the use of less expensive materials in intercon-
nects and heat exchangers. Lower temperatures also lead
to an increase in the durability of SOFC systems by
reducing problems associated with thermal cycling and
performance degradation because of interdiffusion or
reaction of the individual components. Operation at
lower temperature, however, creates a number of materi-
als problems that are associated with the increase in the
electrolyte resistance and decrease in the rates of the
electrocatalytic reactions (electrode polarization). Both
factors result in a reduction of the cell voltage and output
power. Finding new combinations of electrolyte and
electrode materials that reduce these losses and provide
both rapid ion transport across the electrolyte and elec-
trode—electrolyte interfaces and efficient electrocatalysis
of the oxygen reduction and fuel oxidation reactions
remains a significant materials challenge. A fundamental
atomistic level understanding of the factors that control
bulk ionic mobility and trapping of defects, for example,
in perovskites with high ionic conductivity such as the
ordered double perovskite PrBaCOZOSH6 and doped
lanthanum gallates’ is needed to increase the likelihood
of finding new materials combinations. The transport
reaction network in the porous three-phase electrode
structure is very complex and consequently how the
properties of the electrode material determine the relative
rates and contributions from the various processes
and the overall electrode performance is not completely
understood. Many different interfaces play a role in
materials used in high-temperature electrochemical devices.
There are homogeneous interfaces such as grain boundaries,
which can have a deleterious effect upon the transport
of ions in polycrystalline materials, and heterogeneous
interfaces in materials such as polycrystalline composites.
The study of stability (structure) of electrodes and inter-
faces under real operating conditions and the role that
defects play in controlling mobility remain important
areas for research.

2. Materials Properties

One way to think about the materials properties for the
individual cell components is to put some approximate
numbers on the desired performance.®” If we assume that

a single cell is required to deliver 0.7 A at 0.68 V, thatisa
power density of 490 mW/cm?, then the total voltage
polarization from the open circuit value is ~0.32 V made
up of iR+ 17, + 1., where i is the current through the cell, R
is the ohmic resistance, and 7,, 7. are the anodic and
cathodic overpotentials, respectively. This constraint
gives a single cell resistance of ~0.45 ohms cm” neglecting
concentration polarization effects. In a fuel cell stack, the
resistance will be higher because of additional losses from
interconnects and the interfaces between them and the
cell. The consequence of this power density requirement is
to place a resistance limitation of ~0.15 ohms cm?” on each
individual cell component though the distribution in
practice depends on the cell geometry (anode, cathode,
or electrolyte supported).

2.1. Electrolytes. The general requirements for an elec-
trolyte are high ionic conductivity, low electronic con-
ductivity, stability in both oxidizing and reducing
environments, good mechanical properties and long-term
stability with respect to dopant segregation. Three elec-
trolyte systems namely yttria stabilized zirconia (YSZ),
strontium, magnesium-doped lanthanum gallate (LSGM),
and gadolinium- or samarium-doped ceria (CGO or CSO)
have been widely investigated for SOFCs. The minimum
temperature at which each of these systems can be
operated depends on a combination of the ionic conduc-
tivity and a realistic assessment of a minimum film
thickness that can be reliably manufactured. Thus, if we
assume a film thickness of 10 um and a conductivity of 1 x
1072S cm ™! (corresponding to an area specific resistance
of 0.1 ohms cm?), then the minimum operating tempera-
tures are ~700 °C (YSZ), ~550 °C (LSGM), and ~550 °C
(CGO) based on the data in Figure 2.

Each electrolyte system offers advantages and disad-
vantages. Thus, YSZ fulfills the electrical requirements at
high temperatures and has good high temperature mec-
hanical properties. Problems occur because of its reactivity
with perovskite oxide electrodes containing lanthanum at
high temperature forming La,Zr,O; resistive layers.
LSGM has higher ionic conductivity than YSZ and is
more compatible with lanthanum transition-metal oxide
perovskite cathodes. On the anode—electrolyte side, com-
posite LSGM—NiO anodes are less compatible with
LSGM because of the reactivity of NiO, than the corre-
sponding composite Ni-YSZ anodes are with YSZ. Ceria
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Figure 2. Conductivity data for YSZ,> CGO,® and LSGM.'?

doped with rare earth metals has received considerable
attention as an alternative electrolyte and it has the high-
est conductivity at lower temperature of other than doped
bismuth oxides when substituted with 0.1—0.2 Gd,O5 or
Sm,03. Doped ceria is more stable than bismuth oxides
but, in reducing conditions (pO, 2~ 1 x 10~ atm), Ce*" is
reduced to Ce’". The reduction reaction results in the
introduction of electronic conductivity thereby reducing
the fuel cell efficiency. The width of the electrolytic
domain increases as the temperature is lowered and the
electronic conductivity is no longer a problem at 500 °C.

2.2. Electrodes. Electrodes are critical components in
SOFCs in that they provide the interface between the
chemical energy associated with fuel oxidation and elec-
trical power. Typically, they are complex structures that
consist of a three-phase percolating composite of a metal
or mixed conducting oxide, an oxide electrolyte and the
pore space. The transport reaction network in such
porous structures is very complex and consequently
understanding of how the properties of the individual
components determine the relative rates and contribu-
tions from the various processes and thereby the overall
electrode performance have been studied by many
groups. Several materials requirements are general to
both anodes and cathodes. Both electrodes must have
high (electro)catalytic activity and electronic conductivity
to minimize the effective resistance. The anode acts as an
electrocatalyst for the oxidation of fuel components by
oxide ions transported through the electrolyte and the
cathode catalyzes the oxygen reduction reaction. Elec-
trons produced or consumed by the chemical reactions at
the electrode surfaces must be transported to or from the
external circuit. The electrodes must also be stable.
Because a SOFC is cycled between room temperature
and the operating temperature, the thermal expansion of
the electrode must be matched to that of the electrolyte
and the current collector to give stable interfaces. The
electrodes must be chemically stable at the operating
temperature with respect to the electrolyte and the current
collector and must have stable microstructures under
operating conditions with respect to both porosity and
surface area.

Jacobson

Operation of SOFCs at intermediate temperatures
requires improvement in electrodes that are compatible
with a specific electrolyte. The manganese oxide cathode
material Lag Sty ;MnO3 (LSM) developed for operation
with YSZ at high temperatures has adequate electronic
conductivity at 1000 °C, is stable under oxidizing condi-
tions, and has a good thermal expansion match with YSZ.
At lower operating temperatures, however, the cathodic
polarization with LSM electrodes is substantial in part
because of the poor ionic conductivity. Reducing the
temperature from 1000 to 500 °C gives an increase in
the polarization resistance of LSM from <1 to 2000 ohm
cm?, way outside of the practical range. New composi-
tions and structures with much lower polarization resis-
tances are required for SOFCs operating at 500—700 °C.
The anode situation is similar. The state-of-the art anodes
used with YSZ electrolytes are composites of nickel metal
with YSZ as the ionically conducting component. These
are widely used and the best available but have problems
with stability on cycling, and when used with reformed
hydrocarbon fuels, sulfur tolerance and carbon forma-
tion are issues. In addition to the electrochemical char-
acteristics, other issues such as thermal expansion
coefficients limit the choice of materials. For example,
the usefulness of some of the best cathode materials
containing cobalt is restricted because of their large
thermal expansion coefficients (>20 x 10~° K ") relative
to the common electrolytes.

Table

electrolyte

thermal expansion coefficient (K)

YSZ 10.8x 107°
CGO 13.5%x107¢
LSGM (2020) 11.1x10°°

In the remainder of this review, the status and some
recent advances in electrode and electrolyte materials will
be described. The discussion is not intended to provide a
comprehensive review but to highlight particular materials
of interest and to indicate areas of opportunity for new
materials chemistry. References are provided to more com-
prehensive reviews, for example, cathodes,'"'? anodes,"
electrolytes,'* and others are detailed in specific sections.

3. Components of Solid Oxide Fuel Cells

3.1. Electrolytes. The large number of oxygen ion
electrolytes that have been investigated can be grouped
into a small number of structure types: fluorite-based
systems (doped bismuth oxide, zirconia, ceria, pyr-
ochlore);'> perovskite and related intergrowth structures
(lanthanum gallate, brownmillerites, BiMeVOX);'® La-
MOX and apatites. All have some limitations and so the
search for better systems continues. Many oxide conduc-
tors show order—disorder phase transitions and only
show high conductivity above the transition where the
oxygen ion sublattice “melts”, at least to some degree. In
these cases, suitable doping can suppress the phase transi-
tion and lead to higher conductivities at lower temperature.



Review

o

Conductivity (S cm'1)

06 0.8 1 12 14 16 18
1000/T (Tin K)

Conductivity (S cm'1)

Chem. Mater., Vol. 22, No. 3, 2010 663

-
S,

_ (BaO.3sr02LaO.5)2ln205.5

Bi4v1.acuo.zo1o.7 7]

1071 La, 4Gdy,Mo, W,0;

0.8Bi,0,0.2Er,0,

107 1 1 L 1 1 L
08 1 12 14 16 18 2 22

1000/T (Tin K)
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Figure 4. Ionic conductivity of ZrO,—Y,0j5 solid solutions at 300 °C.
Reproduced with permission from ref 44. Copyright 2004 Elsevier.

All such compounds and others such as doped ceria and
zirconia, which although they do not show macroscopic
phase transitions, show evidence for vacancy-dopant
short-range order apparent in non-Arrhenius behavior
of the conductivity with temperature. Defect cluster
growth and ultimately phase segregation are also observed
on long-term annealing. Representative examples of
conductivity behavior are shown in Figure 3 both for
the parent phases that show order—disorder transitions
and their doped counterparts.

3.1.1. Bismuth Oxide. Of the known oxide-ion con-
ductors, high-temperature 6-Bi,O3 has the highest con-
ductivity, >1 S/cm at 800 °C, but is stable only between
730 °C and its melting point at 804 °C. The 6-Bi,O5 phase
has a fluorite-related structure with a random distribu-
tion of oxygen ions. At room temperature, the oxygen
vacancies are ordered but on heating above 730 °C, a first-
order vacancy order—disorder transition occurs and the
conductivity increases by nearly 3 orders of magnitude.
Takahashi et al.'”'® demonstrated that the d-phase can
be stabilized to lower temperatures by partial substitu-
tion for Bi though dopants lower the conductivity. For
example, with Y,0s3, the 0 phase is stable in the com-
position range 25—43 mol % Y,03 over a wide range of

temperatures. The highest conductivities of (Bi»O3)g 75-
(Y»03)0.25 are 1.6 x 10~ ohm ecm ™! at 700 °C and 1.2 x
1072 ohm cm™ " at 500 °C. Erbium oxide doping gives
even higher conductivities the best being found for
(Bi,03)0.3(Ery03).» (see Figure 3b). The conductivities
at 700 and 500 °Care 3.7 x 10~ ohmem ™' and 2.3 x 107°
ohmem ™', respectively.'”?° Unfortunately, the rare earth
oxide stabilized phases transform at 600 °C to the va-
cancy-ordered rhombohedral phase which has a signifi-
cantly lower conductivity.?! Small additions of other
oxides such as ZrO; have been reported to suppress this
aging effect. The biggest problem with stabilized bismuth
oxides for practical application is their instability with
respect to reduction to bismuth metal under anode con-
ditions. The use of bilayer structures with a more stable
electrolyte layer (for example CGO or CSO) on the anode
side has been suggested as an approach to solve this
problem.?

3.1.2. Zirconia-Based Electrolytes. The properties of
zirconia-based electrolytes with a variety of divalent and
trivalent cation dopants have been studied for many years
and their properties are well-described in a number of
review articles.”>** From this work, yttria stabilized
zirconia has become established as the preferred electro-
lyte. The bulk ionic conductivity measured at 300 °C of
ZrO,—Y,05 solid-solution samples at low doping is
shown in Figure 4. The phase boundary between the
monoclinic solid-solution phase field and the tetragonal +
cubic phase field occurs at 3 mol % Y,Os, where the
conductivity increases dramatically. At 8 mol % Y,Os;,
the phase is cubic and this composition is the one that is
usually used. The conductivity is ~0.1 S ecm ™" at 1000 °C
but operating at this high temperature gives rise to
significant problems with other components. Yttria-sta-
bilized zirconia does have good chemical and mechanical
stability over a wide range of oxygen partial pressures and
temperatures and consequently efforts to maintain the
conductivity at temperatures in the 700—800 °C range by
improvements in processing to control the microstructure
are continuing. A discussion of recent results in this
area can be found in progress reports available at the
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Scandia-stabilized zirconia (ScSZ) is an alternative to
YSZ for use at intermediate temperature because of
its higher conductivity.”*?” ScSZ compositions with
8—12 mol % scandia have the highest oxide ion conduc-
tivities among all the zirconium oxides.*® The ionic con-
ductivity of the ZrO,—Ln,0O3 systems decreases with
increasing Ln’" radius and Arrhenius plots show curva-
tures characteristic of defect-dopant association. The
high conductivity of ScSZ is attributed to the low associa-
tion enthalpy of defects due to the similar radii of Sc**
and Zr*". ScSZ (10—15 mol %) has a rhombohedral
structure, which transforms to a cubic structure above
600 °C with higher conductivity. The cubic structure can
be stabilized at room temperature by adding small
amounts of other dopants such as Y,05.%

3.1.3. Ceria-Based Electrolytes. In several ways, Gd-
or Sm-stabilized ceria electrolytes are the most interesting
candidates for intermediate temperature SOFCs
(550—650 °C) both because of the high ionic conductiv-
ity and compatibility with high-performance electrode
materials such as cobalt containing perovskite oxide
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1.1 T
1.05
s i
@ 1.00 1
o
2 |
/>\ ‘>‘ 0.95 1
;’ é 0.90 1 4
1<) 2 ]
g g 0.85
e o 1
> 0.80
= 500 550 600 650 700
[0} Temperature (°C 7
8 p (c)
\\‘Z\Z\Z
' |
- \ 700°C
9

100 150 200 250
Current Density (mA cm'z)

Figure 5. Results for a CGO electrolyte supported (0.8 mm thick) solid
oxide fuel cell with 97 vol % H, + 3 vol % H,0, Ni-CGO anode/CGO
electrolyte/PBCO-CGO cathode, air from 500 to 700 °C at 25 °Cintervals.
The inset is the temperature dependence of the open circuit voltage.
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The conductivity in air of rare-earth-doped ceria has
been reviewed in detail.****! An important disadvantage
of doped ceria electrolytes is they become n-type electro-
nic conductors under reducing conditions and the cell
output voltage is reduced (see Figure 5).%* Although
Gd- and Sm-doped cerias are generally recognized as the
better conductors and hence typically used, excellent
conductivity has been observed in yttria-doped ceria.*®
At 750 °C, the conductivities are comparable with values
of6=6.5x10">Scem ™' for CYO,®6.7x 107>Scm ™' for
CGO,’” and 6.1x 107>S em ™' for CSO.** At this level of
comparison, differences are most likely due to the pre-
sence of impurities at grain boundaries and differences in
microstructure. Thus CYO may compare favorably with
CGO and CSO especially because in combination with a
thin YSZ electrolyte layer, CYO should not have inter-
diffusion problems at high temperature.

To improve the properties of ceria-based materials,
particularly the stability at low pO,, and sinterability,
a number of approaches have been taken to find the ideal
dopant and dopant concentration and to improve materials
processing by the introduction of specific sintering aids.
Several codoped ceria electrolytes have been investigated,
for example, CCO.gsGdO'lMgo'osol'g,-”g Cel_quu_y-
Sm, 05 54" Cej—,Gd,PrO, ..*" CegsSmo,— Y-
0,.9,% and Ce sGdg .Y+ with some positive results.
Results for the CeygGdg,—.Y, system are shown in
Figure 6. At 600 °C the oxygen partial pressure when
0,= 0, is 8.7 x 102" atm for pure CGO and decreases to
1.9 107*" atm at x=0.15. As can be seen from the figure
the enhanced stability is obtained at the cost of a reduc-
tion in the ionic conductivity. Nevertheless, the results
suggest that addition studies to optimize the dopants and
to understand how they affect the properties are war-
ranted.**

The influence of additives on the sintering of ceria at
lower temperature and processing into thin layers are of
current interest. Some transition metal oxides such as
MnO,, Fe,03, and Co30,4, are known to be effective
sintering aids. For example, densification of Ceq oG-
dp.101 9s, 1s strongly promoted by the addition of 1% of
cobalt oxide, which lowers the maximum sintering tem-
perature by 200 °C and increases the densification rate.
This change in sintering behavior results from cobalt ion

Ce,,Gd;, .Y.0,,
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x=0.1
x=0.15

*a > e
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log(p(O,Vatm)

Figure 6. Total qlectrical conductivity of doped ceria as a function of oxygen partial pressure at (a) 873 and (b) 973 K. Solid lines show the dependence of
0.=0; + kpO,~""* Reprinted with permission from ref 43. Copyright 2008 Elsevier.
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segregated at the grain boundaries.*’ Silica is a common
impurity in ceria electrolytes and is known to have a
detrimental effect on the ionic conductivity by blocking at
grain boundaries. A small addition of Fe,O3 has a
scavenging effect on SiO, impurities, and it improves
the grain boundary conduction of impure CG020.%¢

In conclusion, doped ceria is a promising electrolyte
material for fuel cells operating between 500—650 °C.
High-performance cathode materials for CGO have been
demonstrated, but more work is needed on densification
and on high performance anodes.

3.1.4. Perovskite Related Systems. Oxygen deficient
perovskite oxides are the fourth major category of elec-
trolyte materials. The ionic conductivities of a large
number of compounds have been reviewed and the con-
ductivity data analyzed in terms of the perovskite toler-
ance factor, degree of oxygen nonstoichiometry, and the
type of A and B site cation substitutions.*’ Systems based
on the brownmillerite structure have been studied since
the observation of the order—disorder transition in Ba,I-
n,05 above 925 °C.*® Above this temperature a disor-
dered cubic structure is formed with pure oxygen ion
conductivity.*’ Calorimetric measurements show that the
entropy change at the transition is only 4% of that
calculated for a complete order—disorder transition. This
residual short-range order appears to be typical of brown-
millerite to perovskite phase transitions and similar re-
sults are found for Sr,Fe,0s.>" In contrast, the entropy
increase at the transition to 0-Bi,Osis much larger and the
oxygen sublattice becomes more “liquid”-like with a
correspondingly larger increase in conductivity at the
phase transition. Following the work on brownmillerite,
other intergrowth phases with different numbers of octa-
hedral and tetrahedral layers, for example, (BazIn,MOg)
(M = Ce, Hf and Zr), were investigated.

In Ba,In,Os5, many other substitutions were made to
suppress the phase transition.’'>> The oxygen ion con-
ductivity of the composition (Bag3Srg-Lag5)InO, 75 is
probably the best, reaching a value of 0.12 S cm™ " at 800 °C
(see Figure 3) exceeding that of yttria-stabilized zirconia.>*>*
The performance of this electrolyte was evaluated in an
SOFC with Pt and Ni electrodes and gave a respectable
peak power density of ~0.5 W/cm? at 800 °C.

Following the work on the barium indium oxide
phases, the groups of Ishihara®->® and Goodenough’’>*
made a significant advance in the perovskite class of
electrolytes with the discovery of the double substituted
(La,Sr)(Ga,Mg)O;—_, (LSGM) compositions. In early
work, Ishihara showed that the oxygen ion conductivity
of LagoSrg1GagsMgy,03_, was greater than that of
Sc-doped ZrO, and that electronic conductivity was
negligibly small in the oxygen partial pressure region
from 1 to 1 x 1072° atm.

Independently, Goodenough reported an oxygen ion
conductivity of ¢ > 1 x 1072 S cm at 600 °C for
Lag.¢Srg 1Gag Mg -0, g5 with a transport number ¢ ~ 1
over the same pO, range. The conductivity deviates from
Arrhenius behavior above 600 °C; below 600 °C the
apparent activation energy is 1.07 eV slightly larger than
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the 0.98 eV of YSZ. The thermal-expansion coefficient is
similar to that of yttria-stabilized zirconia (YSZ). Subse-
quently, the solid solution range was investigated in more
detail®* %% and the conductivity determined as a function
of composition. The highest values of 6=0.17 and 0.08 S/cm
were found for Laolgsro_zGaolg3Mg0.1700_2815 at 800 and
700 °C, respectively. The data for this composition are
shown in Figure 2. Although, the conductivity of LSGM
has been reported to be stable over extended periods, the
chemical stability under reducing conditions at high
temperature remains a question. In one study in humidi-
fied hydrogen at 1000 °C,* significant changes were
observed in the surface morphology of the electrolyte,
and La(OH);, LaSrGaO,4, and some unknown phases
were formed as a result of the vaporization of Ga,O.
Other issues concerning the reactivity of LSGM with
electrode materials are discussed below.

3.1.5. LasMo;09 (LAMOX). LayMo0,09 (LAMOX)
is an oxygen ion conductor first reported by Lacorre
et al. in 2000 that shows an oxygen ion conductivity
greater than that of yttria-stabilized zirconia (YSZ).%*
LAMOX s subject to a structural phase transition from
a nonconductive monoclinic o form to the highly con-
ductive cubic 8 form at about 580 °C similar to that
observed in Bi;O;. The conductivity increases by al-
most 2 orders of magnitude and is ~6 x 1072 S cm ™! at
800 °C. Because of the phase transition and the possible
reducibility of molybdenum, a number of substitutions
for both lanthanum and molybdenum have been made
in order to suppress the phase transition and improve
the stability in reducing environments for practical
applications.®>®® A wide range of substitutions for
La have been reported, most of which stabilize the
high-temperature  structure. For Nd substitution,
the monoclinic a form is stable at room temperature
in the whole compositional range, whereas for Gd and
Y substitutions, a small substitution level suppresses
the phase transition and stabilizes at room temperature
the cubic 8 form. The phase stability under low oxygen
partial pressure is improved though with reduction in
the ionic conductivity by substituting molybdenum by
tungsten which forms solid solutions La,Mo, (W Oy
with x < 1.6. Tungsten-substituted La,Mo0,09 compo-
sitions have been reported to show sufficient ionic
conductivity and stability at 600 °C to be used as
electrolytes.®” The main problem with LAMOX is its
reactivity toward electrode materials. Chemical com-
patibility studies with La;Mo, W ,0Og (y=0.5 and 1.5)
revealed that CuO is more compatible than NiO as an
anode material.”® Ferrites seem to be the most physical
and chemical compatible cathodes studied to date,
although their polarization resistance is too large to
consider their use in SOFCs. The practical application
of La,Mo,_,W,0y materials is rather limited because
of their high chemical reactivity and high thermal
expansion coefficients. The development of alternative
electrodes compatible with LAMOX electrolytes is
required or alternatively a protective buffer to suppress
molybdenum diffusion.
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Figure 7. Representation of the structure of apatite viewed down the
¢ axis; the XOy tetrahedra are yellow, the lanthanum and oxygen atoms
are gray and red spheres.

Table 1. Conductivity of Some Lanthanum Silicate Apatites (data

from ref 74)
compd o (Scm™ ! at 500 °C) E, (eV)
LagSr(Si04)s0, 5.6 x 1077 (800 °C) 1.14
Lag 33(Si04)60> 1.1x 107 0.74
Lag 67(Si04)s0.5 13x 1073 0.62
LaoSr(Si04)605 5 12x 1073 0.56

3.1.6. Apatites. Rare-earth apatite materials have
relatively high oxide ion conductivity at moderate tem-
peratures as well as at low oxygen partial pressures’' "
and have been proposed as alternative solid electrolyte
materials following the initial work of Nakayama on the
silicate-based systems.”*”’® The compounds have the
general formula M o(XO4)¢O>.,, where M is a rare-earth
or alkaline earth metal and X is P, Si, or Ge. The
hexagonal structure is illustrated in Figure 7 and com-
prises isolated XO, tetrahedra and columns of M cations
and oxygen ions along the ¢ axis forming two distinct
channels.

The smaller of the channels contains lanthanum ions
and vacancies, while the larger contain both lanthanum
ions and the oxygen ions that are not part of the XOy
tetrahedra. Lanthanum silicate apatites exhibit the high-
est conductivities and show pure oxygen ion conductiv-
ities over a wide range of oxygen partial pressures. The
conductivity is anisotropic as expected from the structure
with the largest value in the direction parallel to the ¢ axis.
A number of studies of chemical substitutions aimed at
optimizing the ionic conductivity have shown that the
apatites can tolerate a wide range of dopants and that the
conductivity depends on the degree of anion and cation
nonstoichiometry and the chemical nature of the dopant.
Fully stoichiometric systems, such as LagSr,(SiO4)60,,
exhibit poor conductivity, whereas La vacancies in the
small channels, for example, in Lag 33(S104)6O- (Figure 7)
improves the conductivity. Samples containing oxygen
excess and/or vacancies at the rare earth site, such as
Lag 3312,3(5104)602 1, (x > 0) and LaoSr(Si04)s02.5
show the highest conductivities. Representative data are
given in Table 1

Perhaps the most interesting aspect of the apatite
conductors is that, in contrast to the perovskite and
fluorite-based compounds, in which conduction proceeds
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Figure 8. Schematic representations of cathode structures the cathode is
a (a) poor or (b) good ionic conductor.

via oxygen vacancies, the conductivity in apatites involves
interstitial oxide-ions. Atomistic simulations of the oxy-
gen ion transport mechanism along the c-axis in Lag 33-
(Si04)0, and Lag ¢7(Si04)60- 5 phases predict that
oxygen ion conduction proceeds via an interstitial mec-
hanism with a complex sinusoidal migration pathway at
the periphery of the conduction channels and the presence
of an energetically favorable oxygen interstitial site at the
channel periphery.”’%°

In the context of applications, it should be noted that
high-quality apatite ceramics are not easy to make and
very high temperatures are required to obtain dense
samples (>1600 °C). Conventional synthesis methods
also require high temperatures (> 1300 °C) and develop-
ment of better synthesis methods is needed.®’

3.2. Cathodes. Two schematic models for the reactions
that occur at cathodes are shown in Figure 8 for a single-
phase cathode material to illustrate the various coupled
reaction and transport processes that occur and the
different types of interfaces that are present. The behavior
of an electrode with low oxygen ion conductivity such as
Lag oSty ;MnOj is qualitatively described in Figure 8a.
The cathode reaction is represented by diffusion of oxy-
gen gas into the pore space, dissociation, and diffusion to
the triple phase boundary between gas phase, the elec-
trode and the electrolyte and then ion transfer into the
electrolyte.

A schematic of a mixed conducting cathode structure is
shown in Figure 8b. Here, oxygen molecules diffusing
into the porous structure are reduced to form ions at the
surface of a mixed conducting cathode material and also
at the triple phase boundaries between the current col-
lector, cathode material and gas phase, and between the
cathode material, electrolyte, and gas phase. The oxygen
ions that are formed on reduction diffuse either through
the cathode material or along the surface to the electro-
lyte, where they are transferred to the electrolyte either
across the solid—solid interface between the cathode and
the electrolyte or in the vicinity of the triple phase
boundary. The mixed conductor would be expected to
show lower resistance because of the larger area available
for reaction and ion transfer across the interface. Gas-
phase diffusion into the porous structure must also be
considered and is known to become important at high
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current densities. A more detailed discussion of modeling
the performance of cathode materials can be found in
recent reviews by Adler'' and Liu.'?

The models can be used to select new compounds based
on intrinsic properties. For example, the ALS® model
describes the electrode resistance in terms of the electrode
microstructure (tortuosity, porosity, and surface area),
the oxygen ion diffusion coefficient D, and the surface
exchange velocity k at the appropriate oxygen pressure.
By using this model, we can make a preliminary assess-
ment of the likely effectiveness of a specific cathode
material. Some estimates of the area specific resistance
calculated assuming an electrode structure with a surface
area of 10000 cm ™', a particle size of 3 um, a porosity of
31%, and a tortuosity of 1.16 at 700 °C are shown in
Figure 9.

The experimental (D, k) data for Lag gSry,CoO5_, are
indicated by the arrow and correspond to an area specific
resistance of ~0.4 ohm cm”. An increase by a factor of 10
in the surface area of the electrode would reduce the area
specific resistance to 0.13 ohm cm? for Lag 5Sry ,CoO5_ .,
a value that has been achieved for LSCO on CGO.**

What is not considered above is that the specific
electrolyte plays an important role in determining the
overall cathode performance. For example, Ralph et al.®*
examined a series of perovskite compositions as single-
phase electrodes on both YSZ and CGO electrolytes and
observed consistently lower resistances on CGO than on
YSZ. The origin of the difference observed between the
performances of the same electrode material on different
electrolytes is not well understood. Lower interfacial
transport resistance between electrode and electrolyte,
wider triple phase boundary areas, or intermediate layers
may all contribute. A more detailed understanding of the
differences between different interfaces would seem to be
critical to predicting performance and design of new
systems.

One commonly used method for improving the perfor-
mance of cathodes is to add a second phase of an ionic
conductor to the electronically conducting electrode ma-
terial. For example, YSZ is commonly added to LSM
electrodes and results in a significantly lower electrode
resistance. Composite cathodes have a high density of
triple phase boundaries and at the appropriate composi-
tion continuous ionic and electronically conducting
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phases so that they have high ambipolar conductivity.’
As an example, Murray and Barnett®® compared 50 mol %
LSM-YSZ composites with 50 mol % LSM-CGO com-
posites (the optimum composition for 30% porosity). At
700 °C, the area resistance for YSZ was 4.92 ohm cm?,
whereas for CGO it was 1.06 ohm cm? consistent with the
difference in the ionic conductivities. Clearly in situations
where the electrode performance is limited by the ionic
conductivity of the mixed conductor, the addition of a
second phase of a better ionic conductor is advantageous
even at the cost of the loss of some surface area for oxygen
activation.

3.2.1. Specific Cathode Materials. Three oxide struc-
ture types have been studied as cathode materials: perov-
skite,*” K,NiF,, and ordered double perovskites.

3.2.1.1. ABO; Perovskite Oxides. A significant number
of oxide compositions with the perovskite structure have
been investigated for use as cathode materials in inter-
mediate temperature SOFCs with YSZ, CGO, and
LSGM electrolytes. The perovskite lanthanum strontium
manganite (LSM) is the most important electrode ma-
terial in SOFCs and remains the practical choice for
operation in the 700—900 °C range because of its high
electrical conductivity, high electrochemical activity for
the O, reduction reaction, high thermal stability, and
compatibility with YSZ, GDC, and LSGM at operat-
ing conditions. Among cathode materials, LSM shows
excellent microstructural stability and long-term perfor-
mance stability. No doubt efforts will continue to improve
its performance at lower operating temperatures. The
current status of LSM can be found in a recent review
by Jiang.®®

For operation at lower temperatures with YSZ, A-site-
doped lanthanum ferrite perovskites (LSF) with mixed
electronic and ionic conductivities and adjustable
thermal-expansion coefficients are promising cathode
materials.® ! The studies on the solid-state reaction
between Sr-doped lanthanum ferrite and YSZ with a
barrier layer of CSO indicated no formation of insulating
phases such as La- and Sr-zirconates up to 1400 °C.”
Both A site doping of other alkaline earth metals and also
B site doping, for example, aluminum- and nickel-doped
LSF, have been studied.”*"* Both of these materials were
tested in single cell and half-cells and were not as active as
the undoped LSF. Aluminum was thought to segregate to
the surface where it reduced or blocked the number of
active catalytic sites but did not change the intrinsic
activity of the base LSF materials; nickel doping, on the
other hand, decreased catalytic activity. Both studies tried
to isolate intrinsic catalytic activity from electrode micro-
structure and illustrate the problem of understanding
performance issues in the complex geometries needed
for fuel cell operation.

Cobalt containing perovskites have high mixed electro-
nic and ionic conductivities and exceptional electroche-
mical activity for oxygen reduction. Unfortunately they
typically have high thermal-expansion coefficients, >20 x
107K ™', and react with YSZ at low temperatures (700 °C)
to form insulating phases. Their use requires an intermediate
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Figure 10. Variation in the thermal expansion coefficient of
Smy 5Sry sCo;— Fe, Os_, with increasing iron content. Reprinted with
permission from ref 100. Copyright 2006 Elsevier.

barrier layer, typically of doped ceria, and modification
of the composition or the use of a composite to mitigate
the effects of thermal expansion. The main application of
cobaltites may be in SOFCs that use doped ceria as the
electrolyte at temperatures in the 500—700 °C range
where the kinetics of the oxygen reduction reaction limit
the overall cell performance and cathodes with high
catalytic ~ activity are required. The cathode
Lag ¢St 4Cog 2 Feg 05— is a good example of a composition
developed for use with CGO operating at 550 °C.7>~%7
The large iron content reduces the thermal expansion and
the cobalt provides the catalytic “boost”.

Two other perovskite compositions containing cobalt
have shown exceptional performance in ceria or LSGM
based SOFCs. Sm,Sr;—,CoO5 (SSC) has very good proper-
ties both as a single phase material and in SSC composite
cathodes consisting of SSC—LaggSrg-GagsMgpor—+.
Co0,05 (LSGMC)”® or SSC—Gdy Ce( 60, 95 (CGO).”
Crystal structure, thermal expansion coefficient, electrical
conductivity, and cathode polarization of Smg sSry s-
Co;-,Fe, O5_(SSCF) (0 < x < 0.9) series have also been
studied. As in Lag ¢Srg4Cog,Fep gO5—,, the addition of
iron reduces the thermal expansion coefficient (Figure 10).'®

The second example, Ba 5Sry sCoq sFeg 03—, (BSCF),
was reported by Shao and Haile to give very low area
specific resistances of 0.055—0.071 ohms cm? at 600 °C,
and 0.51—0.60 ohms cm? at 500 °C in a Smg>Ceo 3O o
(CSO)-electrolyte-based fuel cell.'"'%% The results have
generated much interest and the system has been studied
by several groups.'®*~!% The current status of research
on this material was recently reviewed by Zhou et al.'%
Interestingly, they have shown that the addition of silver
improves the performance of BSCF electrodes; most of
the previous work including the original report used silver
in or as the current collectors. Silver is known to be
extremely mobile in oxygen and has been observed to
migrate to the electrolyte—eclectrode interface and this
may have played some role in the excellent cathode
performances reported.
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3.2.1.2. K,NiF, Structures. Oxides with the perovskite
related K,NiF, structure, for example, Ln,NiOy, , (Ln=
La, Pr, Nd) are of interest for SOFC cathodes because of
the high diffusivity of the interstitial oxygen ions.'"” The
structure of Ln,NiOy, . can be described as a succession
of LaNiOs perovskite layers alternating with LaO rock
salt layers. The oxygen excess in La;NiOy . is associated
with the incorporation of interstitial oxygen anions into
the rock salt layers where they are tetrahedrally coordi-
nated by La’" cations. In La,NiOg4, . at ambient tem-
perature, x can be as high as 0.18 and in ProNiOy, , the
maximum value of x is 0.22. At higher temperature, the
diffusivity increases though this is offset by the decrease in
the concentration of oxygen interstitials. The advantages
of lanthanum nickel oxide include in addition to high
oxygen mobility a relatively low lattice expansion induced
by variations in temperature and oxygen partial pressure.'%
The range of thermal expansion coefficients observed
for the La,NiO4 compounds (11—13 x 10~° K ") matches
reasonably well with the values for the electrolytes YSZ,
CGO and LGSM.

As with the perovskite structure oxides, the Ln,NiOy
compounds can incorporate chemical substitutions on
both the La and Ni sites to give a wide range of different
transport properties. Several systems have been investi-
gated either by doping at the La position with alkaline-
earths or by forming solid solutions of different rare
earths.'%""1° Measurements of the surface exchange and
self-diffusion coefficient were made for La;— ,Sr,NiOy, ,,
y=0.0,0.1, by isotope exchange and depth profiling in the
temperature range 640—842 °C.""! La,NiO,_ , was found
to have an oxygen diffusivity higher than that of
Lag ¢Srg 4Cog2Feqs03—5 (LSCF) and 1 order of magni-
tude lower than the very good perovskite oxide mixed
conductor Lag3Sry,Co03_s (LSCO). The effects of
strontium content on the electrical properties of
La,_ Sr.NiOy,, have been reported. 2 The conductivity
shows metallic behavior and increases with increasing
strontium content reaching 273 S cm ™! at x = 0.75. For
(Pr,La);NiOy4, . solid solutions, impedance measure-
ments in symmetric cells with YSZ as the electrolyte
showed evidence for interfacial reaction between the
electrode and electrolyte, and the resistances were an
order of magnitude higher than for the same compounds
on CGO. Substitution of Ni with other transition metals,
for example, Cu and Co, has also been studied.!3 7113
Although La,NiOy, , and related compounds have most
of the intrinsic properties needed for a good cathode, the
performance reported to date in SOFCs falls below
expectations, therefore requiring further research.

The perovskite and K,NiF, structure types are end
members of a series of perovskite related intergrowth
oxides of general formula A, B, 03, often referred to
as Ruddlesden—Popper phases.''® Iron and cobalt con-
taining compositions exemplified by (La,Sr),, (Fe,
C0),,03,,,1 with n = 2 and n = 3 have been studied as
cathodes and as oxygen permeation membranes.''”!'®
The electrochemical performance of Sr;—.La.Fe, -
Co,07_., (n=2), LaSrsFe;_ ,Co,0,¢_, (n=3) have good
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electrocatalytic activity for oxygen reduction in single cell
measurements though the overall performance of
Sr;—.La,Fe, ,Co,0;_, is inferior to that of LaSrs-
Fe; ,C0,019—, (n = 3) most likely due to the decrease
in electronic and ionic conductivities as the number of
perovskite layers decreases. The lower performance is to
some degree offset by the lower thermal expansion coeffi-
cient.

3.2.1.3. Ordered Double Perovskites. In the mixed
conducting oxides represented by the general formula
AA’C0,0s,, (A = RE, Y and A’ = Ba, Sr),'" the
combination of rare earths and Ba or Sr on the A-site
leads to A site ordering that is associated with rapid
oxygen ion transport. These compounds are related to
the “112” type structure first reported for YBaFeCuOs'*°
and consist of double layers of square pyramidally co-
ordinated cobalt cations. The Ba>" cations are located in
the Co double layers, and these layers are separated by
layers of lanthanide cations. The structures of represen-
tative examples, PrBaCo,0s, . and NdBaCo,0s5,, (x =
0.92, 0.18), of this class of compounds are shown in
Figure 11.'21"122

A considerable literature exists on the structural chem-
istry and low-temperature properties of the 112 phases
including the cobalt compounds. In contrast, little was
known concerning their high-temperature properties
until Taskin et al.'>® measured high rates of oxygen
uptake in GdBaB,Os, , (B=Mn, Co), together with clear
indications that the vacancy layers are important to this
process. Independently, measurements on PrBaCo,0s,
were made on both thin films'?* and bulk materials'*® and
showed high oxygen diffusivity and rapid surface ex-
change kinetics. The measured rapid oxygen ion diffusion
and surface exchange kinetics are reflected in the very low
area specific resistance of electrodes containing
PrBaCo,0s, .. At 600 °C, the measured value of the
area specific resistance of a composite cathode was
0.15 ohms cm?>."%®

In other studies the electrode performance of
GdBaCo,0s, . has been investigated at temperatures
below 700 °C by AC impedance spectroscopy. One
potential problem with barium-containing systems is
susceptibility to carbonate formation. Tarancon et al.
studied the stability of GdBaCo,0s,, and found very
good stability in atmospheres of CO, (500 ppm to 100%)
at temperatures up to 700 °C. Symmetric cells gave
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excellent performance with both CGO and LSGM elec-
trolytes. Recently,'*” the performance of REBaC0,0s.,
(RE = La, Pr, Nd, Sm, and Eu) composite cathodes were
determined in a CGO electrolyte-supported symmetrical
cell arrangement. At a given temperature and oxygen
partial pressure, the area specific resistance of the electro-
des decreased as the ionic radius decreased from La to Eu.
The electrode microstructures were not optimized but
nevertheless the area specific resistances are low, for
example, for the EuBaCo,0s,, + CGO electrode ASR
values of 0.095 ohm cm? at 700 °C and 0.49 ohm cm? at
600 °C were obtained. Manthiram and co-workers have
also investigated the properties of REBaCo0,0s,  oxides
with RE = Nd, Sm, Gd, and Y as cathodes in single-cell
SOFCs fabricated with a LSGM electrolyte and
Ni—Ce9Gdg 101 95 cermet anodes. The power densities
were observed to decrease with decreasing size of the rare
earth ions ions, partly because of a decreasing electrical
conductivity.'*® The same group has reported the effect of
the substitution of Sr*" ions for Ba>" ions on the proper-
ties of GdBa;_,Sr,Co,0s, .. A structural change from
orthorhombic (x = 0) to tetragonal (0.2 < x < 0.6) to
orthorhombic (x = 1) was observed as the Sr content
increased. The strontium ion substitution improves the
chemical stability of cathodes in contact with both CGO
and LSGM celectrolytes. Compositions in the tetragonal
composition range showed higher activity for oxygen
reduction that the orthorhombic phases.'?!

The number of possible AA’B,Os_, , compositions that
can be prepared is very large and only a small number
have been examined so far. Recent examples include
YBaCOZOSH,132 LaBaCuFeOs, ., LaBaCuC005+x133
and SmBaO.SSr045C0205+_\..134 Excellent area-specific
resistance (ASR) values have been obtained with
SmBa 5Sr 5C0,05. , electrodes in a symmetric cell using
CGO. An ASR value of 0.092 ohm cm? at 700 °C was
obtained. Even lower values (0.12 ohm cm? at 600 °C and
0.019 ohm cm? at 700 °C) were obtained for a 50:50 wt %
composite with CGO on YSZ with a CGO interlayer. The
coefficient of thermal expansion was reduced from > 20 x
107°K "to 13.6 x 10° K" at 700 °C in the composite, a
value more compatible with the other cell components.
Substitution of Ni for cobalt in NdBaCo,_ Ni,Os_ , has
also been shown to reduce the thermal expansion coeffi-
cient to 16.7 x 10~° K~ while maintaining the cathode
performance in a single SOFC.'*

The double perovskites are clearly an interesting class
of cathode materials, but at this stage only limited data on
a small number of compositions are available. More
performance data under polarization conditions in com-
plete cells are required, though some initial data for
cathodes of NdBaCo,0s,, and PrBaCo,0s,, on a sa-
marium-doped ceria electrolyte have been reported. '3!3

3.3. Anodes. The literature on anode materials for solid
oxide fuel cells is very extensive and can be only briefly
summarized here. For more details, a number of excellent
review articles are available.'?¥ 7144

Usually, hydrogen is considered to be the primary fuel
for fuel cells but in the case of SOFCs, because of their
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high operating temperature, hydrocarbon fuels can be
used directly. Because for the foreseeable future most
hydrogen will come from reforming natural gas, liquid
hydrocarbons or coal gasification, direct utilization has a
significant efficiency advantage, though it does introduce
further requirements on the anode material. Hydrocar-
bons such as methane can be fed directly to the cell (dry)
or cofed with water (internal reforming). The latter
requires higher operating temperatures because of the
endothermic nature of steam reforming. In practice, some
form of external reforming or partial oxidation is used to
provide a mixture of hydrocarbons, hydrogen, and car-
bon monoxide to the cell. As discussed in section 2.2, the
anode material has to satisfy a number of requirements
including a stable microstructure, electronic and ionic
conductivity, and catalytic activity. In addition, when
operated on hydrocarbon fuels, they must be stable with
respect to reactions with sulfur containing molecules and
carbon dioxide. In general, the choice of anode (or
cathode) depends on the specific electrolyte and finding
an appropriate electrode may well determine the ultimate
utility of a specific electrolyte. A detailed discussion of
hydrocarbon oxidation mechanisms on SOFC anodes is
beyond the present scope, but discussion of kinetics and
mechanisms can be found in the references.'*>'4®

The majority of anode research has concerned YSZ and
Ni/YSZ cermets, which have been the anode of choice
with this electrolyte for many years. The use of a cermet
helps to match the thermal expansion coefficient and
stabilize the microstructure. Because NiO does not form
a solid solution with YSZ except at very high tempera-
tures,'*” cermets can easily be made by cosintering NiO
and YSZ followed by hydrogen reduction. Nickel is an
excellent catalyst for both hydrogen oxidation and steam
reforming. Unfortunately, it is sensitive to sulfur and
catalyzes the formation of carbon fibers'*® by a mechan-
ism that involves carbon deposition and subsequent dis-
solution in nickel particles.

Several approaches to limit carbon formation on anode
materials have been taken. One approach is to lower the
operating temperature. A cell in which an intermediate
layer of yttria-doped ceria (CYO) was inserted between
the YSZ electrolyte and the Ni/YSZ cermet was shown to
directly electrochemically oxidize methane with power
densities up to 0.37 Wem ™2 at 650 °C.'*° The performance
was achieved by using both CYO and a low operating
temperature to avoid carbon deposition. An alternate
approach has been to replace the Ni component with Cu.
Copper does not catalyze carbon formation and does not
play a role in the electrocatalysis but it is effective as a
current collector. To achieve reasonable power densities,
it is necessary to add cerium oxide as an oxidation
catalyst; Cu provides the electronic conductivity. Copper
has a lower melting point than nickel, and consequently,
Cu-containing anodes have to be used at lower tempera-
ture to avoid loss of surface area.'>"!"!

One way of enhancing the activity and stability of Cu-
based anodes involves alloying the Cu with a second metal
such as Ni or Co that have higher catalytic activities. Kim
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et al.">? examined the use of Cu—Ni alloys as anodes for

the direct oxidation of methane in YSZ solid-oxide fuel
cells at 800 °C and demonstrated that carbon formation is
greatly suppressed on the alloys compared to pure Ni. Ina
similar way, anodes containing mixtures of Cu and Ni or
Cu and Co showed improved performance in H, at 700 °C
compared to Cu-based anodes and decreased carbon
formation in n-butane compared to Ni- or Co-based
anodes; the Cu—Co anode appeared to be more tolerant
to carbon.'”* A number of other bi and trimetallic alloy
systems in combination with ceria have also been inves-
tigated particularly in the context of materials with
high activity in the intermediate temperature range. Ex-
amples include Ru/YSZ'"* Cu-CeO,—SCSZ'>® and Ir/
C(30.9Gdo‘102—x-156

Recently, oxides with both electronic and ionic con-
ductivity in the reducing atmosphere at the anode and
which are catalytically more active than ceria for the
oxidation of hydrocarbons have been evaluated as alter-
natives to metal-ceria based systems. A number of struc-
ture types have been considered including perovskite,
pyrochlore, and spinel. As with cathode materials, the
perovskite structure with its compositional flexibility and
stability in the presence of a large number of oxygen
vacancies provides an attractive option. Goodenough®*
has discussed the requirements for a suitable anode mat-
erial, namely, the compound must have adequate electro-
nic conductivity implying that the perovskite oxide
remains mixed-valence in the reducing atmosphere at
the anode, catalytic activity requires that the mixed
valence redox couple can accept electrons from H, or
the hydrocarbon fuel in order to induce dissociation on
the oxide surface, and that the ionic conductivity is such
that oxygen ions diffuse rapidly from the electrolyte to the
surface of the anode. The difficulty to date has been
finding a material that has the catalytic activity for
hydrogen oxidation and methane reforming that is com-
parable to Ni, while having good mixed conductivity.

The most widely studied perovskites are the titanates
and chromites because of their stability in reducing con-
ditions. Strontium titanate (SrTiO3) is a good electronic
conductor at low oxygen partial pressures, so for applica-
tion as an SOFC anode, it is doped to increase the ionic
conductivity. The conductivity of SrTiO5 increases when
strontium is replaced with various lanthanides or with
yttrium. Conductivities approaching 100 S cm™' have
been achieved.'”!*® Doping with niobium on the tita-
nium site can also increase the conductivity."” The
titanates also have been shown to have good dimensional
and chemical stability upon redox cycling, but the elec-
trocatalytic activity for H, oxidation is very poor.'®
However, it is possible to improve activity by introducing
dopants such as Mn and Ga on the Ti site. In single-phase
La,SrgTi;1Mng 5Gay 50375 under the reducing atmo-
sphere at the anode, the Mn>" is reduced to Mn”>* and
some Ti*" are reduced to Ti** to give electronic conduc-
tivity.'®" The oxygen vacancies introduced into the per-
ovskite blocks give a high enough oxygen ion conductivity
to replenish the O®" ions on the oxide surface. This
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composition shows impressive fuel-cell performance on
wet hydrogen and is active for methane oxidation.'¢?
Similar results have been obtained with Lag4Srge-
Ti,_ Mn,05_.." Doped strontium titanate anodes have
been shown to be tolerant to oxygen, carbon, and sulfur
containing atmospheres. 6163

Doped LaCrOs-based materials are used as inter-
connects in high-temperature SOFCs and are stable
in reducing environments. Strontium-doped lanthanum
chromite does not catalyze carbon deposition and thus
can be used as an anode. The B-site of strontium-doped
lanthanum chromite has been doped with various transi-
tion metals (Mn, Fe, Co, Ni, Cu) to introduce oxygen
vacancies. Of these dopants, Ni gives the lowest polariza-
tion resistance, but has poor stability in low oxygen
partial pressures. The perovskite system (La;_.,Sr,)-
Crg sMng 505, has shown good results for oxidation of
wet H, and CH, at 900 °C, respectively.'®®1%” The success
of this oxide has led to its use with electrolytes in
composite anodes for direct oxidation of methane'®%1¢°
and to its use in an all perovskite SOFC.'”

Recently, Goodenough and co-workers'”""!7? reported
that the double perovskite Sr,Mg;— . Mn MoOg_ could
be used as an anode with natural gas as the fuel under
operating temperatures 650 °C < T < 1000 °C with long-
term stability and tolerance to sulfur. Sro,Mg;_.-
Mn,MoOg_, is stable in reducing atmosphere retaining
the double-perovskite structure when oxygen deficient.
Measurement of the conductivity of polycrystalline
SroMg - Mn MoOg_, in an atmosphere of H, and
CH,4 gave an electronic conductivity at 800 °C of 10 S
cm~'. Further modification of the double perovskite
Sr,MgMoOg_, by La substitution has shown that
Sry— La,MgMoOg¢_, with 0.6 < x < 0.8 has even better
performance as the anode of a solid oxide fuel cell.!”

Althgouh impressive progress has been made in the
development of alternative anode materials, significant
problems remain, particularly with the low catalytic
activity compared with nickel and the low electronic
conductivity. Nevertheless, the desirable properties such
as low carbon deposition and sulfur tolerance warrant
their further study.

4. Summary and Future Directions

Several research areas have emerged over the past few
years that are relevant to solid oxide fuel cells. These
include continuing efforts to discover new compounds,
nanostructured electrodes and electrolytes, in situ char-
acterization techniques, and theoretical methods to pre-
dict ion migration paths and activation energies for
diffusion. Atomistic simulations coupled with experi-
ments are providing new insights into the defect chemistry
and ion migration in complex oxides.'#~ 17’

Compounds where oxygen diffuses via an interstitial
rather that a vacancy mechanism are one interesting class
of new materials. The apatite structure electrolytes and
the La,NiO4,, cathode materials are examples. Most
recently the oxygen excess systems CeMOy,, (M =V,
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Nb, Ta) have also been shown to conduct oxygen via an
interstitial mechanism. For example, CeNbOy, , with the
fergusonite structure can accommodate oxygen excess up
to a composition of CeNbQy, »5 in air. Measurements of
the electrical properties show reasonably high total con-
ductivities (0.03 S cm? at 850 °C) though the compound is
a mixed conductor with an ionic transference number of
0.4.'” The mixed conductivity is an indication of the
complexity of the oxygen chemistry that can be present in
interstitial systems. Some of the oxidation reactions that
lead to interstitial oxygen atoms are shown schematically
below to describe the resulting charge distributions

metal centered : Vi* 4+ 1/20; + 2My ™~ = 0, +2My*
oxygen centered : V;* +1/20, + 200" = O; +200°
oxidized oxygen : O;” +1/20, = 20; = O;"+2h°

peroxide formation : O;” +1/20, = 20y’ = Oy”

An interesting example that illustrates the trade-off
between oxidized oxygen and peroxide formation is
La,CuO,,,. The relative contributions can be deter-
mined by measuring independently the total nonstoichio-
metry (x) by coulometric titration and the electron hole
concentration from the thermopower. For compositions
corresponding to x > 0.03, the addition of an interstitial
oxygen atom contributes only 1.3 electron holes to the
conduction band rather than the expected 2, indicative of
the formation of some localized polyoxide species.'” In a
similar way, the highest oxygen interstitial concentration
in La,NiOy, 4, x =0.25 was shown by neutron diffraction
to contain O5°~ species.'® An extreme example where
only peroxide is formed is BasM,O;, (M = Nb, Ru),
which on oxidation forms BasM»,090,, where all of the
added oxygen is present as peroxide.'®!

A second area that is receiving increasing attention is
the broad topic of nanionics. Nanostructured materials
are characterized by short diffusion lengths, a high den-
sity of interfaces, and in some cases, where the interfaces
are closely spaced, completely new properties are ob-
served, as found for the transport properties of an artifi-
cial superlattice of CaF, and BaF,.'"® A general
discussion of the field of nanoionics can be found in the
excellent review article by Maier,'® and only a few
examples are given here.

Porous electrodes are an example where reaction rates
can be enhanced by increasing the number of interfaces
and the effective electrode surface area. For example,
cathodes containing nanoparticles have been prepared
both by infiltration of porous electrodes and directly from
presynthesized nanoparticles'®* with improved perfor-
mance.'® In a recent example, nanoporous Lag s-
Srg 5Co05_, cathodes with 8 nm particles were prepared
on polycrystalline CGO by laser deposition and investi-
gated by AC impedance spectroscopy. Even though the
films were only 700 nm thick, they had very high surface
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area (80 um '), showed stable behavior and had very low
polarization resistances in the temperature range
500—700 °C.*® Analysis of the results suggested that the
enhanced performance was a consequence of the large
surface area and not due to any fundamental modifica-
tion of the materials properties. The use of nanostruc-
tured electrodes, provided that they can be stabilized
against agglomeration, is a promising new direction.

Dense thin films prepared on electrolytes by physical
vapor deposition may also be thought of as nanostruc-
tures. Thin films have mainly been used to provide
electrode structures that are simpler than porous electro-
des with the goal of using the well-defined geometry to
determine more fundamental information about elec-
trode reaction mechanisms. Thin films are also a neces-
sary component of micro- solid oxide fuel cells and have
been investigated for this application.'*'®7 As an exam-
ple, early studies of 250 nm dense thick films of
Lag sSrg5CoO5_, on YSZ single crystal substrates in
various oxygen pressures between 500—750 °C showed
that the electrode reaction rate was limited entirely by the
oxygen surface exchange reaction.'®®1® At this length
scale, processes that involve surfaces and interfaces
between components become dominant and one of the
future challenges in the characterization of materials for
microfuel cells and of electrocatalytic processes in general
is to develop better understanding of the surface and
interface chemistry under operating conditions. Several
steps have recently been taken in this direction includ-
ing in situ synchrotron X-ray studies,'”*'*! variable-
temperature static and magic angle spinning (MAS)
70 NMR experiments,'? pair distribution function
analysis using neutron diffraction and X-ray diffraction
data, and in situ infrared and Raman spectroscopy.'”?

Recent studies of La,Mo0,0- are an excellent illustra-
tion of the level of detailed structural information that
can now be obtained. Malavasi et al. used an atomic pair
distribution analysis of the neutron scattering data
including the diffuse scattering at 500 and 600 °C, above
and below the phase transition, and demonstrated that
the local structure of the high-temperature cubic phase is
the same as that of the low-temperature monoclinic
phase and that the phase transition corresponds to a
transition from a static to a dynamic arrangement of the
oxygen atoms.'** The structure of the low-temperature
ordered monoclinic phase was determined by single-crystal
X-ray diffraction.'® The structure is extraordinarily com-
plex, containing 312 crystallographically distinct atoms
in the unit cell. Evans et al. proposed that the high-
temperature cubic structure could be considered as a time
average of the room temperature monoclinic structure.

In conclusion, though much progress has been made in
solid oxide fuel cell technology to the point where Ni/
YSZ/YSZ/LSM cell stacks are approaching commercial
viability, many opportunities remain for materials chem-
istry and the discovery of new compounds. Electrolytes
with high stability, good mechanical properties, and
better conductivity, efficient anodes for direct hydrocarbon
conversion that are sulfur tolerant, and cathodes that

Jacobson

catalyze the oxygen reduction reaction at lower tempera-
tures are all important topics for future research. A solid
oxide fuel cell is a complex device with solid—solid and
gas—solid interfaces that must be stable over long periods
at elevated temperature. The chemistry of the processes
that occur at these interfaces such as ion transport and
interdiffusion, changes in the surface structure and com-
position of the electrodes in response to changes in the
environment including electric fields, and electrocatalytic
pathways are all areas where deeper understanding will
enhance our ability to design the next generation of
SOFCs that will find practical application in distributed
generation of electric power.
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Glossary

ALS Adler—Lane—Steele model

BiMeVOX doped bismuth vanadate, BisV; gCug -0 7
BSCF barium strontium cobalt iron oxide

CGO gadolinium-doped ceria

CSO samarium-doped ceria

CYO yttria-doped ceria

LaMOX substituted La,Mo0,0q
LSCF lanthanum strontium cobalt iron oxide
LSCO lanthanum strontium cobalt oxide

LSF doped lanthanum ferrite perovskites
LSGM strontium, magnesium-doped lanthanum gallate
LSGMC cobalt-doped LSGM

LSM lanthanum strontium manganite, Lag 9Srg;MnO3
PBCO prasecodymium barium cobalt oxide
ScSZ scandia-stabilized zirconia
SOFC solid oxide fuel cell
SS samarium strontium cobalt oxide
SSC samarium strontium cobalt iron oxide
YS yttria-stabilized zirconia
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