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Abstract

Solid oxide fuel cells (SOFCs) and solid oxide electrolyzers (SOEs) hold
much promise as highly efficient devices for the direct interconversion of
chemical and electrical energy. Commercial application of these devices,
however, requires further improvements in their performance and stability.
Because the performance of SOFC and SOE electrodes depends on their
microstructures, electronic and ionic conductivities, and chemical reactivi-
ties, the needed improvements require the expertise of various disciplines,
with catalytic science playing an important role. Highly active and thermally
stable catalysts are required to limit the internal losses in the devices, increase
the range of fuels they can use, and decrease the temperatures at which they
operate. In this article we review some of the most important recent ad-
vances in catalysis for SOFC and SOE electrodes and highlight additional
improvements that are needed.
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INTRODUCTION
Solid oxide fuel cells (SOFCs) and solid oxide electrolyzers (SOEs) seem destined to find

widespread future application for conversion between chemical and electrical energy because
of their intrinsic high efficiencies. As with all fuel cells and electrolyzers, the conversion between
fuel and power occurs electrochemically, without moving parts. The same device can be used to
generate power or chemicals simply by reversing the direction of the current. Because SOFCs and
SOEs operate at high temperatures, 773 to 1,273 K| electrode losses tend to be much smaller than
those obtained in their lower-temperature counterparts. Furthermore, SOFCs and SOEs based
on electrolytes that are oxygen-ion conductors also offer much greater fuel flexibility than low-
temperature devices based on proton-conducting electrolytes. In principle, SOFCs can generate
electrical power using any combustible fuel (1), and SOEs are capable of reducing CO, to CO
almost as easily as H,O to H, (2, 3).

Many good reviews describe each component of an SOFC, including the electrolyte
(4, 5), the anode (6, 7), and the cathode (8). We do not attempt to duplicate that literature
but summarize some of the key operating principles of this device. In this paper we address
catalytic issues associated with solid oxide electrodes, including what is known and where more
progress is required. Although reforming catalysis in SOFCs is an important topic (9), we con-
sider this application only briefly. The primary focus here is on the electrode catalysis required for
high-performance electrodes. Because yttria-stabilized zirconia (YSZ) and scandia-doped zirconia
(SDZ) are the standard electrolytes used in SOFCs, the discussion focuses on systems using these
electrolytes.

SOLID OXIDE FUEL CELL AND SOLID OXIDE ELECTROLYZER
OPERATING PRINCIPLES

Equilibrium Thermodynamics

The operating principles of an SOFC are illustrated in Figure 1 (reverse the direction of the
arrows for operation in electrolysis mode). At the cathode, O, from air is catalytically reduced to
oxygen anions, O*~, via the half-cell reaction, Equation 1:

150, +2e™ — o, 1.

The oxygen ions are then transported through the electrolyte membrane to the anode, where
they react with the fuel, H, in this example, to produce H, O and electrons according to the other
half-cell reaction, Equation 2:

0" +H, > H,0 + 2e. 2.

The electrons produced at the anode are at a higher potential than those consumed at the cathode
and therefore can do work in an external circuit. In an ideal, reversible fuel cell, the work the
electrons are capable of doing is equal to the Gibbs free energy of the oxidation reaction, AGy,,
which is in turn related to the O, fugacities (or partial pressures) at the cathode and anode by
Equation 3,

Aern =RT ln[P(OZ.anode)/P(Ol,cathode)]- 3.

P(O3 anode) 1s the fugacity established by equilibrium with the H, and H,O present in the an-
ode compartment. Upon substituting the appropriate equilibrium expression for P(O; sode) and
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Figure 1

Schematic diagram of a solid oxide fuel cell (SOFC) showing the electrolyte, the electrodes and electrode
reactions, and the direction of electron and ion flow. Reverse the direction of the arrows for operation in
electrolysis mode.

converting to electrical units, Equation 3 becomes the Nernst equation, Equation 4:

1
7
0 RT PHZ,anode : P()z,cathode
VNernst =V + ﬁ ln

PHz O,anode

Here, V? is the equilibrium potential at standard conditions, 7 is the number of electrons taking
part in each half-cell reaction, and F is Faraday’s constant, the number of coulombs in a mole of
electrons.

These thermodynamic relations apply equally well to SOEs; the only difference is the direction
of the arrows in the half-cell reactions. Also, because a cathode is the electrode where reduction
takes place and an anode is where oxidation takes place, in an SOE the electrode exposed to O,
becomes the anode and the electrode exposed to the fuel becomes the cathode. Therefore, when
discussing SOFCs and SOEs together, it is sometimes convenient to refer to the electrodes as the
“air” and “fuel” electrodes.

Energy Losses in Solid Oxide Fuel Cells and Solid Oxide Electrolyzers

For operation with H, the cell potential at open circuit in an SOFC/SOE with a YSZ electrolyte
is usually very close to the Nernst potential predicted from Equation 4. This is not the case for
some electrolytes, such as doped ceria (cerium dioxide), which have mixed ionic and electronic
conductivity (MIEC), which causes the open-circuit voltage (OCV) to be lower. When current is
flowing through the cell, however, irreversible processes in the electrolyte and electrodes cause the
cell potential to be lower; the lost energy generates heat. The losses in the electrolyte are simple to
describe. Because every material has an intrinsic conductivity, the area-specific resistance, Rg, can
be calculated from the conductivity and the thickness of the electrolyte (5). The potential energy
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loss in the electrolyte for a current density, 4, is equal to 7- Rg, which can be kept small through
the choice of temperature and by using thin electrolyte layers.

Because the electrodes must be made from materials that have good electronic conductivity,
i+ R drops in the electrodes are typically small; however, mass transport of the gaseous reactants to
the electrolyte interface and slow reaction kinetics for the electrode reactions can lead to potential
drops, referred to as the electrode overpotentials, Nanode and Neahode- As discussed below, these are
expected to depend strongly on the current density in ways that may be complex. Therefore, the
cell potential will vary with current density according to Equation 5,

V= VNernst - (Z RE + Nanode + ncnthodc)' 5.

Mass transport losses, also known as concentration overpotentials, occur when diffusion of the
reacting species from the electrode compartment to the electrolyte interface causes the concen-
tration of the reacting species at the electrolyte interface to be lower than that used in calculating
the Nernst Potential. This is a problem primarily at high current densities and in dilute reactant
streams. For example, when operating a cell on H, at high fuel utilization, the H, becomes di-
luted in steam. Because the diffusive flux to the electrode is proportional to dP(H;)/dx and must
match the current density, 7, the value of P(H; anode)/P(H2Ounode) at the electrolyte interface can
also differ significantly from its value in the anode compartment. Closed-form expressions for the
concentration overpotentials can be obtained in terms of the effective diffusivities and the partial
pressures of the reacting gases (10).

Losses due to the electrochemical reactions are important in determining the performance
of the cell but are the most difficult to describe. Because reducing these losses is the primary
goal of electrode catalysis, we consider the physical situation in some detail in the next sections.
The reader should recognize that our understanding of electrochemical processes in solid oxide
electrodes is incomplete and that disagreements still exist among researchers in this area.

Three-Phase Boundary

It is apparent from the electrode reactions in Equations 1 and 2 that three distinct species, a
gas-phase molecule, electrons, and oxygen ions, must be present simultaneously for the reactions
to take place. If the electrode material has only electronic conductivity and the electrolyte has
only ionic conductivity, these three species can come together only at the three-phase boundary
(TPB) line, the line of contact for the electrode, the electrolyte, and the gas phase (11). Many
materials used in SOFC electrodes are MIEC, and for these systems the TPB line will have a
finite width. This is particularly true for the best air electrodes, such as Sr-doped LaCog,Fe(sO;
(LSCF), a good electronic conductor that also has ionic conductivity approaching that of YSZ (12).
Because the electrochemically active region of good electrodes typically extends at least several
micrometers from the electrolyte interface (11, 13), it is reasonable to assume that the TPB is tens
of nanometers wide in some cases.

The best electrodes, for both fuel and air sides, are composites of the electronic conductor
and the electrolyte. The use of composites provides several important advantages that are not the
focus of this review, including prevention of the sintering of metal electrodes, improved matching
of the coefficient of thermal expansion (CTE) with the electrolyte, and increased mechanical
stability (14). In terms of their catalytic properties, it is important that composites also have
a much longer TPB line than electrodes made without the electrolyte material and, therefore,
more active sites (11). As shown in Figure 2, the presence of the electrolyte within the electrode
provides ion-conducting channels that allow O*~ ions to migrate into the electrode. Figure 2
also demonstrates that each of the three phases within the composite must percolate the structure
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Figure 2

Schematic diagram of a solid oxide fuel cell/solid oxide electrolyzer (SOFC/SOE) electrode. The
electrochemical reactions can occur only at those sites where the gas phase, the electronic conductor, and the
electrolyte—the three-phase-boundary (TPB) sites—come in simultaneous contact. Electrolyte material that
is not in contact with the electrolyte itself cannot contribute.

(15). For example, if the component that provides electronic conductivity within the composite
is not in electrical contact with the external circuit, it cannot provide electrons for the half-cell
reactions. Because the percolation threshold in random composites is approximately 30 vol%,
obtaining the necessary composition and structure for optimal electrochemical performance is
challenging.

To optimize mechanical properties and performance, the best electrodes are split into a thin
functional layer near the electrolyte and a thicker current-collection layer on top of the functional
layer (16, 17). Because electrochemical reactions do not occur in the current-collection layer, it
is generally engineered to have a high porosity to facilitate the diffusion of reactants and a high
conductivity to decrease ohmic losses. The functional layer is typically 5-10 pm thick and designed
to optimize the TPB length. It needs only enough conductivity and porosity to minimize potential
drops and concentration differences across this thickness.

Electrochemical Reactions

The kinetics of electrochemical reactions is usually modeled using the Butler-Volmer equation,

o (B (A0 ;
P\ 7RT P RT ' '

In this equation, 7 is the current density in the cell, 3 is a dimensionless constant (less than one)

Equation 6:

known as the transfer coefficient, z is the number of electrons in the reaction, 7 is the exchange
current density, and n** is the electrode overpotential associated with the electrochemical reaction.
The equation was originally derived to describe reactions that take place at metal surfaces in
solution, where most of the change in potential occurs across a double layer that is approximately
1-2 nm thick (18). For reactions in which at least one species is charged, the field gradients
associated with the change in potential over this short distance are large enough to alter the
reaction coordinate that describes the rate constant, effectively lowering the energy barrier to the
transition state, as shown diagrammatically in Figure 3. Although Equation 6 does not provide
a simple expression for 1" as a function of current density, it is apparent that the relationship is
highly nonlinear, so that the slope of a =i polarization curve for a system in which the reaction

kinetics adheres to this equation should be highly nonlinear.
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Figure 3

Reaction coordinate diagram for an electrode reaction that adheres to the Butler-Volmer equation. The
solid and dashed lines correspond to open circuit and closed circuit conditions, respectively. At closed circuit
the potential difference between the electrode and electrolyte (i.e., the electrode overpotential) modifies the
reaction coordinate.

Butler-Volmer behavior is commonly observed in proton exchange membrane fuel cells
(PEM-FCs) in which the catalytic metals near the electrolyte interface are effectively immersed
in water to facilitate transfer of ions into the electrolyte. The situation for solid oxide electrodes is
far less clear, however. Although a potential difference equal to the electrode overpotential must
still exist at the electrode-electrolyte interface, the length scale over which this occurs is likely to
be on the order of 1 pum (10), because there is no double layer analogous to that for an electrode
immersed in a solution phase. This implies that field gradients in the solid oxide electrode will
be relatively small. Because distances along the reaction coordinate should be similar to bond
distances, ~0.1 nm, field gradients less than 0.01 V nm~! would not be expected to significantly
affect the barrier height for most reactions.

The literature contains many examples in which the V- polarization curves for SOFCs are
linear, implying that the electrode impedance is independent of current density, and the V=i
curve has identical slopes under both cathodic and anodic polarization (2, 19, 20). For example,
Figure 4 shows the I~/ polarization and impedance plots for a cell operating in a 50% CO-50%
CO; mixture and under both fuel-cell (positive currents) and electrolyzer (negative currents) con-
ditions. Details on the electrode compositions are given elsewhere (2, 21). The main point here is
that there is no evidence for nonlinear behavior, even for an electrode operating at moderate tem-
peratures in CO-CO; mixtures, a mixture that should be more difficult to activate than the more
usual H,-H, O situation. The V=i plot in Figure 44 is clearly linear; furthermore, the impedance
spectrum in Figure 45 shows that this example is not a simple case in which performance is limited
by the electrolyte, with negligible electrode losses. Because of the different timescales for electrode
and electrolyte processes, the real-axis intercept at high frequencies (0.42 € cm?) can be identified
with R, whereas the width of the arc (~0.30 Q cm?) in the impedance curve is equal to the sum
of the impedances of the two electrodes at that current density (22). In agreement with the linear
V-i relationship, the impedance spectra indicate that the electrode impedances are invariant under
both fuel-cell and electrolyzer conditions.

Many processes could be rate limiting and give rise to a current-independent electrode
impedance. With air electrodes, for example, a model that assumes that electrode performance
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Figure 4

(@) V=i polarization and (b) impedance plot for a cell operating under both fuel-cell (positive currents) and
electrolyzer (negative currents) conditions. The fuel electrode is operating in a 50% CO-50% CO, mixture.

is limited by O*~ diffusion through a dense layer of an MIEC conductor gives rise to constant
impedances (23), as does a model that assumes O, adsorption is rate limiting (24). Nonlinear V-i
curves may also result from processes other than Butler-Volmer electrode kinetics. For example,
with air electrodes made from Sr-doped LaMnOj; (LSM), nonlinear V-i behavior is at least some-
times associated with processes that are irreversible on a timescale less than several hours (25).
This suggests that the nonlinearity is due to structural or compositional changes at the LSM-
electrolyte interface (26-28), because perturbation of the reaction coordinate by field gradients
would be instantly reversible.

In any case, when the impedances of the two electrodes, Rehode a01d Ranode, are independent of
current density, Equation 5 becomes:

V= VNernst - Z(RF + Ranode + Rcathode)- 7.

Because a reasonable goal is for the total area-specific resistance (ASR, equal to Rg + Reathode +
Rinode) of the cell to be less than ~0.3 @ cm? (5), for an ASR corresponding to a maximum
power density of 1 W em~2 in an SOFC, each of the components should have an impedance of
approximately 0.1  cm? or less.

Non-Faradaic, Electrochemical Modification of Chemical Activity

Related to the effect of fields on electrochemical reactions in solid oxide electrodes is an interest-
ing phenomenon referred to as non-Faradaic, electrochemical modification of chemical activity
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(NEMCA) (29,30). In NECMA, an increase in catalytic activity, many orders of magnitude in some
cases, and selectivity occurs for catalytic reactions on electrodes composed of a metal supported on
an oxygen-ion-conducting electrolyte, upon application of a potential. The initial hypothesis for
NEMCA was that the applied potential caused a change in the work function of the metal, possibly
through the spillover of oxygen ions from the electrolyte, and this change in electronic properties
affected the intrinsic rates of adsorption and surface reactions (30). An alternative explanation for
the NEMCA effect for catalysts involving oxygen-ion conductors is that the O’ ions that are
pumped onto the supported metal catalyst via application of a potential alter the concentrations
of adsorbed reactants and intermediates (31, 32).

To illustrate this second concept, consider ethylene oxidation over Pt supported on zirconia
(zirconium dioxide), a reaction that has been reported to exhibit a large NEMCA effect (33). Single
crystal studies show that the adsorption rates for both ethylene and O, on clean Pt surfaces are
quite high (sticking coefficients near unity), and reaction between the coadsorbed species formed
from ethylene and oxygen occurs rapidly at temperatures well below those for which NEMCA
is reported for this system (34). Under normal, steady-state reaction conditions at atmospheric
pressure, however, the ethylene oxidation rate is much lower than that predicted by the kinetics of
the elementary steps measured in vacuum. This is likely because under realistic reaction conditions
the Pt surface becomes covered with carbonaceous residues that block sites for O, adsorption.
In this case, application of a potential to a Pt/ZrO; electrode would result in the pumping of
O?~ ions to the surface, causing the removal of carbon and thereby exposing the active Pt sites
(31). This process would have a nonlinear effect on the reaction rate because the carbon buildup
occurs relatively slowly. This effect is also similar to that observed for some reactions over noble
metals on reducible oxide supports such as CO oxidation on ceria-supported Pt (35). For example,
in excess CO, the reaction rate is limited by O, adsorption on a CO-saturated surface. Large rate
enhancements are observed with Pt-ceria catalysts owing to removal of some of the CO on the Pt
via reaction with oxygen supplied by the ceria support.

Although we do not believe that NEMCA is an electronic effect, the ability to tailor the
concentrations of surface species can still be important as a way to use catalysts under conditions
that would not be possible under ordinary reaction conditions. Although the NEMCA effect has
not been documented for working electrodes in SOFC and SOE devices, it is possible that it plays
arole in determining the overall kinetics of the electrode reactions.

ROLE OF CATALYSIS IN FUEL ELECTRODES

Nickel-Based Electrodes

The standard material in SOFC anodes and SOE cathodes based on YSZ electrolytes is a ceramic-
metallic (cermet) composite of Ni and YSZ (14), with Ni providing both electronic conductivity
and catalytic activity in this application. In an anode-supported SOFC, the Ni also provides
mechanical strength to the cell, so that one can use very thin (<10 pm) electrolytes (36). Because
Ni is an outstanding catalyst for methane-steam reforming, it is possible to cofeed steam and
methane to the cell, using the electrode itself as the reforming catalyst (37).

Separating the effects of catalytic activity and conductivity in Ni cermets is not easy to do in
most cases. To understand the main characteristics of Ni-YSZ electrodes, it is useful to consider
how the best electrodes are made. For an anode-supported SOFC with YSZ electrolytes, a mixture
of NiO and YSZ powders is typically sintered together with a thin layer of YSZ at temperatures
between 1,573 and 1,773 K (17, 36). After applying the cathode material to the opposite side of
the YSZ electrolyte, the NiO is reduced to metallic Ni by exposure to H; at the fuel-cell operating
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Figure 5

Idealized structure of a solid oxide fuel cell/solid oxide electrolyzer (SOFC/SOE) electrode in the first

10 pm near the electrolyte interface. The nickel phase is shown as particles on the electrolyte fingers that
extend into the electrode, but must be connected for electrons produced by the electrochemical reaction to
flow to the external circuit.

temperature. The reduction in volume in going from NiO to Ni creates porosity in the anode layer.
The Ni must be present in quantities greater than approximately 30 vol% to provide electrical
conductivity (15). Because the composites have been fired to extremely high temperatures, the
typical grain size in the electrode approaches 1 pm. The surface area for this type of electrode is
likely on the order of 1 m? g=! (26, 27).

The cosintering of the NiO-YSZ with the YSZ in electrode-supported cells is a key factor in
establishing an electrode structure capable of high performance. Electrolyte-supported cells, which
are often prepared by applying NiO-YSZ mixtures onto a presintered, dense YSZ electrolyte layer,
always perform much worse, even when the electrode compositions are the same. Performance
characteristics for electrolyte-supported cells are usually reported at higher temperatures, above
1,173 K (38), whereas comparable power densities in anode-supported cells can be achieved at
973 K. Because the electrolyte losses are negligible at 1,173 K for a typical YSZ electrolyte thickness
of 150 um (5) and the cathodes are the same in both cases, the anodes in the electrolyte-supported
cells must be greatly inferior. Cosintering of the NiO-YSZ composite with the YSZ in the anode-
supported cells causes both layers to shrink simultaneously, and this appears to provide a much
better interface between the electrode and the electrolyte [i.e., there are good YSZ channels for
ion conduction from the electrolyte into the electrode, as shown schematically in Figure 5 (11)].

Ni composites are widely used because they are relatively easy to fabricate and work well.
The impedance of Ni-YSZ can be low for operation in H, or synthesis gas (syngas, a mixture of
H, and CO). Although it is difficult to separate cathode impedances from anode impedances in
anode-supported cells (22), SOFCs with Ni-YSZ anodes have achieved greater than 0.8 W cm™
at 923 K under conditions for which the cathode likely limits performance (39). Although there
are long-term stability issues for Ni-YSZ anodes, these cells have been operated successfully for
months with negligible changes in performance.

There are problems, however, with Ni-based anodes that could be solved by using alternative
materials. One of the biggest drawbacks of Ni is that it catalyzes the formation of carbon fibers
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when exposed to hydrocarbons and even CO at the elevated temperatures used in SOFCs (1). The
mechanism for this involves deposition of carbon on the Ni surface, dissolution of the carbon into
the bulk of the Ni, and precipitation of the carbon in the form of graphite fibers at some nucleation
point on the Ni. In addition to causing deactivation of the electrode by covering the Ni surface,
the formation of fibers can lead to loss of the Ni by a corrosion process known as metal dusting
(40) and to fracture of the cells due to stresses caused by the growing fibers (41). These problems
effectively prevent the direct utilization of hydrocarbons in SOFCs (42) and limit the conditions
that can be used for CO, electrolysis in SOEs (43).

Other major problems with Ni-YSZ anodes are redox instability (44) and intolerance to low
levels of sulfur (45, 46). The redox instability is associated with re-expansion of Ni upon formation
of NiO, which can lead to cell fracture. Reoxidation can occur near seals in the event of a leak
and during shutdown procedures because Ni will oxidize at high H,O:Hj; ratios and lower tem-
peratures. Even though the H,S:H, ratios required to form bulk Ni sulfides are relatively high,
studies have shown that sulfur concentrations as low as 1 ppm cause significant degradation in the
performance of Ni-YSZ anodes (45, 46), apparently owing to surface sulfides on Ni. Progress on
the development of electrodes with improved sulfur tolerance has been reviewed elsewhere (47).

Modification of Nickel Electrodes

Ni-based anodes could be used for direct utilization of hydrocarbons if it were not for the problems
of carbon formation and poor sulfur tolerance. Therefore, it is not surprising that significant effort
has gone into modifying Ni cermets to take advantage of their good properties and ameliorate
their problems. One approach is to physically protect the Ni from conditions under which it is
not stable by placing either a carbon-tolerant catalyst or a diffusion barrier on the external surface
of the electrode. For example, Barnett and coworkers (48) used a thin outer layer containing a
Ru/ceria catalyst to reform higher-molecular-weight hydrocarbons into syngas before they came
into contact with the Ni. In another study, this same group applied a diffusion barrier consisting of
Lag,SrosTiO; (LST, an electronically conductive oxide) onto the external surface of the electrode
(49). The LST barrier appeared to help maintain a higher steam pressure in the vicinity of the
Ni when current was being drawn. Because diffusion limitations are normally to be avoided in
solid oxide electrodes, it remains to be seen whether this approach is practical. In any case, these
approaches do not involve modifications of the catalytic properties of the metal.

There have also been many attempts to modify the properties of the Ni itself so as to avoid
carbon deposition. Here we focus on two examples. In the first, Ni was alloyed with Cu, a metal
that does not catalyze the formation of carbon fibers (50, 51). Because CuO melts at temperatures
below that necessary for sintering YSZ electrolytes and also forms a solution with YSZ, alternative
methods were needed to prepare the Cu-Ni alloy electrodes. In one study, the Cu-Ni alloy elec-
trodes were formed using an infiltration procedure described later in this review (50). In a second
study, Cu was electroplated onto the surface of a Ni-YSZ composite (51). Carbon formation due
to exposure of the electrode to methane at high temperatures was suppressed in both studies but
at the expense of electrochemical performance.

A second and more interesting modifier for Ni is Sn (52-55). Unlike Cu, Sn does not form a
bulk alloy with Ni. It does, however, form a surface alloy that apparently does not significantly
affect the electrochemical and conduction properties of the Ni. In one study, Ni-based electrodes
were tested in methane and isooctane, before and after the addition of 0.5 to 1.0 wt% Sn, and the
Sn greatly decreased the carbon deposit—forming activity of the electrodes (52).

Other modifications to the catalytic properties of Ni-cermet electrodes have been aimed at
improving their sulfur tolerance (45, 56). The most interesting results in this area were reported
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by Kurokawa et al. (45), who used infiltrated ceria nanoparticles to modify a conventional Ni-YSZ
anode. These authors found thatadding 40 ppm H; S to the anode H; feed stream of an unmodified
SOFC caused the cell voltage to drop to zero within several minutes. After the addition of ceria
nanoparticles, the addition of 40 ppm H,S caused the cell voltage to drop from 0.78 to 0.6 V after
several minutes, but then the performance was stable for the next 500 h. Switching the feed stream
back to pure H; restored the initial performance of the cell.

Using Alternatives to Nickel in Solid Oxide Fuel Cell Anodes

Many electronically conductive materials have been tested as SOFC anodes; reviews of this work
can be found elsewhere (7, 57, 58). The electrode-performance characteristics of most of these
materials are poor compared with that of Ni, and they usually require much higher operating
temperatures to achieve reasonable impedances. A primary reason for this is that many of these
alternatives are not good catalysts (59). Some of the poor performance is also due to the critical
nature of the interfacial structure between the electrode and electrolyte for establishing good
electrodes. Unfortunately, the cosintering process described for Ni-based, electrode-supported
SOFCs does not work well for electrodes made from most other metals or conducting oxides. For
example, oxides of Co form solutions with YSZ at the sintering temperatures required for making
a dense YSZ electrolyte, and different, more complex methods must be used to make Co-YSZ
composites that produce electrodes that exhibit low impedances (60).

Recently, an alternative method has been developed for establishing a good electrode-
electrolyte interface with materials other than Ni (61-64). The method, shown schematically in
Figure 6, involves preparing a bilayer YSZ structure containing one porous and one dense layer,
and then infiltrating the porous layer with the active component. The porous and dense layers can
be calcined together to produce high connectivity between the electrolyte and electrode prior to
addition of the active component, thereby eliminating the need to heat the active component to
the YSZ sintering temperature. For catalytic studies, the infiltration procedure also provides an
ideal test bed in that a comparison can be made between various materials while maintaining the
structure of the YSZ phase fixed.

There are many ways to prepare the porous-dense YSZ structure. The method developed in
our laboratory involves tape casting (61, 62). Two green tapes are prepared, one of which contains
sacrificial pore formers, such as graphite powder. The tapes are then laminated and fired to
temperatures sufficient to make the layer without pore formers dense but leave cavities where the
pore formers had been in the other layer. Another approach involves leaching out the Ni in a Ni-
based, electrode-supported cell with nitric acid (65). Although somewhat more complicated, this
alternative procedure results in a YSZ structure that s similar to that found in electrode-supported
cells.

Copper-Based Electrodes

The infiltration procedure was first used to produce SOFC anodes based on infiltration of Cu
and ceria into porous YSZ (66). Electrodes of this design were shown to be highly resistant to
fouling when used with hydrocarbon-based fuels and exhibit stable performance when running
on methane and higher hydrocarbons, at least under some conditions (67, 68). The Cu in these
electrodes primarily provided electronic conductivity; ceria was required as an oxidation catalyst.
The evidence for this was as follows: First, when Cu alone was present in the electrode (no ceria),
the electrode impedance was quite high, especially when the fuel was dry methane (67). Replacing
Cu with Au, a metal that would be expected to exhibit poor catalytic activity, had essentially
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Figure 6

Roadmap for the synthesis of solid oxide fuel cell/solid oxide electrolyzer (SOFC/SOE) electrodes using
porous-dense yttria-stabilized zirconia (YSZ) bilayers and infiltration of active components.

no effect (69). Reasonable electrode performance was obtained only after the addition of ceria.
When other oxides were substituted for ceria, the electrode performance scaled with the catalytic
activity of the oxide (70). Particularly noteworthy was the observation that when the catalyst
was molybdena (molybdenum oxide), which selectively oxidizes hydrocarbons, and the fuel was
propene, the anode reaction exhibited high selectivity for the production of acrolein, the selective
oxidation product. These results all point toward a mechanism in which the oxide is reduced by
the fuel and then reoxidized by the underlying YSZ electrolyte, with Cu removing the electrons
required for transfer of oxygen from the YSZ (Figure 7). This work has been reviewed elsewhere
(D).

One drawback of the Cu-based electrodes is that they have limited thermal stability (71).
Heating cells to 1,173 K has been shown to cause sintering of the Cu and a consequent loss of
connectivity that yields an increase in the ohmic resistance of the cells. Attempts have been made
to stabilize the Cu by electrodeposition of a more refractory metal onto the Cu film; the most
successful of these efforts used Co (72). Although Co can catalyze the formation of carbon fibers
in a manner similar to that of Ni, minimization of surface energies causes Cu to migrate to the
surface of the Cu-Co particles (73), resulting in electrodes with the carbon tolerance of Cu and
the thermal stability of Co.
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Proposed mechanism for the direct oxidation of a hydrocarbon on a fuel electrode composed of copper, yttria-stabilized zirconia (YSZ),

and ceria.

Ceramic Solid Oxide Fuel Cell Anodes

SOFC anodes based on ceramic conductors could have many important advantages (7), including
stability against carbon-fiber formation when using hydrocarbon-based fuels and less sensitivity
to oxidation and reduction cycles. For operation with hydrocarbon fuels, the ability to oxidize
the anode is particularly useful, as periodic oxidation cycles will remove impurities brought in
with the fuel or carbon deposits formed by gas-phase pyrolysis, should this be necessary. Because
many ceramics have high melting temperatures, excellent thermal stability is also anticipated for
electrodes based on conducting oxides. The two primary problems with oxide-based electrodes
are that they often have insufficient electronic conductivity in the fuel-electrode environment and
that they exhibit relatively poor catalytic activity for oxidation reactions. Other reviews describe
approaches for dealing with the difficulties associated with low electronic conductivity (7, 57).
The low catalytic activity of oxides compared with that of transition metals such as Pt and Ni for
normal heterogeneous combustion reactions is of course well known.

We have studied the catalytic requirements for electrodes based on electronically conducting
ceramics prepared using infiltration procedures, taking advantage of the flexibility for compo-
sition modification that this fabrication procedure provides (74, 75). For example, V-7 polariza-
tion curves and impedance plots for otherwise identical SOFCs, with anodes consisting of infil-
trated Lag gSrg,Crg sMng O3 (LSCM) and various catalytic species in porous YSZ, are shown in
Figure 8 (75). The data are reported for operation at 973 K with humidified H, 3% H,O)
for cells that contained either no added catalyst, 5-wt% ceria, 0.5-wt% Pd, or both 5-wt% ceria
and 0.5-wt% Pd. Figure 84 demonstrates that the maximum power density of the cell without
any added catalyst was only 105 mW cm~ and that the addition of 5-wt% ceria increased this
to 300 mW cm™2. The power density increased still further after the addition of 0.5-wt% Pd
alone or addition of 0.5-wt% Pd and 5-wt% ceria, exhibiting maxima of 500 and 520 mW cm~?,
respectively. The open-circuit impedance data corresponding to these V=i curves are shown in
Figure 8b. For each of the cells, the ohmic losses varied between 0.30 and 0.38 £ cm?, in rea-
sonable agreement with the expected ohmic loss for a 60-um YSZ electrolyte, 0.32 € cm?. This
demonstrates that the LSCM-containing electrodes are electronically conductive. The big differ-
ences in the impedance spectra are associated with nonohmic losses. The electrode losses in the
cell containing Pd are clearly much lower than those in the cell with only ceria, which in turn are
much lower than those in the cell without added catalyst.

Interactions between the catalytic components and the electronically conductive ceramics do
not appear to be critical for promoting electrode performance. Using LSCM for conductivity,
performance enhancements similar to those observed with Pd were found following the addition
of Pt, Rh,and Ni (74, 75). In all these cases, the amount of added metal (0.5 to 1 wt%) was negligible
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Figure 8

(@) V=i polarization curves in humidified H, (3% H,0) at 973 K for cells containing anodes with 45 wt%
Lag §Srp.2Crp sMng sO3 (LSCM) in yttria-stabilized zirconia (YSZ), using various catalysts: (V) no catalyst,
(o) 5-wt% ceria, (¢) 0.5-wt% Pd, and (A) 5-wt% ceria and 0.5-wt% Pd. The filled symbols indicate the
power densities. () Corresponding impedance spectra measured at open-circuit voltage for the cells with (V)
no catalyst, (o) 5-wt% ceria, and (¢) 0.5-wt% Pd. Only the high-frequency portion of the impedance curve of
the cell without a catalyst is shown. Reproduced with permission from Reference 75, copyright © 2009, The
Electrochemical Society.

compared with that which would be required to provide electronic conductivity, demonstrating
that these metals were primarily catalytic. Furthermore, replacing infiltrated LSCM with other
electronically conductive oxides, such as LST or ceria, gave almost identical results to those
obtained with LSCM (76, 77). With all three oxides, the addition of a transition-metal catalyst
greatly reduced the electrode impedance.

Kobsiriphat etal. (78) provides additional confirmation of the independence of the conductivity
and catalytic functions within the SOFC anode in work on electrodes prepared by conventional
screen-printing methods. In this study, Ru and Ni were incorporated into the electronically con-
ductive perovskite, Lag gSro,CrOs. Under the strongly reducing conditions of the anode during
cell operation, the transition metals were extruded from the oxide and formed small metal particles
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From Reference 74.

on the electrode surface. The electrode performance improved dramatically over time as the metal
particles formed, which demonstrates the importance of the presence of a catalyst in the electrode.
Although the long-term stability of the electrodes was not tested, it seems likely that interactions
between the metal particles and the perovskite could help stabilize metal dispersion in a manner
similar to that observed for Pd with LaFeOj; supports (79).

The separation of conduction and catalytic properties as well as the ability to choose different
catalytic metals have importantimplications for operating SOFCs on hydrocarbon fuels. In a study
of infiltrated electrodes made with LSCM and 0.5-wt% Pt, Pd, or Ni, electrodes containing Pt
were reasonably stable in CHj for at least 24 h, but carbon deposits with granular and filamentous
morphologies were found on electrodes containing 0.5-wt% Pd or Ni (74). Carbon deposition
on both Pd and Ni was greatly suppressed by the addition of 10-wt% ceria as a cocatalyst. These
results are shown in the photographs in Figure 9.

ROLE OF CATALYSIS IN AIR ELECTRODES

In conventional, Ni-YSZ anode-supported SOFCs, the largest impedance is usually associated
with the cathode. However, despite an extensive body of research, there is still no clear picture of
what limits the performance of air electrodes and what the detailed mechanism is for the half-cell
reaction in Equation 2. This section outlines some basic ideas about what we believe limits the
performance of air electrodes. For a more complete review, the reader is referred elsewhere (8).
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The requirement of electronic conductivity in a high-temperature, oxidizing environment
can be met only by precious metals and conducting oxides; economics makes precious metals
impractical. The most commonly used conductive oxides are doped perovskites; the prototypical
material is LSM, with a typical composition of LSM being LaggSro,MnO;_s. Compared with
the situation with ceramic fuel electrodes, stable conductivity is easier to achieve with oxides in
air because conductivity in oxides depends on the oxidation state (e.g., 5), which in turn depends
on the P(O,). At the air electrode, the P(O,) is fixed near 0.21 atm, whereas the oxygen fugacity
on the fuel side can vary by many orders of magnitude depending on the H,:H,O ratio and the
temperature.

Most of the structural issues regarding TPB sites and the need for a good electrode-electrolyte
interface, which were discussed earlier for fuel electrodes, apply equally well to air electrodes.
The one major difference with air electrodes is that the best conductive oxides have MIEC, which
widens the TPB region. Because the ionic conductivities of these materials are significantly less
than that of YSZ, the best electrodes are still composites of the electronically conductive oxide
and an electrolyte material, such as YSZ or doped ceria (8). Even though perovskites that exhibit
lower impedances than LSM at low temperatures exist, LSM-based electrodes remain the standard
materials in SOFC cathodes that utilize YSZ electrolytes because LSM is relatively resistant to
reaction with YSZ at the sintering temperatures required for preparation of SOFC electrodes
(14). When using other perovskite-based cathodes, it is usually necessary to introduce a barrier
layer (e.g., doped ceria) between the perovskite and the YSZ to prevent these solid-state reactions
(80, 81).

To understand the processes that occur at the electrochemically active region of an SOFC
cathode (the region extending ~10 pm into the electrode), it is useful to consider the schematic
shown in Figure 10. This diagram shows idealized YSZ channels that extend from the electrolyte
into the electrode and are covered by a dense film of an MIEC perovskite. This structure is similar
to that observed for electrodes prepared by infiltration of perovskites into a porous YSZ scaffold

Perovskite

A

Electrolyte

Figure 10

Schematic of the electrode structure used in the model described in the text. The schematic shows the region
approximately in contact with the electrolyte and extending 10 um into the electrode. This region is viewed
as consisting of yttria-stabilized zirconia (YSZ) fins that are coated with a dense mixed ionic and electronic
conductivity (MIEC) perovskite film.
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after calcination to 1,373 K (82). Although calcination of perovskite-YSZ composites at lower
temperatures results in the perovskite layer being particulate in nature and yields better electrode
performance, the performance following this higher temperature treatment is reasonable for Sr-
doped LaFeOs; (LSF) in YSZ. Thus, the understanding we obtain from this model is likely valid
for all composite electrodes. For this structure, the overall cathode reaction will involve gas-phase
diffusion of O; into the composite, electrochemical oxidation of the perovskite surface, diffusion
of the oxygen ions through the perovskite film, and transport of the ions down the YSZ fins, all
of which take place in series.

Except for cells operating at extremely high current densities, gas-phase diffusion is fast, and
concentration gradients in the gas phase can be ignored safely (83). Regarding diffusion of ions
through the MIEC perovskite film, models have shown that the electrode impedance will scale with
0,712, where o; is the ionic conductivity (23). The step that catalytic activity can affect is oxidation
of the perovskite surface. If oxidation is fast, the surface will be in equilibrium with the gas phase,
and & can be determined from thermodynamic data, which are available for perovskites such as
LSM and LSF (84, 85). The more interesting scenario occurs when the oxidation reaction is not fast
compared with the diffusion rate. This is most often modeled using the Butler-Volmer equation,
but, as discussed earlier, the applicability of this equation to SOFC electrodes is questionable.
Assuming that oxygen vacancies in the perovskite do not interact, we suggest that the reaction
of the oxygen vacancies with gas-phase oxygen can be treated using collision theory, with the
effective reactive sticking coefficient being proportional to 8, according to Equation 8 (24):

5§ — 8
S=S§ . 8.
'3 "%

In this equation, Sy is the probability that a molecule striking a vacancy will adsorb, and 8y is the
equilibrium value for 6 at 0.21 atm. 8/3 is the fraction of oxygen-lattice sites that are vacant, and
d¢ is included in the final expression to allow for desorption of O, at 0.21 atm in the absence of
electrode polarization. For dissociative adsorption, it would be better to assume that the adsorption
rate is proportional to (8/3)%, but we treat adsorption as linear for simplicity. If the perovskite has
a high ionic conductivity, the surface will be in equilibrium with the P(O,) corresponding to the
electrode overpotential, and 6 will deviate from its equilibrium value at 0.21 atm.

Because the addition of a catalyst could affect only S, it is useful to estimate the values of Sy
that would be required to achieve reasonable electrode impedances. Using data for Lag 6Sro 4FeOs
at 1,073 K and an overpotential of 0.2 V (85), the values for § and 8, are 0.1 and 0.03, respectively.
Assuming that the specific surface area of the electrode is 1 m? cm ™ and that its electrochemically
active region is 10 um thick, the calculated current density is 1,000 - Sy A cm~2. In other words, the
impedance of the electrode would be 2 x 10~* S~ Q cm?. Because a typical electrode impedance
for an unmodified LSF-YSZ electrode would be ~0.1 € - cm?, Sy would need to be approximately
1073, a reasonably high value for oxidation of a reduced oxide. The important point here is that
it may not be possible to increase this value significantly by using a catalyst.

There has been a considerable effort aimed at improving the performance of perovskite-based
air electrodes by adding catalytic components, but this approach has achieved only mixed suc-
cess. Although Uchida and coworkers (86) reported that addition of Pt significantly enhanced
the electrochemical performance of LSM-YSZ composites and Erning et al. (87) reported similar
enhancements through the addition of Pd, Haanappel and coworkers (88) reported that neither
Pd nor Pt had any effect on the performance of LSM cathodes. Discrepancies also exist for claims
about the effect of infiltrated cobalt oxide. For example, Yamahara et al. (89, 90) reported signifi-
cant improvements in cathode performance following the addition of small Co;O4 nanoparticles,
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whereas Huang et al. (91) claimed that the incorporation of CoOy had no effect on LSM-YSZ
cathode impedances.

In an effort to determine the origin of these discrepancies, we recently reexamined the in-
fluence of various promoters on the performance of LSF-YSZ and LSM-YSZ electrodes (27).
Because the structure of the perovskite-YSZ composites has such an important influence on elec-
trode performance, we prepared the composite electrodes by infiltration of the metal salts to make
the LSF or LSM, then calcined the final structures to 1,123 or 1,373 K to produce either particu-
late or film-like perovskites within the YSZ scaffold. The addition of dopants had little influence
on the 1,123 K composite electrodes, but all dopants tested improved the performance of the
1,373 K composites. With 1,373 K, LSF-YSZ electrodes, the open-circuit impedances decreased
dramatically following the addition of 10-wt% YSZ, 0.5-wt% Pd, 10-wt% CeygSmg,0O;9 (SDC),
10-wt% CaO, or 10-wt% K;O. Similarly, the 1,373 K, LSM-YSZ electrodes were enhanced by
the addition of 10-wt% CeO,, 1-wt% Pd, or 10-wt% YSZ. Because the improved performance
was close to that of the corresponding LSF-YSZ and LSM-YSZ electrodes that had been cal-
cined to only 1,123 K and because the enhancements were lost following a second calcination to
1,373 K, it was concluded that the improved performance was related to structural changes in the
electrode (i.e., increased specific surface area) rather than to improved catalytic properties or ionic
conductivity.

SUMMARY AND FUTURE ISSUES

In this review we have highlighted the roles that catalysis plays in determining the performance
of both anodes and cathodes in SOFCs and SOEs. As noted throughout the review, the high
temperatures and harsh environments to which these electrodes are exposed during synthesis and
operation constrains both the choice of catalytic materials and the methods by which they can
be synthesized. Although catalysts and electrode structures that have high activity for oxygen
reduction and for the oxidation of a range of fuels, including H, and hydrocarbons, have been
identified, the need to increase both their stability under operating conditions and their activity
to allow operation at lower temperatures are major issues that need to be addressed and are the
focus of much of the research in this area. Mechanistic understanding of the catalytic reactions in
SOFC and SOE electrodes also lags far behind that of more traditional heterogeneously catalyzed
reactions and is an area that we believe needs further attention.
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