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1. Introduction
Recent worldwide interest in building a decentral-

ized, hydrogen-based energy economy has refocused
attention on the solid oxide fuel cell (SOFC) as a
potential source of efficient, environmentally friendly,
fuel-versatile electric power. Due to its high operating
temperature, the SOFC offers several potential ad-
vantages over polymer-based fuel cells, including
reversible electrode reactions, low internal resistance,
high tolerance to typical catalyst poisons, production
of high-quality waste heat for (among other uses)
reformation of hydrocarbon fuels, as well as the
possibility of burning hydrocarbon fuels directly.

Today, SOFCs are much closer to commercial
reality than they were 20 years ago, due largely to
technological advances in electrode material composi-
tion, microstructure control, thin-film ceramic fabri-
cation, and stack and system design. These advances
have led to dozens of active SOFC development
programs in both stationary and mobile power and
contributed to commercialization or development in
a number of related technologies, including gas
sensors,1 solid-state electrolysis devices,2 and ion-
transport membranes for gas separation and partial
oxidation.3 Many reviews are available which sum-
marize the technological advances made in SOFCs
over the last 15-35 yearssreaders who are primarily
interested in knowing the state-of-the art in materi-
als, design, and fabrication (including the electrodes)
are encouraged to consult these reviews.4-12

This review focuses on the factors governing SOFC
cathode performancesadvances we have made over
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the last 20 years in our scientific understanding of
oxygen reduction mechanisms, how these mecha-
nisms vary for different materials and conditions, and
remaining questions and challenges that have been
generated by this large volume of work.

For the purposes of review, Figure 1 illustrates the
basic function of the cathode in a solid oxide fuel cell.
Whether acting alone or as part of a stack of cells,
each cell consist of a free-standing or supported
membrane of an oxygen-ion-conducting electrolyte,
often yttria-stabilized zirconia (YSZ). Oxygen, which
is fed (usually as air) to one side of the membrane,
is reduced by the cathode to oxygen ions via the
overall half-cell reaction

Oxygen ions thus created migrate selectively through
the membrane to the anode, where they undergo a
similar half-cell reaction with a gaseous fuel (either
H2, syngas, or a hydrocarbon) to produce H2O and
CO2. The flow of electrons liberated and consumed
at the anode and cathode, respectively, deliver some
portion of the reversible work of the reaction to the

external circuit. The percentage of reversible work
converted to electrical work depends on (among other
things) the internal losses in the cell, including the
ohmic resistance of the electrolyte, as well as the
overpotential losses at the anode and cathode.

While ohmic losses in oxide electrolytes are largely
understood today, the physics governing the electrode
overpotential losses remain an enormous focus of
research, with substantial progress being made only
in the last 15-20 years. This shift in emphasis from
the electrolyte to the electrodes has been driven (in
part) by an ability to make increasingly thinner, less
resistive, electrolyte films as well as a drive toward
lower operating temperatures where the electrodes
are a higher percentage of the voltage loss (due to
higher activation energy). Much of this work has
focused on the cathode, largely because oxygen
reduction is generally thought to be the more difficult
reaction to activate on SOFCs operating at com-
mercially relevant temperatures. Workers have tried
to not only understand electrode mechanisms, but
also explore new electrode materials and microstruc-
tures, elucidate structure-property-performance re-
lationships, and understand how and why electrode
performance changes with time, temperature, ther-
mal cycling, operating conditions, impurities, or other
factors that may be pertinent in the design of
multicell stacks and systems.

This review attempts to summarize the advances
made in our understanding of SOFC cathodes since
approximately the early 1980s, when there was a
surge in worldwide SOFC research activity. Accord-
ing to the ISI Web-Of-Science Science Citation Index,
more than 1000 refereed articles pertinent to the
topic of SOFC cathodes and cathode materials have
been published since 1980. Regrettably, it is not
possible to cover this enormous volume of work in
uniform detail. Also, new insights regarding SOFC
cathodes have not occurred in a vacuumsthey have
benefited substantially from advances in electro-
chemical measurement and modeling techniques,
improved understanding of cathode materials prop-
erties, and new fabrication and characterization
techniques which allow control and measurement of
electrode microstructure. These enabling develop-
ments can only be tangentially reviewed here.

Rather this review focuses on how new approaches
have been used by workers to better understand
cathode mechanisms and how these mechanisms
relate to materials properties and microstructure.
This review also attempts to identify ongoing critical
questions that will likely be the focus of cathode
research and development over the next 10-15 years.
In highlighting and discussing in detail the most
influential and important work in the field, this
review also hopes to summarize the general trends
and consensus understanding that has developed in
parallel with these key insights. In telling the story
of these new developments and challenges, it is the
sincere hope of the author to do justice to the many
scientists and engineers who have spent their careers
contributing to this fascinating and potentially im-
portant area of research.

Stuart B Adler received his Ph.D. degree in Chemical Engineering in 1993
from the University of California, Berkeley, where he used high-temperature
nuclear magnetic resonance (NMR) to probe microstructure, atomic motion,
and electronic structure in electrochemical ceramics. His work in ionic
materials continued at Imperial College (NATO−NSF fellow), where he
developed continuum mechanical theories for high-temperature electrodes.
In 1994 he moved to Ceramatec, Inc., where he led research supporting
commercialization of ion transport membranes and other oxygen production
and removal processes. After rejoining academia in 1999 (CWRU), he
moved in 2002 to the University of Washington, Department of Chemical
Engineering. There his work in electrochemical ceramics has continued,
including advanced measurement and modeling techniques for solid-state
electrodes and independent studies of kinetic, transport, and thermody-
namic properties of solids. Professor Adler’s awards include the NSF−
NATO postdoctoral Fellowship (1993), and NSF Career Award (2001),
and most recently he is the inaugural recipient of the biennial Charles W.
Tobias Young Investigator Award of the Electrochemical Society (2004).

Figure 1. Schematic showing the roles of anode, cathode,
and electrolyte in a solid oxide fuel cell (SOFC).
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2. Understanding the Three-Phase Boundary sA
Long History of Inquiry

As illustrated in Figure 2, a SOFC cathode typi-
cally consists of a porous single phase or two-phase
composite matrix cast onto an oxide ion conducting
electrolyte substrate using a low-cost slurry-based
process involving powder precursors, such as screen
printing. The oxygen, which we wish to reduce to O2-,
diffuses into the open pores of the electrode and is
reduced somewhere within this matrix. For a tradi-
tional porous electronic conducting electrode material
such as Pt or (La,Sr)MnO3 (LSM) (Figure 2a), reduc-
tion of oxygen is generally thought to be confined
close to the electrode/electrolyte interface, where the
gas has simultaneous access to both the electronically
and ionically conductive phases (illustrated as the
shaded active region).

One strategy for trying to improve performance has
been to replace LSM with a single-phase mixed
conductor (material which conducts both oxygen ions
and electrons), such as La1-xSrxCo1-yFeyO3-δ (LSCF)
(Figure 2b). By introducing bulk ionic transport,
oxygen can be reduced to O2- over a significant
portion of the electrode surface, thereby extending
the size of the active region and improving the
kinetics at temperatures below 800 °C.9,13-28 Elec-
tronically conductive LSM can also be combined with
an ionically conducting oxide (YSZ itself or rare-
earth-doped ceria) in a porous composite microstruc-

ture (Figure 2c), thereby increasing the contact area
between electronically and ionically conductive
phases.29-34 These strategies can also be combined
wherein a composite electrode contains both ionic and
mixed conducting phases.29,35,36

While the various strategies described above have
proven promising, SOFC electrodes remain largely
empirically understood and far from optimized and
suffer from numerous short- and long-term degrada-
tion problems.16,37,38 Reported performances vary
tremendously with many unknown variables at work
and limited understanding as to how materials
properties and microstructure relate to performance
and long-term stability.39,40

At the risk of oversimplification, Figure 3 il-
lustrates the phenomenological role of the cathode
material, electrolyte material, and gas in accomplish-
ing the reaction in eq 1. Regardless of the micro-
structure, a common feature of all cathodes is that
the cathode material itself (R) (an electronic conduc-
tor) makes intimate contact with an electrolyte phase
(γ) (an oxygen-ion conductor) along an interface, this
interface also being exposed at its edge to the gas
phase (â) (where O2 is available). Phase R is con-
nected at some point away from the interface to a
source of electronic current, providing a conduction
path for electrons to the interface. Likewise, the
electrolyte phase γ is either itself the electrolyte
membrane or connected by a continuous ionic path
to the electrolyte membrane, providing a sink for the
oxygen ions produced in the reaction. The oxygen gas
(which diffuses from outside the electrode through
interconnected pores or channels) is reduced some-
where in the vicinity of this R/â/γ interface.

Since this reaction involves ions, electrons, and gas
molecules in three separate phases, the edge of the
R/γ interface that makes contact with the gas phase
â is often described as the three-phase (or triple-
phase) boundary (TPB). The concept of the TPB
actually dates to the 1920s,41 when workers studying
the oxidation of H2 on platinum introduced this
concept to explain why Pt must be exposed simulta-
neously to both solution and gas to get significant
reaction. This type of electrode, which Schmid called
“die diffusiongaselektrode”41 or gas-diffusion elec-
trode (GDE), is still called this today by workers
studying solution- or polymer-based fuel cells. As

Figure 2. Common strategies for SOFC cathodes: (a)
porous single-phase electronically conductive oxide such as
(La,Sr)MnO3 (LSM); (b) porous single-phase mixed conduc-
tor; (c) porous two-phase composite. The SEM micrograph
of LSM on YSZ in a is adapted from ref 84. (Adapted with
permission from ref 84. Copyright 1997 Swiss Federal
Institute of Technology.)

Figure 3. Phenomenological roles of the electronically
conducting (electronic) phase (R), gas phase (â), and ioni-
cally conducting (ionic) phase (γ) in accomplishing oxygen
reduction.
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implied by the name, all GDE reactions share the
common feature of involving gas-phase molecules and
thus represent a fundamental departure from tradi-
tional electrochemical kinetics governing charge trans-
fer across a 2-dimensional interface.42

In the case of SOFCs, a large volume of work shows
that for many SOFC electrodes, overall performance
scales with the 1D geometric length of this three-
phase boundary. As such, the TBP concept and
electrode performance models based on it have proven
to be some of the most useful phenomenological
concepts for guiding design and fabrication of SOFC
cathodes, particularly the microstructure.

However, in trying to develop a deeper understand-
ing of the physics and chemistry governing the SOFC
cathode reaction, the concept of the three-phase
boundary somewhat begs the question as to what
specific physical processes actually occur in the
vicinity of the three-phase interface and how these
processes depend on materials properties, micro-
structure, etc. Workers studying aqueous gas-diffu-
sion electrodes in the mid-1960s recognized the
limitations of the three-phase boundary concept.43,44

As an alternative, they began to break down the
electrode reaction into individual steps, including the
dissolution and diffusion of H2 in solution and the
oxidation of dissolved H2 at the Pt/solution interface.
These and subsequent studies contributed signifi-
cantly to our fundamental and practical understand-
ing of solution and polymer GDEs, including how
molecular diffusion processes contribute to the overall
i-V characteristics and how best to arrange the
electrolyte inside a flooded electrode. Of particular
note is the observation that diffusion processes can
often co-limit electrode performance far below limit-
ing current and can mimic activated behavior.45

Thus, the phenomenological observation that a GDE
obeys Tafel (or Butler-Volmer) kinetics provides no
assurance that the electrode is, in fact, activation
limited.

Although the SOFC community has generally
maintained an empirical approach to the three-phase
boundary longer than the aqueous and polymer
literature, the last 20 years have seen a similar
transformation of our understanding of SOFC cath-
ode kinetics. Few examples remain today of solid-
state electrochemical reactions that are not known
to be at least partially limited by solid-state or
surface diffusion processes or chemical catalytic
processes remote from the electrochemical-kinetic
interface.

Figure 4 outlines some of the mechanisms either
known or theorized in the literature to be important
in determining the rate of the oxygen reduction in
SOFC cathodes. Oxygen molecules are generally
thought to adsorb somewhere onto one or more solid
surface(s), where they undergo catalytic and/or elec-
trocatalytic reduction steps to form partially reduced
ionic/atomic species (sometimes called “electroactive
species”46). Before, after, or between partial reduction
steps, these species must transport along surfaces,
interfaces, or inside the bulk of the electrode materi-
al(s) to the electrolyte, where they are fully and
formally incorporated as electrolytic O2-. If, how, and
where any of these processes happen and what
step(s) are rate determining for a particular electrode
is often only partially understood.

As evidenced by the cases reviewed below, no single
mechanism has been discovered which explains all
electrodes. Furthermore, arguments in the literature
concerning which theory is correct for a given cathode
system usually end in a standoff of equally legitimate
interpretations of limited data on dubiously compa-
rable samples. Which step(s) are rate determining,
and thus which factors are important for cathode
performance, depends strongly on the material(s),
microstructure, and processing of the electrode as
well as the conditions under which the electrode is
tested, including temperature, atmosphere, polariza-
tion, time, or other factors, some of which may not
be known.

Given these uncertainties, the approach taken here
is to review the asymptotic behavior of well-charac-
terized and studied systems, where enough scientific
evidence exists to reach a reasonable consensus.
Perhaps then it becomes easier to discuss the possible
processes governing more complex and less well-
characterized systems (and to propose a new set of
testable hypotheses about them). To that end, we
begin by examining the case of platinum and other
noble metals on zirconia, which perhaps enjoys the
longest and richest history of research available
today.

3. Platinum Electrodes sInterplay of Chemical
and Electrochemical Steps

Oxygen reduction on yttria-doped zirconia (YSZ)
was first accomplished over 100 years ago (for the
purpose of generating light) using a porous platinum
electrode.4 Since then, oxygen reduction on Pt has
been one of the most well-studied electrode reaction

Figure 4. Some mechanisms thought to govern oxygen reduction in SOFC cathodes. Phases R, â, and γ refer to the
electronic phase, gas phase, and ionic phase, respectively: (a) Incorporation of oxygen into the bulk of the electronic phase
(if mixed conducting); (b) adsorption and/or partial reduction of oxygen on the surface of the electronic phase; (c) bulk or
(d) surface transport of O2- or On-, respectively, to the R/γ interface, (e) Electrochemical charge transfer of O2- or (f)
combinations of On- and e-, respectively, across the R/γ interface, and (g) rates of one or more of these mechanisms wherein
the electrolyte itself is active for generation and transport of electroactive oxygen species.

4794 Chemical Reviews, 2004, Vol. 104, No. 10 Adler



in the history of solid-state ionics. Yet the Pt/solid
electrolyte interface is still actively studied today,
with many open questions remaining. Many of these
questions are relevant to more complex but techno-
logically advanced cathode materials with relevance
to today’s SOFCs. Thus, platinum constitutes a useful
foundation on which to build our understanding of
all SOFC cathodes.

3.1. Two Schools of Thought
The field of electrochemical kinetics has tradition-

ally focused on charge-transfer reactions occurring
at the surface of a metal electrode in contact with a
liquid electrolyte.42 As shown in Figure 5, the steady-
state i-V characteristics for this type of reaction
often obey Tafel kinetics (linear dependence of ln(i)
vs V), which can be analyzed in terms of specific rate-
limiting steps occurring at the interface.47 As such,
measurement and analysis of Tafel parameters have
proven to be one of the most useful techniques for
understanding electrode reactions, both as a means
of isolating the nonlinear electrode response from the
linear electrolyte losses as well as providing a theo-
retical framework for relating these parameters to
specific mechanisms.

However, as mentioned previously, gas-diffusion
electrodes usually deviate substantially from tradi-
tional electrochemical-kinetic behavior, often being
limited by multiple rate-determining factors and/or
changes in those factors with overpotential or other
conditions. In attempting to analyze this type of
electrode, one of the most influential experimental
techniques to take hold in the solid-state electro-
chemical literature in the last 35 years is electro-
chemical impedance spectroscopy (EIS)salso know
as a.c. impedance. As illustrated in Figure 6, by
measuring the sinusoidal i-V response as a function

of frequency, EIS seeks to separate and identify
reaction steps via time scale.48,49 Along with current
interruption experiments, early measurements of this
type on Pt/YSZ or Pt/ceria allowed workers to more
specifically isolate the electrode polarization from the
electrolyte and begin analyzing this polarization in
terms of time-dependent phenomena.

On the basis of the two classes of measurements
shown in Figures 5 and 6, workers split into two
fundamentally different schools of thought. The first,
rooted in the well-established tradition of classical
electrochemical kinetics, focused on the observation
that these electrodes tend to obey Tafel kinetics at
moderate to high overpotential. For example, Figure
7 shows Tafel plots for Pt electrodes on calcia-doped
ceria, measured by Wang and Nowick using current
interruption techniques over a wide range of T and
PO2.50,51 Except for limiting current behavior at high
cathodic overpotential, these results fit a Butler-
Volmer expression, yielding (at least empirically) an
exchange current density and anodic and cathodic
transfer coefficients. On the basis of this result, the
authors concluded that the electrode reaction must
be limited by electrochemical kinetics at the interface.

Figure 5. Measurement and analysis of steady-state i-V
characteristics. (a) Following subtraction of ohmic losses
(determined from impedance or current-interrupt measure-
ments), the electrode overpotential η is plotted vs ln(i). For
systems governed by classic electrochemical kinetics, the
slope at high overpotential yields anodic and cathodic
transfer coefficients (Ra and Rc) while the intercept yields
the exchange current density (i0). These parameters can
be used in an empirical rate expression for the kinetics
(Butler-Volmer equation) or related to more specific
parameters associated with individual reaction steps.42 (b)
Example of Mn(IV) reduction to Mn(III) at a Pt electrode
in 7.5 M H2SO4 solution at 25 °C.362 Below limiting current
the system obeys Tafel kinetics with Ra ≈ 1/4. Data are
from ref 363. (Reprinted with permission from ref 362.
Copyright 2001 John Wiley & Sons.)

Figure 6. Electrochemical impedance spectroscopy (EIS).
(a) The steady-periodic linear response of a cell to a
sinusoidal current or voltage perturbation is measured and
analyzed in terms of gain and phase shift as a function of
frequency (ω). Results are usually expressed in terms of
the impedance (Z), the complex ratio of voltage displace-
ment to current displacement (often reported on a Nyquist
or Bode plot). Ideally, each charge-transfer-limiting process
(electrolyte, electrode process #1, electrode process #2, etc.)
is only manifest below a distinct characteristic frequency,
resulting in separate features or “arcs” in the impedance
diagram of magnitude Re, R1, R2, etc. (b) Since EIS is a
linear response technique, the time-response of individual
processes is often modeled in terms of equivalent circuit
elements, with resistance representing charge transfer and
capacitance (C1, C2, etc.) representing charge polarization.
This description is often extended to noninterfacial pro-
cesses by introduction of additional empirically or theoreti-
cally derived circuit elements. (c) Example of a dense
La0.5Sr0.5CoO3-δ film on single-crystal YSZ at 750 °C in
oxygen.162 The total impedance in this case is a sum of the
electrolyte impedance (high frequency), an interfacial
impedance at medium frequency (MF), and a low-frequency
(LF) impedance associated with O2 oxidation/reduction at
the surface of the film (see section 4.3). Data are from ref
165. (Adapted with permission ref 165. Copyright 2001
American Institute of Physics.)
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The authors modeled the PO2 dependence of the
exchange current density in terms of the dissociative
adsorption of oxygen on the Pt surface, which influ-
ences the exchange current through the equilibrium
concentration of adsorbed atomic oxygen. These
measurements also showed that the kinetics are
independent of electrolyte dopant concentration,
leading the authors to suggest that the limiting
electrochemical step must occur on the Pt surface.
Subsequent publications (as recent as the late 1990s)
have continued to reinforce a default viewpoint that
SOFC gas-diffusion electrodes are fundamentally
limited by electrochemical kinetics.17,52,53

In contrast, the second school of thought focused
on the impedance of these electrodes and the fact that
when modeled as an equivalent RC circuit, they
exhibit a very large capacitancestoo large to be
explained in terms of traditional double-layer polar-
ization at an interface.48 One of the earliest groups
to apply impedance for this purpose was Kleitz and
co-workers, who studied porous Pt and other noble-
metal catalysts on YSZ.54 As shown in Figure 8, they
generally found that cells respond at frequencies well
below 1000 Hz, several orders of magnitude too low
to explain in terms of traditional interfacial polariza-
tion. Rather, the authors interpreted these low-
frequency capacitive effects as changes in concentra-
tion of “neutral-O” in the vicinity of the three-phase
boundary, concluding that the overpotential must be
(at least in part) a concentration overpotential rather
than a simple electrochemical-kinetic resistance.

As discussed below, the hindsight of the last 30
years suggests that the truth falls in a gray area
between these two schools of thought, with chemical
adsorption, surface transport, and interfacial elec-
trochemical kinetics all playing a significant role (as
well as other factors which are still not fully under-
stood). For this reason, platinum serves as a good
starting point since it helps to illustrate how these
various factors come into play and how they influence
the overall electrode performance and characteristics.

3.2. Chemical Contributions to the Overpotential

To better understand the “diffusion-limited” school
of thought mentioned above, it is worth digressing
momentarily on another “noble”-metal electrode sys-
tem: silver on YSZ. Kleitz and co-workers conducted
a series of studies of silver point-contact microelec-
trodes, made by solidifying small (200-2000 µm)
silver droplets onto polished YSZ surfaces.55 Follow-
ing in-situ fabrication, the impedance of these silver
microelectrodes was measured as a function of T
(600-800 °C), PO2 (0.01-1.0 atm), and droplet radius.
As an example, Figure 9a shows a Nyquist plot of
the impedance under one set of conditions, which the
authors resolve into two primary components, the
largest (most resistive) occurring at very low fre-
quency (0.01-0.1 Hz) and the second smaller com-
ponent at moderately low frequency (∼10 Hz).

Restricting our attention to the more significant,
lower-frequency impedance, the authors argue (based
on time scale as well as other factors) that a majority
of the observed overpotential is associated with
absorption and diffusion of atomic oxygen inside the
silver droplet. Their proposed mechanism is illus-
trated in Figure 9b. According to this model, cathodic
polarization provides a driving force for atomic
oxygen dissolved in the silver to be reduced to oxygen
ions and pulled into the electrolyte at the silver/YSZ
interface. The resulting depletion of oxygen in the
metal near the silver/YSZ interface creates a chemi-
cal potential driving force for dissolved oxygen to

Figure 7. Steady-state cathodic current-overpotential
characteristics of porous Pt electrodes on Ca-doped ceria,
measured at 600 °C in air using current-interruption.
(Reprinted with permission from ref 51. Copyright 1979
Electrochemical Society, Inc.)

Figure 8. Complex admittance (reciprocal of impedance)
or porous Pt on YSZ in air at 700 °C. The largest portion
of the impedance (appearing at lowest admittance) exhibits
a response frequency of ∼20 Hz (response time of
∼0.01 s). (Reprinted with permission from ref 54. Copyright
1973 Laboratoire d’Electrochimie et de Physicochimie des
Materiaux et des Interfaces (INPG and CNRS), Saint
Martin d’Heres, France.)
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diffuse to the interface from the bulk of the silver,
leading ultimately to depletion of dissolved oxygen
near the silver/gas interface. Depletion of oxygen in
the silver relative to equilibrium with the gas then
provides a driving force for dissociative absorption
of gaseous O2 into the silver. Thus, at steady state, a
continuous gradient in oxygen concentration is es-
tablished that partly limits the overall reaction rate.
The authors argue that only this mechanism can
explain the very large effective capacitance of the
electrode (∼1 F/cm2). Further evidence for this in-
terpretation includes both the T and PO2 dependence
of the resistance and capacitance, which are found
to be quantitatively consistent with independently
measured oxygen absorption and diffusion properties
of silver. Van Herle and McEvoy subsequently con-
firmed these findings,56 concluding further that the
kinetics are partially limited by both absorption of
gaseous O2 into the silver as well as diffusion of
atomic oxygen through the silver.

Although there are a number of other unresolved
issues in interpreting these data (not discussed here),
what is clear from their analysis is that a significant
portion of the resistance to oxygen reduction in this
system is not determined by how fast oxygen is
reduced at the Ag/YSZ interface but rather how fast
oxygen can get to that interface. On this basis and
other examples, Kleitz argued in 1993 that all
cathode reactions involve the equivalent of dissolved
oxygen in silverssome sort of “electroactive” oxygen
species, which must be replenished somehow from
the gas phase. This principle, which he titled the
“reaction pathway model”, is illustrated in Figure 10.
In this model, any charge-transfer (current) pathway
A-E-B can be intermediately limited at point E by
the availability of a neutral species (or neutral
combination of species), whose flow rate (C-E) is not
driven directly by electrical-state driving forces.

For the purposes of clarity throughout the rest of
this review, we hereby define such a neutral flow as
a chemical process, since it is driven by chemical
potential driving forces and may occur at a rate
independent of the faradaic current (except in the
limit of steady state).366 Applying this definition,
examples of chemical processes include ad(b)sorption
and/or dissociation of molecular species, gas-phase
diffusion, diffusion of dissolved neutral species, am-
bipolar (chemical) diffusion of neutral combinations
of ions/electrons, or surface diffusion of adsorbed
species associated with a mobile mirror charge in the
solid phase. Since such species or combinations
thereof are net neutral, they can accumulate in large
quantity in bulk or on surfaces without violating
electroneutrality, acting as a reservoir and leading
to slow response times. As we will see for Pt, as well
as ensuing examples involving mixed conductors, all
electrode reactions are now believed to involve some
sort of “chemical valve” of this type which may
contribute none, some, or all of the macroscopically
observed polarization resistance.

3.3. Evidence for Diffusion and Adsorption
Limitations on Platinum

A significant step forward in our understanding of
Pt was taken by Verkerk and Burgraff, who in 1983
analyzed the impedance of porous sputtered Pt (and
Pt gauze) electrodes on YSZ and gadolinia-doped
ceria (GDC).57 As shown in Figure 11, they used a
Randles circuit to model the interfacial contributions
to the impedance, allowing them to subtract from the
data the contributions of uncompensated iR and

Figure 9. (a) Impedance of a single silver droplet solidified
on YSZ, measured at 700 °C in oxygen. (b) Interpretation
of the impedance in terms of bulk absorption and transport
of oxygen in silver. Explanation for the bifurcation in
response frequency: At low frequency, transport occurs
everywhere in the droplet, with a higher flux near the
droplet edge. At medium frequency transport is confined
to a small but uniform region near the silver/YSZ interface,
involving little reduction/oxidation of gaseous O2. (Adapted
with permission from ref 364. Copyright 1997 Electro-
chemical Society, Inc.)

Figure 10. Kleitz’s reaction pathway model for solid-state
gas-diffusion electrodes. Traditionally, losses in reversible
work at an electrochemical interface can be described as a
series of contiguous drops in electrical state along a current
pathway, for example, A-E-B. However, if charge transfer
at point E is limited by the availability of a neutral
electroactive intermediate (in this case ad(b)sorbed oxygen
at the interface), a thermodynamic (Nernstian) step in
electrical state (δµ) develops, related to the displacement
in concentration of that intermediate from equilibrium. In
this way it is possible for irreversibilities along a current-
independent pathway (in this case formation and transport
of electroactive oxygen) to manifest themselves as electrical
“resistance.” This type of “chemical valve”, as Kleitz calls
it, may also involve a significant reservoir of intermediates
that appears as a “capacitance” in transient measurements
such as impedance. Portions of this image are adapted from
ref 46. (Adapted with permission from ref 46. Copyright
1993 Risø National Laboratory, Denmark.)
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double-layer capacitance at the metal/electrolyte
interface. The remaining “faradaic” impedance (ZF)
was found, in the limit of high frequency, to have
similar real and imaginary contributions (∼45° line
on a Nyquist plot), which is a strong indicator that
diffusion is an important step in the reaction.49 They
also showed that the PO2 dependence of the imped-
ance is independent of the electrolyte, suggesting that
the diffusion process occurs on the Pt surface (or in
the gas phase at lower frequencies and low PO2). On
the basis of independent measurements of oxygen
diffusion rates on Pt,58 the authors estimated the
diffusion distance to be about 50 nm, which supports
a commonly held understanding that electrode kinet-
ics should scale with total TPB length (at least for
Pt particles larger than ∼10-5 cm). However, an
important element left out of this analysis is why the
diffusion distance is ∼50 nm. What establishes this
distance? Also, if diffusion is rate limiting, how can
one explain the Tafel behavior observed for these
electrodes at moderate to high overpotential?

In 1987, Mizusaki and co-workers published two
papers that addressed some of these questions.59,60

By applying traditional electrochemical kinetics, they
argued that the Langmuir isotherm for oxygen
adsorption on platinum yields the incorrect PO2

dependence for the exchange current density ex-
tracted from the data by fitting to a Butler-Volmer
rate expression. They therefore concluded that elec-
trochemical kinetics at the three-phase boundary
cannot be the rate-limiting step. Instead, they pro-
posed that the reaction is limited by either (1)
dissociative adsorption of oxygen molecules on the Pt
surface or (2) surface diffusion of adsorbed oxygen
atoms to the three-phase interface. On the basis of
the PO2 dependence found in their measurements,
they conclude that both situations are possible and
that above 600 °C the electrode is diffusion limited
while below 500 °C it becomes limited by the rate of
dissociative adsorption of O2. In either case, however,
they derive a logarithmic dependence of current on
overpotential, which mimics Tafel kinetics. In this

way they showed that chemical steps (embodying
Kleitz’s reaction pathway concept) can still obey
“classical” Butler-Volmer kinetics.

How can diffusion or other chemical steps give rise
to Tafel behavior? An examination of Mizusaki’s
derivation59 shows that even when interfacial elec-
trochemical kinetic steps are equilibrated, there
remains a Nernstian relationship between the ap-
plied potential and the activity of electroactive oxygen
on the Pt surface. Thus, as the steady-state potential
is varied, the surface concentration at the TPB
changes approximately logarithmically. If the rate of
adsorption and/or diffusion has a linear or power-law
dependence on the surface concentration, it will also
depend logarithmically on the potential, leading to
a logarithmic dependence of current on potential.
Thus, the mere existence of a Tafel slope means very
little in terms of proving electrochemical kinetics is
limiting or in identifying electrochemical kinetic
steps. Rather, the important issue is how the Tafel
parameters (empirical though they may be) depend
on PO2 and temperature and whether these can be
rationalized in terms of specific chemical or electro-
chemical steps.

During the late 1980s some disagreement appeared
in the literature concerning where oxygen concentra-
tion gradients exist on the Pt surface. In contrast to
Mizusaki, Wang proposed a model in which electro-
active oxygen is reduced along the entire interface
between Pt and YSZ, with the rate-limiting diffusion
process being the diffusion of adsorbed oxygen along
the Pt/YSZ interface from the TPB.61 A similar model
was considered by van Hassel for Au on YSZ.62 In
1990, however, Robertson and Michaels addressed
this question for Pt by modeling steady-state polar-
ization and potential-step chronoamperometry mea-
surements on Pt/YSZ.63 As illustrated in Figure 12a,
they considered two cases. Model I: Adsorbed oxygen
is reduced along the entire Pt/YSZ interface but must
diffuse along this interface from the TPB (where
surface coverage is considered to be in equilibrium
with the gas). Model II: Adsorbed oxygen is reduced
at the three-phase boundary but due to lack of
equilibrium with the gas must diffuse along the gas-
exposed surface from some other point further away.
They found that the qualitative and quantitative
features of their data could only be explained using
this second model. In particular, as shown in Figure
12b, only diffusion on the gas-exposed Pt surface
could explain the t1/2 semi-infinite diffusion (Cottrell)
behavior of the current at short times. In contrast,
the first model predicts constant current until oxygen
is depleted at the interface, followed by exponential
decay, which was not observed. Subsequent studies
of the PO2 dependence of the impedance have rein-
forced the view that the dominant rate-determining
transport step occurs on the gas-exposed Pt sur-
face.56,64,65

Some debate has also appeared concerning the
“charge state” of adsorbed oxygen on the Pt surface,
whether it is O2-, O-, uncharged O, etc. This question
arises, for example, when one tries to interpret Tafel
parameters in terms of a cascade of surface-mediated
electrochemical-kinetic steps.66 However, as already

Figure 11. Electrochemical impedance of porous Pt on
YSZ at 710 °C and PO2 ) 10-3 atm. Data has been corrected
for double-layer capacitance as described in ref 79. (Re-
printed with permission from ref 79. Copyright 1983 The
Electrochemical Society, Inc.)
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demonstrated by the work reviewed above, a signifi-
cant fraction of the overpotential can arise from
chemical steps (adsorption and/or diffusion). In ana-
lyzing the rates of these chemical processes, one must
question whether such partial charge assignments
really have any physical meaning from the viewpoint
of continuum mechanics. As recently shown by
Luerssen et al. (Figure 13),67 XPS reveals no differ-
ence in electronic structure between oxygen disso-
ciatively adsorbed onto Pt from the gas vs “ionic
oxygen species” pumped electrochemically from YSZ
onto the Pt surface. Both oxygen sources result in
the same change in measurable work function
(through the surface dipole concentration). In other
words, the “charge” associated with adsorbed oxygen
appears to be a unique feature of the surface chem-
istry of adsorption (e.g., ionic vs covalent) rather than
a variable formal valance state subject to electro-
chemical reduction/oxidation. In this sense, it is
somewhat irrelevant what the charge on oxygen is,
since (as recently demonstrated by Janek68) the
driving force for adsorption and transport of absorbed
oxygen is a change or gradient in surface coverage
(related to oxygen activity). The rate expressions for

these processes are independent of electrical state
since they involve neutral combinations of adsorbed
oxygen and mirror charges in Pt.

3.4. Important Refinement: Co-limited Reaction
Kinetics

As shown by Mizusaki,59,60 the faradaic processes
occurring on platinum are quite complex, with the
possibility that more than one rate-limiting step can
dominate under various conditions. A primary piece
of evidence that diffusion on Pt plays a role is a 45°
straight-line relationship in the Nyquist plot at high
frequency, which has led to the widespread use of
Warburg elements in equivalent circuit modeling.
However, Pt electrodes generally exhibit an imped-
ance considerably different from than predicted by a
Warburg element, even when corrected for double-
layer capacitance.57 Indeed, as recently pointed out
by Boukamp, the 45° relationship is not unique to
finite-length diffusion, but it is the case for any
system that reduces to semi-infinite diffusion in the

Figure 12. Modeling and measurement of oxygen surface
diffusion on Pt. (a) Model I: adsorbed oxygen remains in
equilibrium with the gas along the gas-exposed Pt surface
but must diffuse along the Pt/YSZ interface to reach an
active site for reduction. Model II: adsorbed oxygen is
reduced at the TPB but must diffuse there from the gas-
exposed Pt surface, which becomes depleted of oxygen near
the TPB due to a finite rate of adsorption. (b) Cotrell plot
of current at a porous Pt electrode at 600 °C and PO2 )
10-4 atm vs time. The linear dependence of current with
t-1/2 at short times implies semi-infinite diffusion, which
is shown by the authors to be consistent only with Model
II. (Reprinted with permission from ref 63. Copyright 1990
Electrochemical Society, Inc.)

Figure 13. XPS spectra of adsorbed oxygen on a thin-film
Pt electrode on single-crystal YSZ: (a) residual O1s spec-
trum following several “cleaning” cycles at elevated tem-
perature and vacuum (<10-9 mbar); (b) O1s spectrum at
350-400 °C under constant PO2 ) 10-6 mbar; (c) O1s

spectrum at 350-400 °C in a vacuum during anodic
polarization. The peak “P1”, corresponding to the known
spectrum for chemisorbed oxygen at 530.4 eV, appears
upon both adsorption of oxygen from the gas (b) and
electrochemical pumping of oxygen from YSZ (c). A second-
ary peak “P2” at lower binding energy also appears upon
electrochemical pumping but is too close in energy to P1
to explain in terms of differences in charge state. The
authors propose that P2 represents a different adsorption
site populated only at high coverage. (Reprinted with
permission from ref 67. Copyright 2001 Elsevier.)

Oxygen Reduction in Solid Oxide Fuel Cell Cathodes Chemical Reviews, 2004, Vol. 104, No. 10 4799



limit of high frequency, including systems limited
partially (or entirely) by kinetic processes at steady
state.69

To that end, an important idea contributed by
Robertson and Michaels63 was that oxygen reduction
on Pt could potentially be co-limited by adsorption
and diffusion rather than by just one or the other.
In modeling the system, they noted that it is not
possible for adsorbed oxygen to be in chemical equi-
librium with the gas at the gas-exposed Pt surface
while at the same time being in electrochemical
equilibrium with the applied potential at the three-
phase boundary. To resolve this singularity, prior
(and several subsequent) models for diffusion intro-
duce an artificial fixed “diffusion length” governing
transport from the gas-equilibrated surface to the
TPB.56,57,59,64,65,70 In contrast, Robertson and Michaels
proposed that surface coverage is not in equilibrium
with the gas but instead is governed simultaneously
by finite rates of adsorption onto and diffusion along
the Pt surface. They show that in the limit of short
times, this scenario yields semi-infinite diffusion-
limited behavior (consistent with potential step and
impedance measurements) but at long times enters
a co-limited regime, where the rate of both adsorption
and diffusion govern the overall kinetics. Since
adsorption kinetics are likely to be governed by the
same mass-action relationships governing adsorption
equilibrium, the co-limited case is similarly supported
by the PO2 dependence of the overall kinetics as the
case of pure diffusion.

To better understand how a co-limited system can
exist, consider the generalized adsorption/diffusion
model shown in Figure 14a. A semi-infinite surface,
defining a one-dimensional coordinate system (x), is
exposed to a gaseous adsorbate (A) at uniform partial
pressure. The rate of adsorption of A onto the surface
per unit area is given by rA ) k(cA0 - cA), where cA(x,t)
is the local surface concentration of A, cA0 is the
surface concentration at equilibrium with the gas,
and k is a surface exchange coefficient.367 Once
adsorbed, A can also diffuse along the surface, with
1-dimensional flux per unit width of NA ) -D(∂cA/
∂x), where D is the surface diffusion coefficient.
Initially, the entire surface is allowed to equilibrate
with the gas at surface concentration cA0. Then at
t g 0, the concentration of species A at x ) 0 is
regulated externally with time-dependent value cA1(t)
(established, for example, by equilibrium of an elec-
trochemical reaction such as A + e- T A- ). This local
displacement of the surface concentration provides
a driving force for a finite flux of A at x ) 0 (NA1),
which (if electrochemically driven) is related propor-
tionately to current. Conservation of species A leads
to

Figure 14b,c shows the time-dependent solution

to this system following a step in concentration
cA1(t) ) cA0 - ∆c at x ) 0. At short times the diffusion
profile expands as t1/2, yielding Cottrell behavior for
the flux of A at x ) 0 (NA1(t)). This expansion
continues until, at steady state, the increasing rate
of adsorption (due to increased active area) balances
the decreasing rate of diffusion (due to a longer
transport path). A utilization length lδ is established,
proportional to xD/k, that represents a “compro-
mise” between faster kinetics and slower diffusion.
The steady-state flux at x ) 0 (NA1) is proportional
to xkD and thus is governed by both kinetics and
diffusion. Similarly, Figure 14d shows the stationary
periodic solution to eq 2 for a sinusoidal perturbation
cA1(t) ) cA0 + ∆c cos(ωt) as a function of frequency.
The resulting half-tear-drop-shaped impedance (de-
fined here as ∆c/Nh A1(ω) at x ) 0) is somewhat

∂cA

∂t
) D

∂
2cA

∂x2
+ k(cA0 - cA)

cA(x,t < 0) ) cA0

cA(x ) 0,t) ) cA1(t) (2)

Figure 14. Simple model demonstrating how adsorption
and surface diffusion can co-limit overall reaction kinetics,
as explained in the text. (a) A semi-infinite surface estab-
lishes a uniform surface coverage CA0 of adsorbate “A” via
equilibrium of surface diffusion and adsorption/desorption
of A from/to the surrounding gas. (b) Concentration profile
of adsorbed species following a step (drop) in surface
coverage at the origin. (c) Surface flux of species at the
origin (NA1(t)) as a function of time. Points marked with a
solid circle (b) correspond to the concentration profiles in
b. (d) Surface flux of species at the origin (Nh A1(ω)) resulting
from a steady periodic sinusoidal oscillation at frequency
ω of the concentration at the origin.
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smoother and more suppressed than a Warburg
impedance, with a 45° limit at high frequency and
RC-like behavior at low frequency, with a character-
istic time constant proportional to 1/k and charac-
teristic resistance proportional to 1/xkD. This re-
sponse has often been called the “Gerischer impe-
dance” because it was first derived by Gerischer in
1951 for the case of an electrode co-limited by
homogeneous reaction and diffusion in the electro-
lyte.69,71

The co-limited situation illustrated above is quite
different than a membrane, for example, where the
relative importance of diffusion vs surface kinetics
is determined by a geometric length scale (membrane
thickness). Rather, by “co-limited” we mean that both
k and D are important in establishing the overall
rate, regardless of their values, as long as lδ is small
compared to the electrode thickness. If the ratio of
D/k changes, it does not change the relative impor-
tance of diffusion vs kinetics, merely the size of the
active region. This concept of a co-limited reaction
rate is not unique to solids; electrochemical engineer-
ing is rich with examples of co-limited systems,
including examples from classical porous electrode
theory47 as well as more closely related cases involv-
ing gas-diffusion electrodes in polymer-based fuel
cells.43,44

Perhaps the strongest recent evidence to date that
Pt/YSZ is, in fact, co-limited by adsorption and
surface diffusion has been provided by Mitterdorfer
and Gauckler.72-74 These authors prepared Pt paste
electrodes on single-crystal YSZ and measured im-
pedance at T ) 700-800 °C and PO2 ) 10-4-1 atm in
O2/N2 mixtures. As shown in Figure 15a,b, the
authors used the method of Berthier et al.75 to
subtract the effect of double-layer capacitance and
electrolyte resistance, yielding a true “faradaic im-
pedance” ZF, which is composed of an interfacial
charge-transfer resistance (Rt) plus a chemical im-
pedance not unlike the Gerischer impedance shown

in Figure 14d. The authors constructed a numerical
model for oxygen reduction on Pt/YSZ (based on a
finite-difference model for the surface) that includes
adsorption, diffusion, and electrochemical-kinetics
at the TPB. As shown in Figure 15c,d, their model
shows similar behavior and when compared to the
data allows estimation of physical parameters gov-
erning adsorption, surface diffusion, and electro-
chemical kinetics at the TPB.

Among other things, the authors show that when
Langmuir adsorption kinetics are assumed, they find
the adsorption and diffusion parameters extracted
from their data to depend strongly on surface cover-
age θ. To explain this, they propose an alternative
precursor-mediated adsorption mechanism. With this
modification to the model, the kinetic and transport
parameters extracted from the data reveal more
constant values that are argued to be in reasonable
agreement with available independent measure-
ments or calculated estimates.73,76-79 The authors
conclude that above 800 °C and high PO2, charge
transfer at the TPB competes with adsorption/diffu-
sion, constituting approximately one-half of the total
impedance. With decreased temperature or lower PO2

(or increased overpotential), the electrode appears to
become limited primarily by chemical processes, with
less than 10% attributed to the TPB interface. These
results suggest that the system is quite complex and
that multiple factors can be important, depending on
the specific conditions. Indeed, this may help explain
why there has been so much difficulty reaching a
consensus on what “the” rate-limiting step really is,
i.e., there is no “one” rate-limiting step.

3.5. Unresolved Issues Surrounding Oxygen
Reduction on Pt/YSZ

The models proposed by Robertson and Michaels,
and later by Mitterdorfer and Gauckler, imply that
adsorption and diffusion of oxygen will occur over a
finite utilization region, as illustrated in Figure 14b,c,
establishing the electrode’s functional zone. Oddly,
neither set of authors reported numerical estimates
of this size, based on the parameters they extracted
from their data. In the case of Mitterdorfer and
Gauckler, it is possible to make an estimate using
eq 2 and the parameters from their model. This
exercise yields values between 50 and 500 nm,
depending on T and PO2 (∼100 nm at 700 °C in air).368

While this range represents a significant extension
of the active region beyond the TPB, it is small
enough relative to microstructural features to remain
consistent with studies of Pt and Pt/YSZ composite
electrodes, showing that the active area scales with
the geometric length of the three-phase boundary.80,81

A more quantitative analysis of the size of the active
region has yet to be conducted for Pt on YSZ.

Luerssen and co-workers recently attempted to
image the concentration gradients of oxygen on a Pt
film electrode near the TPB using PEEM67(see sec-
tion 3.6). They were able to show that the work
function (and thus the surface oxygen coverage)
changes following polarization. However, they ob-
served no visible diffusion front emanating (on Pt)

Figure 15. Faradaic impedance (ZF) of porous Pt elec-
trodes on single-crystal zirconia in oxygen at zero bias, as
determined from the total impedance (Z) using the methods
of Berthier et al.:75 (a) T ) 800 and (b) 900 °C. (c) Model
assuming the interfacial electrochemical kinetic resistance
(Rt) is small compared to chemical resistances. (d) Model
assuming Rt is similar to chemical resistances. (Adapted
with permission from refs 74 and 84. Copyright 1999 and
1997 Elsevier and Swiss Federal Institute of Technology.)
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from the TPB. As discussed by the authors, this
failure may be a result of the porosity in the Pt film
(resulting in changes being seen everywhere). It is
also possible that at the very low PO2’s studied (<10-9

mbar) the system becomes entirely adsorption/de-
sorption limited, and thus the oxygen surface cover-
age changes uniformly over the entire Pt surface.
Indeed, an estimate of lδ at this low PO2 based on
Mitterdorfer’s model (see above) is ∼80 µm at
700 °C, which is on the same order of the size of the
Pt surface studied by Luerssen et al. Further studies
of this type, if able to be conducted at higher PO2, may
be able to reveal more about the actual size of the
utilization region for Pt.

Another open question is the mechanism and
electrochemical kinetics governing incorporation of
adsorbed oxygen as O2- at the Pt/electrolyte interface
(Figure 4f). Mitterdorfer estimated (based on analysis
of impedance) that this process can constitute any-
where from 10% to 50% of the electrode overpoten-
tial.73 Of particular interest would be to better
understand what role the electrolyte (or its constitu-
ents) plays in this process. For example, Widmer et
al.82 measured the zero-bias impedance of low-fired
(750 °C) porous Pt electrodes on various electrolytes
including YSZ, gadolinia-doped ceria (GDC), and Ce-
implanted YSZ (made by ion implantation of cerium
into the surface of YSZ). Their results show that the
impedance of Pt on GDC and Ce-implanted YSZ are
much lower than for Pt/YSZ. Since electrodes fired
at this temperature are likely to be limited by
interfacial ionic charge transfer, this result would
seem to indicate that the presence of Ce aids the
electrochemical kinetics at the TPB, as discussed
more fully by McEvoy.83 Unfortunately, isolation and
study of this portion of the overpotential is nontrivial.
As discussed previously, traditional electrochemical
methods (such as steady-state Tafel analysis) are
heavily obscured by chemical effects.84 Meanwhile,
impedance (which we saw can potentially isolate the
resistance of the interface via frequency) is limited
to linearized response and thus is unable to provide
nonlinear information such as the interface-specific
exchange current density and anodic/cathodic trans-
fer coefficients. Thus, despite many years of earnest
investigation, the electrochemical kinetics governing
the actual Pt/YSZ interface (as distinct from adsorp-
tion and transport to the TPB) remains largely a
mystery.

A related mystery is the wide variability in esti-
mates reported for the true double-layer capacitance
of Pt/YSZ interface and how sensitive one’s analysis
is to this value. The recent work of Mitterorfer and
Gauckler74 shown in Figure 15 illustrates the ex-
treme degree to which the double-layer capacitance
can obscure the faradaic processes occurring on the
electrode at high frequency. In 1991, Robertson and
Michaels attempted to measure the double-layer
capacitance based on chronoamperometry, showing
that the shortest relaxation time scale yields a
capacitance of ∼10-6 F/cm2 at 700 °C, based on the
superficial area.85 More recently, Kenjo reports a
value of ∼10-5 F/cm2 using similar measurements.86

These values (which are 2-3 orders of magnitude

smaller than the total pseudocapacitance typically
ascribed to Pt) compare reasonably with estimates
of the charge separation at the Pt/YSZ interface85 as
well as the capacitance of solution interfaces of
similar charge concentration and mobility.47 In con-
trast, the use of equivalent circuit models to extract
double-layer capacitance from impedance data typi-
cally yields values on the order of >10-4 F/cm2.73,85

While in some cases these values may simply be
obscured by faradaic capacitive effects (as originally
proposed by Robertson), it remains unclear why the
apparent interfacial capacitance appearing in the
impedance is so large even after faradaic effects have
supposedly been accounted for. A likely explanation
is that additional transients are occurring at the Pt/
YSZ interface at the highest frequencies probed by
the impedance, which are neither true interfacial
polarization nor faradaic accumulation of reactive
intermediates on the gas-exposed Pt surface.

3.6. Nonstationary Effects

Another unresolved issue in our understanding of
Pt cathodes is that of nonstationary behavior such
as hysteresis or inductive effects, reported under
moderate to high polarization. In this context, the
term stationary refers to behavior exhibiting a well-
defined steady state, which is a repeatable function
of the materials, processing, and testing conditions.
Inherently transient measurements, such as imped-
ance or current-interrupt response, can still be clas-
sified as stationary as long as the applied transients
involve repeatable deviations from, or relaxations to,
a well-defined steady state. In contrast, many work-
ers have observed that electrode characteristics, such
as i-V response or the impedance itself, can depend
on time and/or operating history. Such dependencies
are defined here to be nonstationary since they either
are irreversible, involve significant hysteresis, or
relax on a time scale so long as to constitute changes
in mechanism with respect to processes probed on
ordinary time scales.

One of the first specific studies of these effects was
reported by Schouler and Kleitz,87 who noticed hys-
teresis in cyclic voltammograms at anodic potentials
above about 200 mV. Subsequently a variety of other
authors have reported similar findings for Pt at both
anodic and cathodic overpotentials.88-92 One recent
example is provided by Jacobsen and co-workers,90

who used linear sweep voltammetry and EIS to
quantify the degree and dependence of this hysteresis
for Pt ball/YSZ and point YSZ/Pt electrodes. Figure
16 shows some of their results. Unlike a system with
a reactive intermediate (in which the return sweep
occurs at reduced current due to unfavorable deple-
tion or excess of the reactive intermediate), these
voltammograms clearly show that current on the
return sweep is enhanced following polarization at
a higher potential. The hysteresis loop gets larger
with decreasing sweep rate until extremely slow
sweeps, where a steady state is finally achieved (e1
µV/s). This is actually an example of an “apparent”
hysteresis (brought on by a large separation in time
scales) rather than a true hysteresis in which a
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history-dependent stable state can be achieved (e.g.,
magnetic induction of a ferromagnet). As one might
expect from this behavior, inductive effects are seen
in the impedance, and this effect can also be observed
in chronoamperometric measurements, which show
a slow rise (∼30%) in current over a period of about
3 h following initial polarization. Jacobsen et al.
consider, and reject, a number of explanations for this
behavior including (1) reactive intermediates on the
Pt surface, (2) passivation of the Pt surface by
macroscopic layers of platinum oxide, (3) expansion
of the reaction zone along the YSZ surface due to
reduction and subsequent conduction of YSZ, and (4)
Joule heating of the sample. None of these mecha-
nisms, the authors argue, appear to consistently
explain the observed transients.

A prominent explanation has been that by cathodi-
cally polarizing the cell for a significant period of
time, long-lived Pt-O moieties on the surface (or at
the TPB) are reduced, opening up catalytic sites for
dissociative adsorption, transport, and electrochemi-
cal reduction. Perhaps relevant to this idea is a study
by von Oertzen and co-workers that challenges the
traditional view of Pt as a homogeneous metal
surface.93 They used PEEM to show that chemisorbed
oxygen on Pt (110) can be incorporated into platinum
as a subsurface oxygen “phase” at temperatures as
low as 200 °C, provided CO is present to initiate
reconstruction of the surface. Perhaps similar alter-
ations of certain portions of a polycrystalline Pt
surface (or Pt/YSZ interface), driven by electrochemi-

cal reduction/oxidation, might account for unex-
plained inductive (as well as capacitive) effects.
Recent measurements of work function transients
following polarization94 seem to support the idea that
Pt undergoes changes in surface structure after
establishing a steady-state surface coverage. Simi-
larly, a recent AFM study by Bay and Jacobsen shows
that cathodic and anodic polarization can create
submicrometer morphological changes at the Pt/YSZ
interface, as revealed in postmortem analysis of
point-electrode samples.95 These observations, which
imply a nonstationary Pt/YSZ interface, appear to be
consistent with a model by Svensson and Nisancio-
glu,96 which suggests that mobility of oxygen species
along the YSZ/Pt interface is an important part (at
the atomic level) in determining the interfacial
electrochemical kinetics.

Finally, it is worth mentioning recent studies by
Luerssen et al.,97 who imaged the slow growth of a
reduction front along single-crystal YSZ following
large cathodic polarization of a Pt film electrode. As
shown in Figure 17, this reduction expands the region
of reduced oxygen activity well beyond the TPB and
appears to alter the work-function distribution on Pt
that had been established initially after polarization.
Although these measurements were conducted under
very low PO2, they may provide some insight about
how hysteretic effects could involve the electrolyte
at higher PO2. Indeed, these images recall earlier
suggestions by Kleitz55,98 and others99 that the elec-
trolyte can play a chemical catalytic role in the
absorption and dissociation of oxygen given the right
conditions and set of materials.

Figure 16. Linear-sweep voltammagrams of a YSZ needle
electrode in contact with bulk Pt in air at 1000 °C as a
function of sweep rate. (Reprinted with permission from
ref 90. Copyright 2001 Elsevier.)

Figure 17. In-situ PEEM images of a cathodically polar-
ized Pt/YSZ/Pt cell as a function of time following cathodic
polarization. Dark area in the initial (t ) 0) image corre-
sponds to the gas-exposed YSZ surface, while the slightly
lighter area is Pt. The bright area on Pt following initial
polarization corresponds to low work function due to
decreased oxygen coverage. In contrast, the bright area that
grows slowly outward from the TPB along the YSZ surface
corresponds to increased electron concentration. About 1
min is required for the YSZ surface to reach steady state
following polarization. (Reprinted with permission from ref
97. Copyright 2002 PCCP Owner Societies.)
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3.7. Summary: Platinum as a Framework for
Understanding Other SOFC Cathodes

The literature reviewed in sections 2-3.6 has
shown that oxygen reduction on Pt is quite complex,
involving several possible rate-limiting (or co-limit-
ing) steps. As we will see in sections 4 and 5, this
complexity is a universal feature of all SOFC cath-
odes, with many of the same themes and issues
reappearing for other materials. We therefore high-
light below several general observations about the
mechanism of Pt that frame the discussion for other
solid-state gas-diffusion electrodes involving O2. These
observations are as follows.

(1) Chemical reaction steps: Even if the overall
electrochemical reaction involves a molecular species
(O2), it must first be converted to some “electroactive”
intermediate form via one or more processes. Al-
though these processes are ultimately driven by
depletion or surplus of intermediates relative to
equilibrium, the rate at which these processes occur
is independent of the current except in the limit of
steady state. We therefore label these processes as
chemical processes in the sense that they are driven
by chemical potential driving forces. In the case of
Pt, these steps include dissociative adsorption of O2
onto the gas-exposed Pt surface and surface diffusion
of the resulting adsorbates to the Pt/YSZ interface
(where formal reduction occurs via electrochemical-
kinetic processes occurring at a rate proportional to
the current).

(2) Co-limitation by kinetics and mass transfer: If
an electrode is porous, there is generally no fixed
geometric length that defines the importance of
diffusion relative to kinetic steps. Rather, reaction
and diffusion will occur cooperatively over an active
area and at an overall rate that depends on both
kinetic and diffusion parameters simultaneously over
a wide range of values. We label this situation as a
co-limited reaction. In the case of Pt at high PO2, it
would appear that the rates of adsorption and surface
diffusion are balanced over a relatively small active
region close to the TPB (50-500 nm). This appears
to explain why the activity of a Pt electrode generally
scales with the length of the geometric three-phase
boundary.

(3) Electrochemical kinetics confined to TPB: For
platinum, the important chemical processes of cata-
lytic reduction and transport occur on the Pt surface,
and thus the electroactive species formed are most
readily available near the Pt-surface/YSZ interface
(TPB). Although it is not entirely clear how these
electroactive species are subsequently incorporated
into the electrolyte bulk or what role the electrolyte
itself plays in this process, there is strong circum-
stantial evidence that the electrochemical-kinetic
step is restricted to an area close to the TPB.
Unfortunately very little is known about the nature
of this reaction since the details are often obscured
by chemical effects involving the Pt surface.

(4) Nonstationary behavior: Platinum on YSZ
exhibits pronounced hysteretic effects, suggesting
that passage of current can alter either the kinetics
of the reaction or the dominant reaction pathway
itself. As we saw in section 3.6 (and will again in

section 5.4), this type of nonstationary behavior
(behavior for which a well-defined steady state does
not exist or is subject to relatively long relaxations)
remains largely an unsolved mystery for Pt as well
as other types of electrodes.

4. Perovskite Mixed Conductors and the Role of
Bulk Material Properties

The observations summarized in section 3.7 sug-
gest that if one could extend the transport process of
electroactive species from the surface to the bulk of
the electrode material (as we saw with silver, for
example), one could enlarge the active area over
which chemical processes occur as well as extend the
electrochemical interface to include the entire elec-
trode/electrolyte contact area (not just the TPB).
Although silver appears to exhibit sufficient bulk
oxygen transport to accomplish these goals, it has not
proven to be suitable as an SOFC cathode due to poor
catalytic activity toward O2 as well as mechanical and
thermodynamic instability. In contrast, some transi-
tion-metal oxides, in addition to being good O2
catalysts and electronic conductors, exhibit signifi-
cant ionic conduction while remaining relatively
stable at operating conditions. For these mixed
conductors (materials which conduct both ions and
electrons) the bulk appears to play a significant if
not dominant role in determining the electrode kinet-
ics. As such, these materials provide another useful
asymptote to consider when extrapolating to more
complex materials such as LSM.

4.1. Perovskite Oxides sLow-Cost Alternative to
Platinum

Transition-metal oxides were originally investi-
gated as SOFC cathodes due to their good electrical
conductivity (most oxides are insulators) and as a
relatively low-cost alternative to Pt, which prior to
about 1965 was the only SOFC cathode material
being considered extensively. One of the first such
materials studied was La1-xSrxCoO3-δ (LSC) (now one
of the most well-studied mixed conductors), reported
by Button and Archer in 1966.4 This was followed
quickly thereafter by a number of other materials
having perovskite crystal structure, including La1-xSrx-
MnO3(δ (LSM), which as of ∼1973 became the
favored material for SOFC cathodes. Since LSM has
been so well studied and is also a poor ion conductor
(at least at ambient PO2), we discuss this somewhat
more complex material system in its own section
(section 5). In the present section we focus on
perovskites materials which exhibit significant bulk
oxygen ion transport at typical cathodic PO2 and the
role this transport plays in the oxygen reduction
mechanism.

One of the first such kinetic studies of a perovskite
mixed conducting electrode was reported by Ohno
and co-workers in 1981, who found La1-xCaxCoO3-δ
to have better kinetic properties than Pt as an SOFC
cathode at 1000-1100 °C.100 A number of other
πεFï$σκιτεσ of general formula La1-xSrxMO3-δ (M )
Cr, Mn, Fe, Co) were later studied by Takeda et al.101

To avoid reaction of the perovskites with the YSZ
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electrolyte, these electrodes were fabricated by sput-
tering porous films of thickness varying from 1 to 3
µm at modest temperatures. They found the best
performance with LSC, which initially exhibits sig-
nificantly lower overpotential than either La0.7Sr0.3-
FeO3(δ (LSF) or LSM under the conditions studied.
The i-V characteristics of LSC were found to be
linear at low current density and obey Tafel kinetics
at higher current density. The exchange current
density obtained by fitting the data to a Butler-
Volmer rate expression scales approximately as PO2

1/4

and has an activation energy of ∼220 kJ/mol. The
authors generally found that the overall kinetics
improves with increasing Sr content (x), except for
LaCoO3 (which was the best composition they stud-
ied). They also noted a thickness dependencesthe
overall performance improved with thickness until
about 2-3 µm, at which point a plateau or slight
decline in performance with thickness was observed.

In interpreting their results, Tekada et al. provided
the now often-duplicated picture shown in Figure 18,
which illustrates the possible paths by which oxygen
may become reduced. Citing the high chemical dif-
fusion coefficient for oxygen in LSC, the authors
claimed that bulk transport in LSC allows a much
larger region of the electrode to be active for oxygen
reduction and that this effect is largely responsible
the improved performance over platinum. On the
other hand, citing the Tafel behavior, weak PO2

dependence, and high activation energy, the authors
argue that the electrode must be limited by interfa-
cial electrochemical kinetics with absorption and
transport of oxygen in/on LSC being so fast as to be
equilibrated. Although the subsequent 20 years of
research have shown that these electrodes are not
generally limited by interfacial electrochemical kinet-
ics, this work was foundational in redirecting the
SOFC cathode materials effort and in framing the
debate for two decades as to what actually limits the
rate of oxygen reduction with these materials. Of

particular interest is the suggestion that the bulk of
the material plays an important role in determining
the overall kinetics. As we will see below, this has
been proven to be largely correct.

4.2. Thermodynamic, Kinetic, and Transport
Properties of Perovskite Mixed Conductors

Figure 19 illustrates the general perovskite crystal
structure ABO3-δ as it relates to the electronic and
ionic transport properties of some transition-metal
oxides. In this case, the B-site cation is a reducible
transition metal such as Co or Fe (or mixture thereof)
and the A-site cation is a mixture of rare and alkaline
earths (such as La and Sr). The octahedral symmetry
around the transition metal often promotes a metallic
or semiconducting band structure at high tempera-
ture, leading to high electronic conduction. This
structure is also quite stable relative to other crystal-
line phases, and thus with a judicious choice of A-
and B-site cations, it can stably support a large
number of oxygen ion vacancies (δ) at SOFC operat-
ing conditions, thus facilitating significant bulk ionic
oxygen transport. The literature surrounding the
properties of transition-metal perovskites extends
back more than 50 years and is well beyond the scope
of this review; however, the following few paragraphs
attempt to summarize some of the salient features.

All materials in the La1-xSrxCo1-yFeyO3-δ (LSCF)
family of materials have electronic transference
numbers approaching unity. The electronic structure
LSC and LSF has often been described in terms of
partially delocalized O2p-Co3d band states based on
the tg

2 and eg levels of crystal-field theory.102-104 In
the case of LSC (Figure 20a), at high temperature
and with 10 mol % Sr or higher, the Fermi energy
appears to fall within a half-filled band, comprising
a mixture of somewhat localized t2 states with more
delocalized e (σ*) states.105-111 Consistent with this
picture, LSC exhibits metallic or semimetallic con-
duction with a conductivity that decreases with
temperature above ca. 500 °C and a Seebeck coef-
ficient approaching zero as the temperature is in-
creased.112,113 In contrast, LSF appears to exhibit a
weak Hubbard or Hubbard-like band gap arising

Figure 18. Possible pathways by which oxygen is reduced
in a porous mixed conducting electrode. Following dissocia-
tive adsorption (which forms a surface-polarizing species
On-, where n represents the unknown partial charge state
of adsorbed oxygen), On- either travels by surface diffusion
to the TPB (where it is fully reduced) or is incorporated
directly into the mixed conductor as O2-, where it then
diffuses to the solid/solid interface. (Adapted with permis-
sion from ref 203. Copyright 1987 The Electrochemical
Society, Inc.)

Figure 19. Atomic structure and oxygen transport in
mixed conducting perovskites ABO3-δ. (a) Basic structural
element, consisting of a corner-sharing BO6 octahedron
surrounded by charge-compensating A-site cations. (b) Bulk
oxygen transport mechanism, involving random hopping
of oxygen ion vacancies on the oxygen sublattice.
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from electron-electron repulsion on the iron site.114,115

This gap results in more localized electronic states,
which can be thought of as a spatially localized
disproportionation of Fe3+ to Fe2+ and Fe4+(Figure
20b). As such, LSF has semiconducting or semime-
tallic properties at high temperature, exhibiting
p-type conductivity and Seebeck coefficient at high
PO2 (where iron is intermediate between Fe3+ and
Fe4+) and n-type conductivity and Seebeck coefficient
at low PO2 (where iron is intermediate between Fe2+

and Fe3+).116 For solid solutions of LSC and LSF
having a mixture of iron and cobalt on the B-site, the
electronic structure is more complex but generally
exhibits more semiconductor-like behavior with high
iron content (y ) 0.8) while being more metallic with
high Co content (y ) 0.1).117,118

Consistent with these differences in electronic
structure, LSC and LSF also exhibit very different
defect thermodynamics in terms of the dependence
of oxygen vacancy concentration (nonstoichiometry
δ) as a function of Sr content (x), T, and PO2. As shown
in Figure 21a,119 LSF exhibits a plateau in oxygen
nonstoichiometry with PO2 where δ ) x/2, correspond-
ing to an average iron oxidation state of Fe3+. At
higher PO2 iron becomes oxidized, leading to lower δ,
while at lower PO2 more vacancies are formed. As
shown by Mizusaki,119 this behavior can be explained
quantitatively in terms of point-defect theory,120

assuming equilibria among O2 gas, oxygen vacancies,
and localized electrons and holes. In contrast, Figure
21b121 shows that the oxygen nonstoichiometry in
LSC exhibits no such plateau but rather a continuous

increase in vacancy concentration with decreasing
PO2.121-124 Mizusaki noted that that this behavior
implies that the partial entropy of oxygen incorpora-
tion is dominated by the configuration entropy of
the vacancies while electron/hole entropy is con-
stant.121 More recently, Lankhorst et al. modeled this
behavior using a point-defect view for oxygen vacan-
cies but treating electrons as delocalized according
to a rigid-band model.125-127 Nonstoichiometry for
mixed iron and cobalt materials has also been
investigated117,118,128,129 and can be explained to a
certain degree by hybrid models invoking both local-
ized and itinerant electronic states.130

Although these materials are primarily electronic
conductors (tn,p ≈ 1), the very large concentrations
of oxygen vacancies generated in these materials (as
shown in Figure 19) has been found to lead to rapid
bulk oxygen ionic transport as well as increased rates
of exchange of oxygen with the gas. The rates of these
processes have been measured by a variety of tech-
niques including electronic blocking methods,131-133

18O2 tracer techniques based on postmortem SIMS
analysis,134-142 relaxation methods involving the mea-
surement of mass, conductivity, or other properties
following a sudden change in PO2,135,143-148 or direct
measurement of permeation through a dense mem-
brane.149-153 Although we do not review this litera-
ture in detail, some of the highlights relevant to the
present discussion are included.

(1) Higher vacancy concentration leads to faster ion
transport and surface exchange. In general, the more
vacancies there are, the faster oxygen can be ab-
sorbed by, and move through, the lattice for a given
chemical potential driving force. In fact, as shown in
Figure 22, many workers have noticed a strong
correlation between the equilibrium surface isotope
exchange rate (k*) and the bulk tracer diffusion rate
(D*) that spans 10 orders of magnitude in property
values across several classes of materials.141

(2) Higher electronic conduction is correlated with
faster oxygen exchange. As shown in Figure 22,

Figure 20. Electronic structure and transport in mixed
conducting perovskites. (a) Band picture of electronic
structure in the high-temperature metallic phase of
La1-xSrxCoO3-δ. (Reprinted with permission from ref 109.
Copyright 1995 Elsevier.) (b) Localized picture of electron/
hole transport in semimetallic La1-xSrxFeO3-δ, involving
hopping of electrons and/or electron holes (depending on
the oxidation state of iron).

Figure 21. Oxygen stoichiometry in (a) LSF (x ) 0.1) and
(b) LSC (x ) 0.3) as a function of PO2 and temperature.
(Adapted with permission from refs 119 and 121. Copyright
1985 and 1989 Elsevier.)

Figure 22. Correlation of the isotope tracer surface
exchange coefficient (k*) vs the oxygen tracer diffusion
coefficient (D*). Data represent a variety of materials under
various temperature and PO2 conditions but are classified
according to groups. Group I: La1-xSrxMn1-yCoyO3(δ,
Sm1-xCoO3-δ, and La1-xSrxFe1-yCoyO3-δ. Group II: CaZr0.9-
In0.1O2.95, SrCe0.95Yb0.05O2.975, and La1-xSrxYO3-x/2. Group
IIIa: oxide fluorites at high temperature plus La0.9Sr0.1-
Ga0.8Mn0.2O2.85. Group IIIb: oxide fluorites at low temper-
ature. (Reprinted with permission from ref 141. Copyright
1999 Elsevier.)
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materials with high concentrations and/or more
mobile electronic carriers tend to have much better
surface catalytic properties (k*) than more purely
ionically conductive materials with similar rates of
bulk ion transport (D*). The existence of this uni-
versal correlation suggests that there may be a
fundamental limit to how active the surface of these
materials can be without some type of additional
enhancement.

(3) Available kinetic and transport data are limited
to linearized driving force. The measurement tech-
niques listed above (particularly tracer and relax-
ation techniques) only probe the rate of oxygen
diffusion and surface exchange at or near equilibrium
conditions. While transport data can normally be
extrapolated to higher driving force (through consid-
eration of the defect structure and appropriate ther-
modynamic factors), extrapolation of equilibrium
surface exchange data to high driving force is impos-
sible without a priori knowledge of the exchange
mechanism, which is still an open question. Thus,
the nonlinear rate expressions governing absorption
or evolution of oxygen at the mixed-conductor surface
remain largely unknown today.

4.3. Defining the Role of the Bulk sDense
Thin-Film Mixed-Conducting Electrodes

To better understand the role of bulk oxygen
transport in determining the characteristics of mixed-
conducting oxide electrodes, workers have focused
considerable attention in the last 10-12 years on
dense thin-film electrodes having little or no three-
phase boundary contact area.27,124,154-166 Early at-
tempts struggled with sample preparation, it being
difficult to make and verify the existence of un-
cracked and dense films. Perhaps the first success
in this direction was that of Mizusaki and co-
workers,157 who used a pulsed KrF excimer laser to
flash evaporate and deposit 1-2 µm thick films of
La0.5Sr0.5MnO3 on YSZ. Prior to polarization, these
electrodes exhibited a zero-bias impedance much
higher than porous LSM electrodes and a perfor-
mance that decreased with increasing PO2, which is
contrary to the normal situation with porous elec-
trodes. They also noticed that the performance scaled
inversely with electrode thickness. On the basis of
these results, they modeled the electrode as being
limited by ambipolar diffusion of oxygen through the
bulk of the film and showed that the majority of their
observations were consistent with this model, based
on the known defect structure of LSM. More recent
results appear to confirm this conclusion.159,167 It was
thus shown that even with a poor ionic conductor
such as LSM, a bulk path exists for oxygen reduction
and a TPB interface is not strictly necessary for the
reaction to occur.

However, as discussed more fully in section 5, it is
not entirely clear how significant the bulk path is in
the case of LSM, which is almost a pure electronic
conductor under typical cathode conditions. In the
Mizusaki study cited above, the authors went on to
show that following anodic polarization (or strong
cathodic polarization), the LSM film becomes severely
damaged and cracked and reverts to behavior more

consistent with a porous LSM electrode. The authors
conclude that this damage results in a creation of
TPB contact area and thus changes the relative
importance of bulk vs surface transport in allowing
electroactive oxygen to reach the electrode/electrolyte
interface. In other words, by constraining transport
to the bulk artificially using a thin film, one can only
prove that bulk transport occurs not that it is the
dominant path for transport under all conditions.

In contrast, in a series of collaborative studies,
Kawada, Masuda, and co-workers reported excellent
success making thin-film electrodes of LSC (La0.6-
Sr0.4CoO3-δ) on Ca-doped ceria (CDC) using laser
ablation.124,158,161 These homogeneous and very-well
characterized films were studied by impedance over
a range of T, PO2, and thickness as well as isotope
exchange methods to help determine where the
resistance to oxygen reduction occurs. As shown in
Figure 23, these films exhibit nearly perfect low-
frequency semicircular impedances having a resis-
tance and capacitance that can be analyzed quanti-
tatively assuming that absorption/desorption of oxygen
at the gas/film interface is rate limiting. The author’s
isotope-exchange measurements on the same system
confirm that the film contributes virtually no resis-
tance to bulk oxygen transport and that there is no
resistance for 18O2-/16O2- exchange across the LSC/
CDC interface. Subsequently published studies have
consistently confirmed these findings for other per-
ovskite phases having high ionic conductivi-
ties.27,124,162-166 Both Kawada et al.161 and Yang et
al.165 compared the oxygen surface exchange coef-
ficient for the gas/mixed conductor interface obtained
from isotope measurements to that predicted from
the impedance and found quantitative agreement
over a range of temperatures and PO2. These results
suggest that over length scales of a few micrometers,
the bulk will provide little opposition to oxygen
transport and thus will be a dominant transport path.

Figure 23. Impedance response of a thin film of LSC
(x ) 0.4) on GDC at 800 °C and PO2 ) 10-2 atm as a
function of polarization. (Reprinted with permission from
ref 124. Copyright 2002 Electrochemical Society Inc.)
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Results are similar for films deposited on YSZ;
however, there appears to be a difference between
films deposited on ceria vs YSZ in terms of interfacial
electrochemical resistance. As shown previously in
Figure 6c, LSC films on YSZ often exhibit a second
high-frequency impedance associated with oxygen-
ion exchange across the electrode/electrolyte inter-
face.27,164-166 That this difference is associated with
the solid-solid interface has been confirmed by Mims
and co-workers using isotope-exchange methods.164

As discussed in greater detail in sections 6.1-6.3, this
interfacial resistance appears to result from a reac-
tion between the electrode and electrolyte, sometimes
detected as a secondary phase at the interface.

As with platinum, these studies reillustrate that
oxygen reduction can be separated into chemical
steps (in this case absorption of oxygen into and
ambipolar transport through the bulk of the mixed
conductor film) and electrochemical-kinetic steps
(exchange of oxygen ions across the mixed-conductor/
electrolyte interface). Besides highlighting the im-
portant role of these chemical steps in determining
the overall resistance of mixed-conducting electrodes,
another important consequence of this separation is
the concept of chemical capacitance (also known as
faradaic or pseudocapacitance) associated with the
bulk oxidation/reduction of the material. As discussed
below, this chemical capacitance is normally much
larger than surface or interfacial capacitances and
thus is a useful measure of how much of the bulk is
involved, even when we step away from thin films to
more complex microstructures.

4.4. Chemical Capacitance
Figure 24 illustrates what gives rise to the mea-

sured resistance and capacitance of a mixed-conduct-
ing film (as determined by impedance) when the
reaction is limited by either (a) chemical reduction
of O2 to O2- at the gas/film interface or (b) transport
of oxygen ions in the bulk of the film (where electronic
conduction is facile).

If O2 exchange at the gas-exposed surface is rate
limiting (Figure 24a), the relatively fast transport of
oxygen ions in the film will cause the film to act as a
uniformly concentrated and electrically neutral res-
ervoir for oxygen vacancies and associated electrons/
holes. Conservation of vacancies in the film in this
case is therefore given by

where [VO
‚‚] ) δ/Vm is the vacancy concentration, δ is

the oxygen nonstoichiometry in ABO3-δ, Vm is the
molar volume of the oxide, and NVO

‚‚ is the vacancy
flux in the y direction. In the absence of impedance
at the solid-solid interface, a sinusoidal modulation
of the current density (i) will cause a proportional
faradaic modulation of vacancy flux across the solid-
solid interface at y ) 0

where i1 is the current modulation amplitude and ω
is the frequency in s-1. At the gas/solid interface the
absorption/desorption of oxygen results in a vacancy
flux related to the displacement of the solid oxygen
chemical potential from equilibrium with the gas.
Upon linearization, any rate expression for this
process can be written in terms of the displacement
of δ from equilibrium

where r0 is the equilibrium oxygen exchange rate, δ0
is the value of δ at equilibrium with the gas, and
f ) (- ∂µO2/∂δ)/RT is a thermodynamic factor express-
ing the ease with which the material changes stoi-
chiometry for a given change in PO2 (f ≈ 1 means
stoichiometry changes easily, f . 1 means it is hard
to change stoichiometry). For a good electronic con-
ductor in the limit of small vacancy concentration,
configurational entropy tends to dominate the va-
cancy free energy such that f scales approximately
inversely with vacancy concentration.

Since the solid-solid interface and bulk of the
mixed conductor remain in chemical and electrical
equilibrium, the measured overpotential η is related
directly to the spatially uniform oxidation state of
the film through the Nernst equation: 4Fη )
RTf(δ - δ0). Solving for δ(t) and recognizing that the
impedance Z ) η/i, one obtains

Figure 24. Models illustrating the source of “chemical
capacitance” for thin film mixed conducting electrodes. (a)
Oxygen reduction/oxidation is limited by absorption/de-
sorption at the gas-exposed surface. (b) Oxygen reduction/
oxidation is limited by ambipolar diffusion of O2- through
the mixed conducting film. The characteristic time constant
for these two physical situations is different (as shown) but
involves the same chemical capacitance CL, as explained
in the text.
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where Rsurf is the area-specific resistance associated
with oxygen reduction at the gas-exposed surface and
CL is the effective chemical (noninterfacial) capaci-
tance associated with changes in oxygen stoichiom-
etry in the film of thickness L. As shown by the
Nyquist plot in Figure 24a, this impedance has a
semicircular shape with width Rsurf and characteristic
frequency 1/RsurfCL. A similar expression for the
chemical capacitance of a surface-limited film was
recently derived by Kawada et al. using a transmis-
sion line approach.124

In the second case (limit of fast kinetics at the gas-
solid interface), the film becomes entirely bulk trans-
port limited, corresponding to the limit of Hebb-
Wagner polarization. Since electronic conduction is
fast, this situation yields a Warburg impedance for
finite length diffusion49

where Rbulk is the area-specific resistance associated
with ambipolar oxygen diffusion trough the bulk of
the film (assuming facile electron transport) and D̃
is the chemical diffusion coefficient for oxygen ions.
One can also express Rbulk in terms of the oxygen
ionic conductivity of the film, σi, as shown in eq 7.
Since oxygen stoichiometry changes occur over the
entire thickness of the film, this situation yields the
same chemical capacitance (CL) as the surface-limited
case.168

Thus, in the case of a thin film, when chemical
steps (absorption and/or bulk diffusion) are rate
limiting, accumulation of electroactive intermediates
in the bulk results in a large effective capacitance
proportional to the thickness of the film and the ease
by which it changes nonstoichiometry. As recently
shown by Kawada et al.,124 this capacitance is very
large (0.1-1 F/cm2) even for relatively thin (1.5 µm)
mixed-conducting films. This value is significantly
larger than the pseudocapacitance of Pt (∼10-3

F/cm2), which is dominated by adsorption and trans-
port of oxygen on the Pt surface. If we compare this
value to the apparent true interfacial polarization
capacitance of the Pt/YSZ interface (10-6-10-5 F/cm2),
we see an even larger difference. Thus, capacitance
is a strong indicator (independent of resistance) as
to what degree the interface, surface, and/or bulk are
playing in the reaction kinetics for a given material
and set of conditions.

Some authors have expressed concerns that bulk
accumulation of reactive intermediates (and thus
chemical capacitance) violates electroneutrality.169,170

However, it should be recalled that reduction (or
oxidation) of a material not only involves depletion
(or accumulation) of oxygen ions in the bulk but
neutral combinations of oxygen ions and compensat-
ing electrons/holes which together may accumulate
without violating electroneutrality.47 Indeed, no other
mechanisms have yet been proposed which satisfac-

torily explain such a large capacitance without
invoking a bulk reaction pathway. As we will see
below, workers have used this concept to understand
what is happening in more complex porous systems
where the relative roles of kinetics, transport, bulk,
and surface are not nearly as clear.

4.5. Porous Mixed Conductors sA More Complex
Case

Returning briefly to Figure 4, we see a summary
of some of the physical mechanisms postulated in the
literature to limit the rate of oxygen reduction in a
porous mixed-conducting electrode (some of which we
have discussed previously in the context of porous
Pt and dense mixed conducting electrodes). These
include (a) kinetics of O2 incorporation into the bulk
mixed conductor, (b) kinetics of adsorption and/or
partial reduction of oxygen on the mixed-conductor
surface, (c) rate of bulk or (d) surface transport of
O2- or On-, respectively, to the mixed-conductor/
electrolyte interface, (e) electrochemical-kinetics of
charge transfer for O2- or (f) combinations of On- and
e-, respectively, across the mixed-conductor/electro-
lyte interface, and (g) rates of one or more of these
mechanisms wherein the electrolyte itself acts as a
mixed conductor due to doping by reaction with the
electrode materials.

In the case of a LSM thin film, we noted above that
introduction of TPB contact area (via damage of the
film) resulted in a fundamental change in the rate-
determining step from bulk oxygen transport to some
other step (or combination of steps) likely involving
the surface. The same fundamental question arises
when considering a porous mixed conductor with high
ionic conductivity. For a thin film we saw that the
mechanism is dominated by the bulk path, a-c-e,
with the surface exchange process (a) being rate
determining (plus a small contribution from charge
transfer (e) when YSZ is the electrolyte). If porosity,
and therefore direct TPB contact area, is introduced,
does the relative importance of these steps change
and/or does a surface path (b-d-f) begin to play a
role as it does in the case of Pt?

As discussed in section 4.2, strong interest in
mixed-conducting perovskites as gas-separation mem-
branes stimulated a large volume of work in the late
1980s and early 1990s to better understand the
properties of mixed-conducting perovskites, including
defect thermodynamics, ionic and electronic transport
properties, and surface kinetics for absorption/
desorption of oxygen. Prompted by the availability
of these data, a number of workers in the mid-
1990s began a modeling effort to better understand
the performance of porous mixed-conducting elec-
trodes171,172 and membrane coatings173,174 based on
these properties. Although these models only consider
a limited set of the physics shown in Figure 4, they
successfully confirmed the important role of the bulk
and (where valid) provided design guidelines relating
performance to microstructure and bulk materials
properties. Spending some time to understand these
models is therefore worth a few pages, both because
they help understand the reaction in some limiting
cases as well as being a launching platform for

Z ) Rbulk
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Rbulk ) RT
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understanding more complex cases where the models
break down. Where and how these models break
down is interesting because it sheds light on what
other physical processes may be active.

4.6. One Asymptotic Limit sThe Bulk Reaction
Path

One limit of behavior considered in the models cited
above is an entirely bulk path consisting of steps
a-c-e in Figure 4. This asymptote corresponds to a
situation where bulk oxygen absorption and solid-
state diffusion is so facile that the bulk path domi-
nates the overall electrode performance even when
the surface path (b-d-f) is available due to existence
of a TPB. Most of these models focus on steady-state
behavior at moderate to high driving forces; however,
one exception is a model by Adler et al.171 which
examines the consequences of the bulk-path assump-
tion for the impedance and chemical capacitance of
mixed-conducting electrodes. Because capacitance is
such a strong measure of bulk involvement (see
above), the results of this model are of particular
interest to the present discussion.

As shown schematically in Figure 25, the Adler
model takes as its testable hypothesis that mixed
conductors with high ionic conductivity function by
the same underlying mechanism as a dense film, i.e.,
path a-c-e in Figure 4. In addition, because ionic
transport is relatively fast, the model also assumes
that variations in composition within the electrode
will occur over distances larger than the size of
individual microstructural features (particles) mak-
ing up the porous electrode. Thus, as is often done
in porous electrode theory, transport and reaction in
and between the solid and gaseous phases are treated
using average structural parameters: surface area
(a), porosity (ε), and tortuosity (τ). With this assump-
tion, the overall electrode reaction, 2e- + 1/2O2 f O2-,
can be viewed as a 1D macrohomogeneous conversion
of electronic current to ionic current over the thick-
ness of the electrode, where in this case oxygen

absorption and diffusion act as Kleitz’s “chemical
valve” (Figure 10), limiting overall charge flow (cur-
rent) at steady state. This model also considers the
effects of gas-phase diffusion and charge-transfer
resistance at the electrode/current collector contact.

Because the Adler model is time dependent, it
allows prediction of the impedance as well as the
corresponding gaseous and solid-state concentration
profiles within the electrode as a function of time.
Under zero-bias conditions, the model predicts that
the measured impedance can be expressed as a sum
of electrolyte resistance (Relectrolyte), electrochemical
kinetic impedances at the current collector and
electrolyte interfaces (Zinterfaces), and a “chemical”
impedance (Zchem) which is a convolution of contribu-
tions from chemical processes including oxygen ab-
sorption, solid-state diffusion, and gas-phase diffusion
inside and outside the electrode.

In the limit of a semi-infinite (thick) porous elec-
trode with no gas-phase diffusion limitations, the
chemical term Zchem reduces to an impedance reflect-
ing co-limitation by oxygen absorption and trans-
port.369

where Rchem and Clδ are a characteristic resistance
and capacitance, respectively, reflecting co-limitation
by surface kinetic and transport properties of the
mixed conductor

where Vm is the molar volume, D̃eff ) (1 - ε)D̃/τ is
the effective oxygen-ion chemical diffusion coefficient
in the solid (corrected for porosity and path tortuos-
ity), and r0 and f (as defined previously in eq 5) are
the linearized rate of oxygen absorption/desorption
and a thermodynamic factor, respectively. As shown
in eq 9, one can also express Rchem in terms of surface
and bulk resistances defined previously in eqs 6 and
7 for a thin film: Rsurf and σi,eff ) (1 - ε)σi/τ.

Equation 9 shows that the chemical capacitance in
this case is similar to that derived previously in eq 6
for a thin film (CL); however, in the co-limited
situation the important length parameter is not L but
rather a characteristic “utilization” length given by

The significance of this length parameter lδ can be
understood by examining the predicted steady-state
vacancy concentration profile in the porous electrode
as shown in Figure 26a. At steady state, the model
predicts that the mixed conductor will be reduced by
an amount that decays exponentially with distance

Figure 25. Adler’s 1D macrohomogeneous model for the
impedance response of a porous mixed conducting elec-
trode. Oxygen reduction is viewed as a homogeneous
conversion of electronic to ionic current within the porous
electrode matrix, occurring primarily within a distance lδ
from the electrode/electrolyte interface (utilization region).
(Adapted with permission from ref 28. Copyright 1998
Elsevier.)
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from the electrolyte interface with a characteristic
length lδ describing the size of the active region.
Equation 9 shows that the chemical capacitance will
be proportional to the size of this region, just as the
chemical capacitance of a dense film is proportional
to its thickness (eq 6). The difference here is that the
amount of material contributing to the capacitance
is determined by the kinetic and diffusion parameters
rather than a geometric length scale.

Figure 26b shows the impedance predicted by eqs
8 and 9. As previously discussed, this function is
known as the Gerischer impedance, derived earlier
in section 3.4 for a situation involving co-limited
adsorption and surface diffusion (in the context of Pt).
As with the surface-mediated case, the present result
corresponds to a co-limited reaction regime where
both kinetics and transport determine the electrode
characteristics (as reflected in the dependency of
Rchem and Clδ on both r0 and Deff). The essential
difference between this and the Pt case is that here
the kinetics and diffusion parameters refer to a bulk-
mediated rather than surface-mediated process.

As shown in Figure 26c and as discussed more fully
elsewhere,171 initial comparisons of this model to
impedance data for La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) on
gadolinia-doped ceria were favorable. A fit of the
impedance to eq 8 yielded values of Rchem and Clδ that
were reasonably consistent with those calculated
based on the known bulk properties of LSCF. The
large chemical capacitance observed (and calculated)
in this case corresponds to a significant reduction/
oxidation of the bulk, while the Gerischer shape of
the impedance (and absence of other impedance

features) suggests that the reaction is co-limited by
absorption and transport to the interface.

This result prompted a more complete experimen-
tal study by Adler of the impedance of porous
La1-xSrxCoO3-δ electrodes on SDC.28 Symmetric LSC/
SDC/LSC cells with 2.0 cm2 active area were fabri-
cated at three values of strontium content, x ) 0.2,
0.3, and 0.4, and characterized in terms of surface
area (a) and porosity (ε) (tortuosity (τ) of the bulk
path was also estimated). The impedances of these
cells were then studied over a range T and PO2.
Although the resulting impedance data did not match
eq 8 as well as shown in Figure 26c, the data did
exhibit a single arc with a Gerischer shape and were
fit to obtain values of Rchem and tchem ) RchemClδ. On
the basis of these values (and without other adjust-
able parameters), the oxygen vacancy diffusion and
surface-exchange coefficients were back calculated
and compared to independent measurements based
on isotope exchange or membrane permeation (see
section 4.2). The results suggest the following.

(1) Preference for the bulk path. With notable
exceptions (see the following section), quantitative
comparison of the vacancy diffusion coefficient and
surface-exchange coefficient back calculated from the
resistance and capacitance are in reasonable agree-
ment with independent measurement both in value
as well as dependencies on PO2 and temperature
(activation energy). This result suggests that for
materials with high ionic conductivity, it is the bulk
path (a-c-e in Figure 4) rather than the surface
path (b-d-f) that dominates at open circuit. This
appears to be the only explanation consistent with
the large observed chemical capacitance. Not surpris-
ingly, agreement is best for materials with the
highest oxygen vacancy concentration. Application of
the model to LSM (which is a poor ionic conductor in
air) grossly underpredicts performance, suggesting
that porous LSM functions primarily by a surface-
mediated mechanism at least near open circuit (see
section 5).

(2) Co-limited kinetics with a significant utilization
region. As with platinum, the model predicts that the
chemical portion of the reaction will be co-limited by
molecular dissociation and transport. Values of lδ
calculated from the model for the analyzed conditions
vary from 0.4 to 20 µm depending on PO2, tempera-
ture, and electrode surface area, with typical values
in the 3-5 µm range. This result indicates that a
significant portion of the electrode surface is active
for oxygen reduction, which explains Takeda’s (and
other’s) observation that the performance of LSC
electrodes on YSZ improves with thickness up to a
limit of a few micrometers.101,175 At around the same
time as the Adler model, Zhou and co-workers mod-
eled the effect of porous perfusion layers on mixed-
conducting membranes, drawing similar conclusions
regarding the co-limited nature of the reaction and
estimates of the utilization length.176 These models
further predict that for small surface areas (a) lδ will
exceed the thickness of the porous layer/electrode
such that the entire layer becomes active with
surface-absorption-limited behavior (semicircular im-
pedance) rather than co-limited. Adler confirmed this

Figure 26. Predictions of the Adler model shown in Figure
25 assuming interfacial electrochemical kinetics are fast.
(a) Predicted steady-state profile of the oxygen vacancy
concentration (δ) in the mixed conductor as a function of
distance from the electrode/electrolyte interface. (b) Pre-
dicted impedance. (c) Measured impedance of La0.6Ca0.4Fe0.8-
Co0.2O3-δ electrodes on SDC at 700 °C in air, fit to the
model shown in b using nonlinear complex least squares.
Data are from ref 171.
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prediction by oversintering the electrode and showing
that the electrode exhibits a surface-limited imped-
ance similar to that predicted by eq 6.28

(3) Absence of electrochemical-kinetic resistances.
For LSC on SDC at 550 °C and above, additional
high-frequency impedance features indicating the
presence of an interfacial resistance/capacitance were
not observed. This result suggests that the majority
of the overpotential is associated with absorption and
bulk transport of oxygen, while ion exchange at the
LSC/SDC interface remains in electrochemical equi-
librium. As we will see in section 6, this conclusion
is not universally true of all materials; additional
impedance arcs have been observed for perovskites
on YSZ and with ceria at lower temperatures or with
certain electrolyte dopants. Nonetheless, this result
did strongly challenge prior thinking, which had
assumed interfacial electrochemical kinetics would
be limiting if transport is facile.101

Subsequent studies of porous mixed-conducting
electrodes under a variety of conditions have since
reinforced the view that the bulk pathway plays an
important (if not dominant) role in the electrode
kinetics for these materials.19,177-184 Of particular
note is a study (published the same year as the Adler
studies) by Endo and co-workers who used pulsed
laser deposition to cast a dense thin (∼1 µm) film of
LSC (40% Sr) onto SDC prior to screen printing and
firing a porous LSC electrode of the same composi-
tion179 (Figure 27a). As shown in Figure 27b, they
found that the overpotential of the porous electrode
is independent of the presence of the film. This result
appears to confirm the dominance of the bulk path,
since elimination of any possible surface path (in-
cluding TPB contact area) does nothing to alter the
electrode performance. This result also appears to
confirm that the active region of the porous LSC layer
is large compared to the superficial electrode area,
since replacement of the gas-exposed electrolyte with

additional (presumably active) LSC does not signifi-
cantly enhance performance. Also consistent with a
large utilization region is a study by Koyama et al.
of porous Sm0.5Sr0.5CoO3-δ (SSC) on SDC as a func-
tion of electrode thickness;184 they found that the
electrode performance improves with thickness up to
about 10-15 µm, after which performance saturates.

During the time period that the results described
above were published (mid-1990s), workers studying
porous mixed conducting electrodes fell into multiple
schools of thought regarding the mechanism (not
unlike those discussed previously for Pt/YSZ). A
number of papers appeared which expressed conflict-
ing (or dissenting) views vis-a-vis the role of the bulk
and interface in governing the mechanism and the
extent of the utilization region. One of these was
work by Gödickemeier et al., who used current-
interruption techniques to study the steady-state
current-overpotential relationships for LSM and
LSC on samaria- and gadolinia-doped ceria.14,17 They
found that their results fit well to a Butler-Volmer
rate expression and thus concluded the electrodes are
limited by interfacial electrochemical kinetics rather
being than transport limited. In this case, by “trans-
port limited” the authors meant simply that a limit-
ing current was not observed at high overpotentials.

However, as we saw in section 3.3 for platinum on
YSZ, the fact that i-η data fits a Butler-Volmer
expression does not necessarily indicate that the
electrode is limited by interfacial electrochemical
kinetics. Supporting this point is a series of papers
published by Svensson et al.,172,185,186 who modeled
the current-overpotential (i-η) characteristics of
porous mixed-conducting electrodes. As shown in
Figure 28a, these models take a similar mechanistic
approach as the Adler model but consider additional
physics (surface adsorption and transport) and forego
time dependence (required to predict impedance) in
order to solve for the full nonlinear i-η characteris-
tics at steady state.

One significant prediction of the Svensson models
is that regardless of whether the reaction path is
surface or bulk dominated, the i-η characteristics
appear Tafelian, even if interfacial electrochemical
kinetic steps are equilibrated. As an example, Figure
28b shows the predicted i-V characteristics of a
mixed conducting electrode assuming a bulk path as
a function of the oxygen vacancy diffusion coefficient.
As evidenced by the linear dependence of ln(i) on V
at high currents, the model obeys Tafel kinetics, yet
the Tafel parameters (“exchange current density”)
depend on a transport parameter. In other words,
just as we saw for platinum on YSZ (section 3.3), the
mere fact that i-η data fits a Butler-Volmer expres-
sion does not prove that the electrode is limited by
interfacial electrochemical kinetics. The Svensson
models show that chemical steps of ad(b)sorption and
transport can dominate the observed kinetics well
below limiting current, and thus the absence of a
measured limiting current does not indicate an
absence of transport limitations. On the contrary,
diffusion in this case is predicted to produce a variety
of finite, Tafel-like, characteristics.

Figure 27. Measured overpotential of a porous LSC
electrode on SDC with and without a dense LSC layer in
between. (Reprinted with permission from ref 179. Copy-
right 1998 Electrochemical Society, Inc.)
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Another set of papers countering the conclusions
of the Adler studies (as well as implicitly the Svens-
son studies) were published by Liu and co-workers,
who questioned the validity of the Adler model on
several levels.169,170,187,188 As discussed elsewhere,189

many of these questions appear to have arisen
primarily from a misunderstanding about the as-
sumptions and terminology of the model (so we will
not belabor the points raised again here). However,
Liu also raised the more general concern that the
model does not consider the “direct” reduction of O2
at the TPB (traditionally considered the route by
which the cathode reaction occurs). While this is
certainly true, perhaps the more relevant question
is what we mean by the “three-phase boundary”?
Certainly from the phenomenological standpoint
(Figure 3), one must have thee phases involved in
the reaction for oxygen reduction to occur. However,
when one begins to consider the specific chemical,
electrochemical, and transport steps involved, one
must abandon the idea of an ideal 1D geometric
surface and consider the specific phases, surfaces,
and interfaces involved in these steps. A separate
consideration of the “direct” TPB reaction is not
necessary since it is exactly this reaction that the
various models discussed in this review attempt to
embody. While a mechanistic approach almost cer-
tainly involves oversimplification of the physics, it
also allows workers to pose specific hypotheses about
the mechanism, predict the consequences of those
hypotheses, and test these predictions against mea-
surement. As we will see in the following section, the
failure of existing models to predict certain features

of the data and their inconsistency with measure-
ments under certain conditions is actually useful
information for understanding how other factors and
mechanisms (besides the bulk path) come into play.

4.7. Limitations of Bulk, 1D Transport Models for
Porous Mixed Conductors

While subsequent work19,177-184 has continued to
reinforce the importance of the bulk for porous mixed-
conducting electrodes, authors generally debate the
degree to which the bulk vs surface paths dominate
and under what conditions. In the asymptotic limit
of high ionic conductivity, the 1D models discussed
above appear to explain i-V characteristics and
impedance data well under conditions of facile bulk
transport and a reversible interface. However, what
happens when the ionic conductivity is not so high
and/or the utilization length becomes competitive
with microstructural features? Also, what happens
when the interface is not reversible?

One clue to this question is provided by where and
how the Adler model breaks down in explaining the
impedance characteristics of LSC on SDC. For ex-
ample, Figure 29 compares the apparent vacancy
diffusion coefficient of La0.8Sr0.2CoO3-δ (extracted
from the chemical resistance and capacitance28) to the
measured value for a bulk membrane (determined
from permeation measurements190,191) as a function
of temperature in air. At the highest temperatures,
agreement is reasonable in both value and activation
energy. However, at lower temperatures there is a
systematic deviation from activated behavior, with
the apparent diffusion coefficient being perhaps 10
times larger than predicted by extrapolation of the
permeation data. This deviation also corresponds to
a change in the shape of the impedance to being less
“Gerischer-like”.28 In addition, for La0.8Sr0.2CoO3-δ,
the Adler model predicts a utilization length of lδ )
0.3-0.6 µm, which is competitive with the micro-
structural features of the electrode and thus a viola-
tion of the formal assumptions of the model.

There are several possible explanations for this
behavior, all of which speak to various deficiencies
of current models. First, even if the bulk path

Figure 28. Svensson’s macrohomogeneous model for the
i-V characteristics of a porous mixed-conducting electrode.
(a) The reduction mechanism assuming that both surface
and bulk diffusion are active and that direct exchange of
oxygen vacancies between the mixed conductor and the
electrolyte may occur. (b) Tafel plot of the predicted steady-
state i-V characteristics as a function of the bulk oxygen
vacancy diffusion coefficient. (Reprinted with permission
from ref 186. Copyright 1998 Electrochemical Society, Inc.)

Figure 29. Comparison of the oxygen vacancy diffusion
coefficient (Dv) in LSC (x ) 0.2) determined from perme-
ation measurements vs that extracted from impedance
measurements using the model in Figure 26. Data are from
refs 190 and 28. (Adapted with permission from ref 28.
Copyright 1998 Elsevier.)

Oxygen Reduction in Solid Oxide Fuel Cell Cathodes Chemical Reviews, 2004, Vol. 104, No. 10 4813



dominates, we expect that as the utilization length
becomes small, the assumption that reaction/trans-
port can be treated using a 1D macrohomogeneous
representation of the microstructure will break down.
The most complete studies of this effect has been
published by Fleig,192-194 who used finite-element
analysis (FEA) to compare the predictions of a 1D
macrohomogeneous model to that of a full 3D micro-
structural model. As shown in Figure 30, the 3D
model considers bulk absorption and diffusion of
oxygen in a hypothetical “cylinder-block” micro-
structure having characteristic length lg ) 1.6 µm.
Fleig compared the linearized electrode resistivity
predicted by this 3D model to that of a 1D macro-
homogeneous representation of the same system as
a function of kq at fixed Dq, where kq and Dq are
linearized constants for surface absorption and bulk
diffusion.195-197 This comparison shows that as kq/Dq

increases beyond a value of about 0.1-1 µm-1, the
macrohomogeneous assumption breaks down. Indeed,
based on the analysis presented in section 4.6, we
expect this breakdown to occur when the utilization

length lδ ≈ xlgD
q/kq (approximate translation of

eq 10 for Fleig’s variables kq and Dq) becomes on the
same order or smaller than the particle dimensions
lg. This occurs when kq/Dq ≈ lg

-1, which in this case
is 0.6 µm-1, in good agreement with Fleig’s results.
Furthermore, Fleig shows that when surface absorp-
tion becomes fast, the electrode becomes entirely
transport limited (with a plateau in performance) vs
the macrohomogeneous model (which predicts con-
tinued improvement as kinetics get faster). Such

purely transport-limited behavior is not possible with
a surface mechanismsthis is a unique feature of bulk
transport in two or three dimensions.

What Fleig’s results suggest is that even without
invoking other mechanisms besides the bulk path,
one would have difficulty fitting the characteristics
of a porous mixed-conducting electrode accurately
using a 1D model (such as the Adler or Svensson
models) when lδ is less than a few micrometers. The
degree to which these effects are responsible for any
lack of agreement with data are unknown. To date,
a quantitative modeling of the impedance of LSC or
LSF electrodes considering 3D effects has not yet
been conducted. This is an ambitious task for several
reasons. First, it is not clear that a geometric
idealization of the microstructure (such as that used
by Fleig) would be sufficientsat the length scale of
an individual particle, the details of the actual
microstructure (particle size distribution, particle
connectivity, contact angle, etc.) might become im-
portant. Second, Fleig’s model predicts that under
increasingly 3D transport-limited conditions, the
ionic oxygen flux will not be uniform across the
electrode/electrolyte interface but rather increasingly
constricted through an area close to the TPB. This
constriction raises the question of whether electro-
chemical kinetics at the interface might become
increasingly important due to reduced area available
for charge transfer. Such considerations add consid-
erable complexity to the problem, in terms of both
nonlinearity and inhomogeneity at this interface as
well as the effect of interfacial resistance on the
concentration profiles in the bulk.

However, even if one took 3D effects into consid-
eration, it is unlikely that one could explain all the
discrepancies between the Adler model and the
measured impedance. For example, Figure 29 shows
that the assumption of 1D bulk transport appears to
underpredict the measured performance. In contrast,
Fleig’s modeling studies suggest that ignoring 3D
transport effects will generally overpredict perfor-
mance (Figure 30). This forces us to consider a second
reason the Adler model may break down: As bulk
transport becomes less facile, a parallel mechanism
involving the surface path may become increasingly
important. Although this widely held belief has not
yet been proven definitely, it is nonetheless circum-
stantially consistent with a variety of observations.

(1) Inconsistency of performance with a bulk path
at low vacancy concentration. A quantitative com-
parison between predictions of the Adler model and
impedance data for LSC shows the poorest agreement
(underprediction of performance) at low tempera-
tures, high PO2, and/or low Sr content.28 These are
the conditions under which the bulk vacancy concen-
tration (and thus also the ionic conductivity and
surface exchange rate of oxygen with the bulk) are
the lowest. These are exactly the conditions under
which we would expect a parallel surface path (if it
existed) to manifest itself, raising performance above
that predicted for the bulk path alone. Indeed, as
discussed more fully in section 5, the Adler model
breaks down completely for LSM (a poor ionic con-
ductor at open-circuit conditions), predicting an

Figure 30. Finite-element calculation of the oxygen
vacancy concentration profiles in a porous mixed conduct-
ing electrode, assuming a cylinder-block microstructure
having a single characteristic dimension lg. (a) Oxygen
reduction is entirely bulk-transport limited. (b) Oxygen is
co-limited by absorption and bulk transport as in Figures
25 and 26. (c) Comparison of the predicted resistance to
that of a macrohomogeneous model (Figure 26) as a
function of absorption kinetics, assuming lg ) 1.6 µm.
(Adapted with permission from ref 194. Copyright 2003
Annual Reviews.)
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electrode impedance many orders of magnitude higher
than observed experimentally.171

(2) Inconsistencies in the chemical capacitance. As
the bulk vacancy concentration is reduced, and hence
the predicted chemical capacitance of the bulk (per
unit volume) becomes smaller, the portion of chemical
capacitance associated with surface species may
become increasingly significant. Kuznecov et al.
showed that a surface-dominated mechanism should
exhibit a similar Gersischer shape as a bulk-
dominated mechanism,198 only with a smaller chemi-
cal capacitance. One possible piece of evidence that
this occurs is the observation that the apparent
utilization length lδ (as extracted from impedance
data assuming the Adler model28) generally decreases
with conditions promoting lower vacancy concentra-
tion (lower Sr content, higher PO2). This observation
is somewhat inconsistent with eq 10, which for most
mixed conductors predicts that the utilization length
will stay approximately constant with changes in
stoichiometry (as shown previously in Figure 22, the
bulk oxygen vacancy concentration tends to influence
oxygen exchange and bulk diffusion rates of perov-
skites similarly,141 leading to a constant ratio of
D̃eff/fr0 in eq 10). One resolution to this apparent
inconsistency might be a parallel surface path, which
could alternatively explain the measured decrease in
chemical capacitance as a confinement of stoichiom-
etry variations to the surface rather than a shrinkage
of the bulk utilization region.

(3) Nonlinear electrode kinetics. Another possible
indicator of a parallel surface path is nonlinearity of
the current-overpotential characteristics. In par-
ticular, one conclusion of the model by Zhou and co-
workers mentioned previously176 was that the per-
meation resistance of a porous membrane overlayer
is fairly constant with driving force (i.e., linear force-
flux relationship) for mixed conductors having high
vacancy concentration. This result appears to be
consistent with recent measurements of Horita et
al.,181 who conducted a study of the impedance of
porous LSC electrodes on La0.8Sr0.2Ga0.8Mg0.2O2.8
(LSGM) electrolyte as a function of cathode overpo-
tential. Among other things, these results show that
the electrode kinetics are fairly linear with overpo-
tential for materials with high vacancy concentration
but become increasingly nonlinear for materials and
conditions promoting the lowest vacancy concentra-
tions. For example, La0.8Sr0.2CoO3-δ is more nonlinear
than La0.6Sr0.4CoO3-δ, and both materials are increas-
ingly nonlinear at lower temperatures. Although the
linearity of the bulk path itself has not been well
investigated, an increase in nonlinearity with de-
creasing vacancy concentration might indicate a shift
toward a surface-mediated reaction mechanism in-
volving more nonlinear behavior (e.g., increased
charge-transfer resistance at the interface due to
confinement of the flux near the TPB).

Since the mid-1990’s, several models which con-
sider both a bulk and surface path have been
proposed, including the Svensson models as well as
a more recent model by Coffey and co-workers.199

However, these models have not been definitive in
addressing the bulk vs surface question for at least

two fundamental reasons. First, a common feature
of these models is that they are limited to nonlinear
steady-state behavior and therefore cannot be used
to analyze impedance or other measurements with
time resolution for various physical processes. As
mentioned previously, it is hard to tell what is going
on from Tafel parameters since so many things mimic
Tafel kinetics. Second and perhaps more fundamen-
tally, there is simply a dearth of independent data
for model parameters. Although the mobility of
oxygen on the surface of a perovskite is generally
thought to be “fast”, its rate relative to bulk transport
(as a function of defect concentration) has never been
quantitatively determined. Coffey et al. summarize
the situation nicely in the concluding paragraph of
their paper.199

“Unfortunately many of these parameters are at
best rough approximations if not outright guesses.
Consequently our results are not at this time useful
in interpreting available electrochemical data; how-
ever they are useful in defining what additional
experimental measurements need to be made.”

Indeed, in the spirit of this latter comment, the
purpose of this review is to consolidate our under-
standing of SOFC cathodes so that it becomes easier
to identify and propose new avenues of research.

4.8. Summary: Importance of the Bulk for
Mixed-Conducting SOFC Cathodes

In this section we saw that the active region of a
SOFC cathode can be significantly enhanced by
incorporating a mixed conductor (a material which
conducts both ions and electrons). While electrodes
of this type have proven challenging to implement
in a SOFC operating environment (see section 6),
they nonetheless have taught us a lot about what
factors can limit electrode performance and opened
the realm of possibilities for future materials devel-
opment. To summarize, some of the salient points of
our current understanding are listed.

(1) Role of the bulk transport path. In section 3 we
saw that for Pt the dissociation of oxygen and
transport of reactive intermediates to the electrode/
electrolyte interface is confined to the material
surface. With mixed conductors, it is possible for
oxygen reduced at the surface to be transported
through the bulk of the material to the electrode/
electrolyte interface. If bulk transport is facile, this
path may dominate, extending both the accessible
surface for O2 reduction as well as broadening the
active charge-transfer area from the TPB to include
the entire solid-solid contact area.

(2) Chemical capacitance. When the mechanism
involves significant involvement of the bulk, ac-
cumulation of reactive intermediates not only in-
volves surface species but oxidation and reduction of
the bulk. This can be detected as an anomalously
high effective capacitance, often referred to as a
chemical (or pseudo) capacitance. This capacitance
can be as large as 0.1-1 F/cm2 and thus easily
detected by current-interruption or impedance tech-
niques. Thus, capacitance is a strong indicator (in-
dependent of resistance) as to what degree the
interface, surface, and/or bulk are playing in the

Oxygen Reduction in Solid Oxide Fuel Cell Cathodes Chemical Reviews, 2004, Vol. 104, No. 10 4815



reaction kinetics for a given material and set of
conditions.

(3) Co-limited kinetics. As with platinum, porous
mixed-conducting electrodes are co-limited by mo-
lecular dissociation and transport. For mixed conduc-
tors with high rates of bulk ionic transport, values
of lδ vary from 0.4 to 20 µm depending on PO2,
temperature, and electrode surface area with typical
values in the 3-5 µm range. This result indicates
that a significant portion of the electrode surface is
active for oxygen reduction, not just material in the
immediate vicinity of the TPB.

(4) Sensitivity of interfacial resistance to various
factors. For perovskite mixed conductors on some
ceria-based electrolytes, workers have reported virtu-
ally zero interfacial resistance such that the electrode
overpotential is dominated entirely by dissociation
of O2 and transport of intermediates to the electrode/
electrolyte interface. As we will see in section 6, this
conclusion is not universally true of all materials;
additional impedance arcs have been observed for
perovskites on YSZ and with ceria at lower temper-
atures or with certain electrolyte dopants.

(5) Relative role of surface vs bulk path not yet
known quantitatively. While it has been clearly
established that the bulk transport path plays a role
(and may dominate) in the mechanism of mixed-
conducting electrodes, our quantitative understand-
ing is currently limited to asymptotic cases (such as
thin films or materials with unusually high bulk
transport rates). We currently lack general tech-
niques to measure or predict the relative role of the
surface vs bulk paths in electrodes of arbitrary
composition and processing. Development of such
techniques will be an important step in understand-
ing more complex materials and microstructures and
in making intelligent materials design choices.

5. Lanthanum Strontium Manganese Oxide
(LSM): Where Surface and Bulk Converge

In sections 3 and 4 we examined two asymptotic
cases for the mechanism of oxygen reduction. With
porous Pt, oxygen reduction appears to occur by a
surface-mediated mechanism, where dissociative ad-
sorption and diffusion of oxygen on the gas-exposed
Pt surface play a significant (if not dominant) role
in determining the overall electrode kinetics. Like-
wise, for porous mixed conductors with high ionic
conductivity, molecular dissociation and transport
are equally important; however, with these materials
the mechanism appears to proceed by a primarily
bulk-mediated path. In both cases it was shown that
due to porosity, oxygen dissociation and transport
tend to co-limit the reaction (rather than contribute
independently). Interfacial electrochemical kinetics
can also play a significant role, depending on the
exact materials and conditions. Finally, we saw that
these two asymptotic limits of behavior begin to
merge for materials having some bulk ionic conduc-
tivity but not as facile as the best mixed conductors.

Consideration of these asymptotic limits is useful
because it potentially helps us to identify, discuss,
and study the various physical processes underlying
electrode kinetics, even outside those limits. How-

ever, the performances of “real” SOFC cathodes of
technological interest generally fall outside these
limits for two fundamental reasons. First, SOFC
cathodes must satisfy a number of other constraints
besides performance, including mechanical and chemi-
cal stability, cost, manufacturability, etc.sit is there-
fore nearly impossible to optimize electrode materials
according to only one or two physical properties.
Second, as people optimize any system, they will tend
to mitigate (knowingly or unknowingly) the most
rate-limiting factor until other factors naturally come
into play. In other words, if a material’s behavior is
asymptotic, it is not likely to be optimized or satisfy
more than one design constraint.

One such “more complex” case is La1-xSrxMnO3(δ
(LSM), which starting in the mid-1970s became (and
has remained) one of the most heavily pursued
electrode materials for SOFC cathodes. As mentioned
earlier, LSM was originally investigated as an SOFC
cathode (along with a variety of other transition-
metal perovskites) due to its good electrical conduc-
tivity and relatively low cost.4 However, LSM quickly
distinguished itself for a variety of reasons. First,
with the right choice of Sr content (x), a nearly exact
thermal expansion match between LSM and YSZ can
be achieved. This allowed workers to fabricate and
explore a wide variety of electrode microstructures
and cell geometries with reduced thermal stress
generated by thermal cycling. Likewise, Mn is gener-
ally less reducible than other transition metals (Co,
Fe) in a perovskite matrix, and thus LSM exhibits
little or no chemical expansivity,200,201 another source
of thermal-mechanical stress potentially threatening
the integrity of the electrode microstructure. Another
advantage of LSM is that it is generally more ther-
modynamically stable than mixed conductors con-
taining cobalt or iron.202 It is nonetheless reasonably
catalytic for O2 dissociation, unlike materials having
similar or higher stability, such as La1-xSrxCrO3 for
example.203

As with other SOFC cathode materials (including
Pt), early kinetic studies of LSM in the mid-1980s
gave rise to multiple schools of thought regarding the
reaction mechanism. At that time, LSM was often
studied alongside Pt or other perovskites and thus
lumped together with these materials in the same
debates regarding the rate-limiting step, the role of
bulk transport, etc. However, beginning in the early
1990s it became clear that LSM is somewhat differ-
ent than both Pt or other (more reducible) perovskites
in terms of the reaction mechanism, falling somewhat
in a gray area among the asymptotic limits described
previously. Although the last 10-15 years of work
have added significantly to our qualitative under-
standing of LSM, this material has so far continued
to elude quantitative descriptions of its performance
in terms of underlying mechanisms. For this reason
and because LSM is so important technologically, we
devote this section to it.

5.1. Three-Phase Boundary: Not the Whole
Picture

In the case of Pt, mechanistic considerations sug-
gest that the active region of the electrode is confined
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to a region close to the three-phase boundary (TPB),
and thus performance has often been reported to
scale with the available TPB area. Thus, in address-
ing the question of how localized the O2 reduction is
in LSM, one approach workers have used is to
examine the relationship of performance to micro-
structure. For example, Mizusaki and co-workers
carefully characterized and measured the impedance
of La1-xCaxMnO3 (LCM) electrodes on YSZ (a very
similar material system to LSM/YSZ) as a function
of morphology, controlled using various preparation
methods and firing conditions.204 They used SEM to
estimate the contact area of LCM and YSZ as well
as the geometric length of the TPB. While their
results showed that the electrode capacitance scales
with the electrode/electrolyte contact area (as one
would expect for interfacial polarization), the resis-
tance and overpotential were found to scale inversely
with the length of the TPB, at least at low polariza-
tion. A number of other studies of single-phase and
composite electrodes have since reinforced the view
that the electrode kinetics scale with TPB contact
area.205-207

However, there are several equally valid interpre-
tations to this commonly observed result. One pos-
sibility is that the reaction is co-limited by adsorption
and surface diffusion, where the utilization length
is small compared to the average particle size. An
alternative (but not mutually exclusive) possibility
is that the reaction is limited by electrochemical
kinetics at the TPB itself. As with Pt, both situations
or a combination thereof would result in the resis-
tance scaling with the reciprocal of the TPB length.
A third possibility is that reaction is limited by
mechanisms acting farther from the TPB but which
scale with electrode geometric factors (such as the
electrode surface area) that are strongly correlated
to the length of the TPB (through the process of
sintering, for example). Without the ability to sepa-
rately control the TPB length while leaving other
geometric parameters constant, it is difficult to
distinguish these various possibilities. Also, the
conditions under which the electrode performance
scales with the TPB may not be universalsthe
electrode may have multiple regimes of operation
depending on overpotential and other factors.

One study that tried to address this question was
conducted by van Heuveln and co-workers, who
attempted to separate the effects of electrode surface
area from TPB contact area.208,209 Variations in
surface area were obtained by using different sinter-
ing temperatures, while changes in TPB contact area
were accomplished through the use of two powders
having different morphologies. Surface area and TPB
contact area were determined by image analysis of
SEM cross sections; for the surface area the electrode
bulk was examined, while for the TPB contact area
the electrodes were etched off and the underlying
“stain” on YSZ was analyzed. Electrode performance
was measured in terms of the overpotential at a fixed
current density of 100 mA/cm2.

Within the statistical certainty of the data, no
general correlation was found between overpotential
and TPB length. This could mean that no such

general correlation exists and thus prior studies have
been interpreted too narrowly. On the other hand, it
is not clear that the comparisons in performance
drawn by the authors in this case are fully meaning-
ful. The authors point out that the electrode kinetics
are (1) highly nonlinear and (2) very dependent on
the polarization history. Thus, it is difficult to say
whether two cells operating at the same current
density (but different overpotentials) are really at the
same operating point vis-à-vis comparison of TPB
contact area. Rather, a more significant observation
we might draw from such a study is how difficult it
is to meaningfully correlate the complex (often non-
stationary) electrochemical characteristics of LSM to
the highly complex microstructure of a porous elec-
trode, at least with today’s tools and techniques. As
we will see in the sections below, workers have had
more success over the last 10-15 years examining
electrodes with defined and/or microfabricated ge-
ometries, where TPB area and material composition
can be more carefully controlled and analyzed.

5.2. Complex Stationary Electrochemical
Characteristics and Properties

Like all cathodes, early electrochemical kinetic
studies of LSM focused heavily on steady-state d.c.
characteristics, attempting to extract mechanistic
information from the T and PO2 dependence of linear
and Tafel parameters.13,203 As recently as 1997, some
workers have continued to support a view that LSM
is limited entirely by electrochemical kinetics at the
LSM/electrolyte interface based on this type of analy-
sis.14,17 However, as we have seen for other materials
(including Pt), the fact that an electrode obeys
Butler-Volmer kinetics means little in terms of
identifying rate-limiting phenomena or in determin-
ing how close the reaction occurs to the TPB. To
understand LSM at a nonempirical level, we must
examine other techniques and results.

As we saw with Pt and other perovskites, one such
approach is electrochemical impedance spectroscopy
(EIS), which attempts to separate various mechanis-
tic steps via time scale. Although quantitative analy-
sis of impedance data in a complex material system
like porous LSM involves many uncertainties (see
sections 3.1 and 6.7 as well as ref 49), it is usually
reliable in terms of separating rough time scales on
which various physical processes occur. An example
of this approach for understanding LSM is a study
by Østergård and Mogensen,210 which examined the
impedance of single-phase porous LSM on YSZ as a
function of T, PO2, and polarization. The observed
impedance was found to contain at least three
distinct features. The highest frequency feature was
attributed to interfacial electrochemical kinetic pro-
cesses at the LSM/YSZ interface. The two lower
frequency features were assigned to dissociation and
transport, respectively, of oxygen species on the LSM
surface.

While such one-to-one assignments of impedance
features to specific reaction steps are appealing, it
is not clear how definitive they are without further
analysis. In particular, based on what we know about
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Pt and perovskite mixed conductors, we might expect
oxygen dissociation and transport on LSM to be co-
limiting, resulting in a single “Gerischer-like” imped-
ance feature (as shown in Figures 14 and 15) rather
than two independent low-frequency features (as
proposed by Østergård and Mogensen). Also, these
particular authors did not attempt to quantitatively
analyze the chemical capacitance in terms of a
utilization length or bulk vs surface contributions.
Without this it is hard to conclude what these various
features actually correspond to except perhaps broadly
in terms of “chemical” vs “interfacial” time scales.

An important contribution in this regard was a
series of studies published by the Laboratoire d’Ionique
et d’Electrochemie du Solide (Grenoble), which looked
in detail at the i-V characteristics and impedance
of LSM point-contact electrodes on YSZ.211,212 As
shown in Figure 31a, these measurements involved
making a single-point contact between a pin-shaped
LSM sample and YSZ with known contact area. The
i-V characteristics (Figure 31b) show a distinct
change in the characteristics of the electrode at
cathodic overpotentials greater than a particular
critical value, where a relatively discontinuous jump
in current is observed. They found this transition
occurs anywhere from -150 to -500 mV vs air and
is only present in the cathodic direction. The imped-
ance measured at points well below, near, and well
above this transition are shown in Figure 31c (A,C,G).
Well below the transition (A) the impedance is high
with a single arc having resistance ∼4000 Ω and
capacitance ∼10-6 F. Near the transition (C) the
impedance becomes small enough to notice the pres-
ence of both a low- and high-frequency feature, but
these features are too obscured by inductive effects
to resolve completely. Well above the transition (G)
both features become well resolved: one at high
frequency having resistance ∼200 Ω and capacitance
10-7 F and the other at low frequency with resistance
∼300 Ω and capacitance 10-1 F. This low-frequency
feature, seen only at high overpotential, is highly
reminiscent of the chemical contributions to the

impedance for mixed conductors having high ionic
conductivity, as discussed in section 4.

To explain these results, the workers at Grenoble
theorized the existence of two different operating
regimes. As shown in Figure 32, the authors proposed
that at high overpotential the LSM becomes substan-
tially reduced, creating a large concentration of
oxygen ion vacancies near the interface. This non-
equilibrium population of vacancies thereby creates
a facile transport path through the bulk of the
material, leading to a large chemical capacitance (>1
F/cm2 when compared on an area-normalized basis).
The presence of an equally sized high-frequency
feature likewise suggests a significant contribution
to the impedance from oxygen ionic exchange at the
solid-solid interface, associated with a much smaller
capacitance related to interfacial polarization. The
existence of such a “bulk” operating regime at high
overpotential appears to be consistent with in-situ
X-ray photoelectron spectroscopy (XPS) measure-
ments of porous LSM, which show significant reduc-
tion of Mn far beyond the electrode/electrolyte inter-
face upon polarization.213 More recently, as shown in
Figure 33, Kuznecov and co-workers showed using
field-emission SEM that sustained high cathodic
polarization results in the apparent formation of
Kirkendall porosity in the bulk of LSM within one
particle diameter of the solid-solid interfacesa
strong indicator of oxygen chemical potential gradi-
ents in the bulk.214

In contrast, at low overpotential the workers at
Grenoble theorized that LSM is primarily an elec-
tronic conductor and thus the bulk path is closed off.
The observation of finite impedance near open circuit
(despite the fact that LSM is a poor bulk ion conduc-
tor under these conditions) suggests the existence of
a parallel “surface” path that allows transport even
when the bulk is not available. Since this surface
path involves a much smaller inventory of electro-
active species, it is associated with a much smaller
chemical capacitance than the bulk path and thus a
much higher frequency (Figure 31c (A)). As the
overpotential is reduced and the mechanism shifts
from bulk to surface, chemical and electrochemical
time scales begin to merge, making them difficult to
distinguish as separate features in the impedance.

Figure 31. Measurements of polarization and impedance
of LSM point-contact electrodes on YSZ. (a) Schematic
showing the geometry of the electrode. (b) Steady-state
cathodic polarization at 960 °C and PO2 ) 10-3 atm. (c)
Impedance measured under polarization at the conditions
marked in b. (Adapted with permission from ref 211.
Copyright 1995 Elsevier.)

Figure 32. Schematic illustrating the possible location
and distribution of bulk oxygen flow in LSM under high
polarization conditions. (Reprinted with permission from
ref 211. Copyright 1995 Elsevier.)
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Hence, a single arc is observed with relatively high
characteristic frequency.

More recent impedance studies by Mitterdorfer and
Gauckler215 of porous LSM on YSZ at low overpoten-
tial have shown that this single arc can be separated
into electrochemical and chemical contributions by
correcting the data for double-layer capacitance using
the method of Berthier et al.75 As shown in Figure
34, these studies suggest that the electrochemical
resistance at the LSM/YSZ interface is generally not
zero, even when the LSM/YSZ interface is left un-
fired. The remaining “faradic” (chemical) impedance
has a Gerischer-like shape, consistent with co-limita-
tion by dissociative adsorption and surface diffusion
of oxygen. An estimate of the chemical capacitance
based on this arc is on the order of 10-4 F/cm2, which
when compared to asymptotic values of LSC and Pt
is more consistent with a surface process than a bulk
process.

A natural question to ask is whether this “two-
regime” theory is consistent with the known proper-
ties of LSM. As recently reviewed by Poulsen,216 the
defect structure of LSM has some similarities with
other more reducible perovskites such as LSC and
LSF. Like these other perovskites, LSM has electrical
properties on the border between that of a p-type
semiconductor and a metal217-219 and becomes oxygen
substoichiometric at high temperature and low
PO2,202,220 as shown in Figure 35. However, unlike its
more reducible cousins (which may have significant
vacancy concentration at atmospheric PO2), LSM
maintains a nearly full perovskite stoichiometry
above ∼10-10 atm and in fact becomes superstoichio-
metric at high PO2 (>10-3 atm), containing more
oxygen than is consistent with the formal ABO3 unit
cell. Neutron diffraction studies221 as well as numer-
ous defect thermodynamic models216,222,223 show that
this “superstoichiometric” behavior actually results
from the formation of cation vacancies on the A and
B sites while the oxygen sublattice remains fully
occupied.

One expected consequence of these properties is
that LSM will not be a mixed conductor at low
polarization under normal cathode conditions. Like-
wise, at cathode polarizations thermodynamically
corresponding to PO2 < ∼10-10 atm (∼-500 mV) we
expect LSM to become reduced, exhibiting ionic
transport properties similar to that of LSC or LSF.
This transition from a nearly pure electronic conduc-
tor at low overpotential to a good mixed conductor
at high overpotential is consistent with the Grenoble
“two-regime” theory, at least qualitatively. Further-
more, since a transition from superstoichiometric to
substoichiometric LSM involves a change in concen-
tration and thus transport of cation vacancies (gener-
ally much slower than anions at these temperatures),
we might expect significant hysteresis, irreversibility,
and/or other nonstationary behavior near the transi-

Figure 33. High-resolution field emission SEM of a porous
LSM/YSZ interface following polarization for 3 h at -0.8
V at 950 °C in air. The porosity evident at the TPB is not
seen in images taken prior to polarization. (Reprinted with
permission from ref 214. Copyright 2003 Elsevier.)

Figure 34. Total impedance (Z) and faradaic impedance
(ZF) of unsintered porous LSM on YSZ measured in air at
850 °C. Electrolyte resistance (Re) has been subtracted from
the total impedance, while both Re and the double-layer
capacitance (Cdl) have been subtracted from ZF. (Reprinted
with permission from ref 215. Copyright 1998 Elsevier.)

Figure 35. Total conductivity, σ, and oxygen stoichiom-
etry, 3-δ, at 1000 °C of La0.9Sr0.1MnO3-δ, from measure-
ments by Kuo et al.365 The model calculations are based
on a large polaron model with equilibrium constants as
given in ref 216. Thick line: calculated stoichiometry. thin
line: calculated conductivity. (Reprinted with permission
from ref 216. Copyright 2000 Elsevier.)
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tion between these two operating regimes. Indeed,
as discussed in more detail in section 5.4, work by a
variety of authors has shown nonstationary behavior
consistent with slow or irreversible transitions under
cathodic polarization40,213,224-226. While it is not clear
if Mn reduction is the only cause of this behavior, it
has certainly been identified as one likely factor.

5.3. Dense and Patterned Thin Films: Confirming
Two Regimes of Operation

The previous two sections illustrate the difficulty
of understanding the mechanisms governing oxygen
reduction on LSM without exact control of the
electrode geometry, materials, fabrication, and op-
erating conditions/history. To that end, workers have
made significant progress in the last 5-10 years
microfabricating dense, patterned electrodes in which
geometric lengths such as thickness and TPB length
can be specifically controlled. In this way it has been
possible to examine various asymptotes of behavior
(such as the surface and bulk paths) and probe
electrode mechanisms using a variety of techniques
including impedance and isotope tracer experiments.
These studies have significantly clarified our under-
standing of LSM and provided a variety of tools that
will no doubt be built on extensively in the future.

One asymptote of interest has been the low-
overpotential regime, which has been investigated
extensively by impedance techniques using thin
films. As mentioned previously in section 4.3, one of
the first successful attempts to fabricate thin-film
perovskites was published by Mizusaki and co-
workers,157 who used a pulsed KrF excimer laser to
flash evaporate and deposit 1-2 µm thick films of
La0.5Sr0.5MnO3 on YSZ. Near open circuit the initial
impedance of these electrodes was found to be
controlled by bulk transport of oxygen though the
film with a resistance that scales with electrode
thickness and performance that decreases with in-
creasing PO2. Indeed, this result appears consistent
with what we know of LSM, since in the absence of
a parallel surface path the bulk path will be con-
trolled by the very low anionic conductivity of LSM
at open-circuit conditions. Following significant an-
ode polarization, the authors found that the LSM film
becomes severely damaged and cracked and reverts
to impedance behavior more consistent (in shape,
time scale, and PO2 dependence) with a porous LSM
electrode at low polarization. The authors conclude
that this damage results in creation of TPB contact
area and thus changes the relative importance of
bulk vs surface transport in allowing electroactive
oxygen to reach the electrode/electrolyte interface.

More recent studies of dense LSM films appear to
confirm these original conclusions as well as fill in
some of the details.27,159,160,167,227 In particular, Ioroi
and co-workers159,160 were able to produce very high
quality films with clean, well-resolved impedances at
800-1000 °C in air, as shown in Figure 36. Consis-
tent with bulk transport limitations, the impedance
of these films was Warburg-like in shape and scaled
properly with electrode area and electrode thickness,
assuming an entirely bulk path. By extrapolating
their results to zero film thickness, the authors also

found evidence of a small finite resistance associated
with the gas-solid and/or solid-solid interface(s).
This appears to be consistent with the distortion of
the impedance from a 45° limit at high frequency, a
strong indicator of an electrochemical kinetic contri-
bution and double-layer capacitance associated with
the solid-solid interface.215

An interesting exercise is to extrapolate Ioroi’s
values for the bulk transport resistance of a thin film
to predict the minimum performance of a porous
electrode, assuming bulk transport is rate limiting.
In this scenario the interfaces are equilibrated,
yielding a 3D bulk transport situation as modeled by
Fleig.183 By appropriately scaling Fleig’s results
(Figure 30, region I), one can predict the area-specific
resistance of a porous body of block microstructure
as a function of σi and surface area a. Using the value
of L/Rbulk from Ioroi’s data at 800 °C,159 eq 7 yields a
value of σi of ca. 10-6 Ω-1 cm-1. Applying this value
to Figure 30 for a typical electrode area (20 000 cm2/
cm3), one obtains a minimum resistance of ∼0.003
Ω cm2. By comparison, the actual impedance of a
porous LSM electrode of the same composition (made
by the same laboratory) at 1000 °C (a much higher
temperature) is ∼1 (Ω cm2).159

What this calculation shows is that the rate of bulk
transport observed in a thin film of LSM is at least
3 orders of magnitude too low to explain the perfor-
mance of porous LSM at low overpotential, assuming
an entirely bulk transport path. This calculation
echoes prior estimates of Adler and co-workers, who
showed that the zero-bias impedance of porous LSM
cannot be explained in terms of a bulk path.171 In
addition, estimates of the chemical capacitance based
on Ioroi’s impedance for porous LSM yield values of
10-4-10-3 F/cm2, which as mentioned previously in
section 5.2 are more consistent with a surface process

Figure 36. Measured (0) and simulated (+) impedance
of a thin (5 µm) dense LSM film on YSZ at 800 °C in air.
Simulation is based on a Warburg model for finite length
diffusion. (Reprinted with permission from ref 160. Copy-
right 1998 Electrochemical Society, Inc.)
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than a bulk process. Comparing this capacitance to
that of Pt, we might expect a utilization region (lδ)
on the LSM surface of perhaps 100-1000 nm; how-
ever, no estimates have yet been offered in the
literature for this distance.

Stepping beyond the low-overpotential regime,
Horita and co-workers examined the degree to which
a dense film LSM electrode becomes reduced under
moderate to high cathodic polarization using 18O
tracer techniques.227 In these experiments an 18O2
tracer was introduced to the gas atmosphere during
steady-state cathodic operation, and then at some
later time the tracer was frozen in place via quench-
ing of the sample. The resulting18O depth profile
through the film was then analyzed using secondary-
ion mass spectrometry (SIMS). These profiles were
found to be consistent with increased vacancy con-
centration (and thus tracer diffusivity) near the YSZ
interface caused by reduction of the film. This result
provides perhaps the most direct evidence to date
that bulk oxygen transport in LSM is enhanced near
the YSZ interface under moderate to high polariza-
tion. However, because this film is dense (and thus
precludes a parallel surface path), it is difficult to
assess the importance of this enhancement vis-à-vis
other reaction steps. In particular, the authors
observed no difference in tracer ratio across the gas/
LSM or LSM/YSZ interfaces, suggesting that the
enhancement is not so great in this case as to be
faster than interfacial processes.

A more recent study by Brichzin and co-workers228

examined the impact of enhanced bulk transport at
high overpotential on the kinetics when a TPB is
present. To accomplish this, the authors took the
thin-film technique one step further by examining
small circular microelectrode films of varying diam-
eters, contacted individually using a micromanipu-
lator. By varying diameter and thickness and intro-
duction of an alumina-blocking layer at the solid-
solid interface, these workers were able to control the
ratio of areas available for the surface and bulk
paths. Reported were mostly steady-state polariza-
tion measurements as a function of geometry factors
and anodic or cathodic polarization ((300 mV). The
resolution of the data appears to be quite good, and
distinct trends were observed in how the polarization
resistance scales with the various geometric factors.
The authors analyzed these trends in terms of a
qualitative model which estimates the relative im-
portance of the “surface” and “bulk” paths in con-
tributing to the current in the anodic and cathodic
regimes.

The results of this analysis are summarized in
Figure 37. Like prior workers studying thin films,
the authors conclude that dense films without a TPB
under small or cathodic polarizations operate prima-
rily by a bulk path since the surface path is blocked.
(Interestingly, they found that dense films under
anodic polarization appear to operate under a mixed
regime, although it is not clear how much nucleation
and transport of O2 along the solid-solid interface
contributes to the apparent surface path current.) In
contrast, as the “porosity” is increased (microelec-
trode diameter is decreased), the surface path be-

comes increasingly important until at high surface
areas the surface path dominates at small (and
anodic) overpotentials. This appears to be consistent
with the calculation discussed above, which shows
that the bulk path is insufficient to explain observed
current densities at low polarization. Meanwhile, at
high cathodic polarization the bulk path appears to
remain an important factor even with high TPB area,
consistent with the Grenoble and other results (de-
scribed previously) showing substantial reduction of
Mn and an increase in chemical capacitance.

While Brichzin et al.’s results provide further
support for a “two-regime” view (at least from a
macroscopic viewpoint), it remains unclear exactly
where and how the surface-to-bulk transition occurs
and to what degree these regimes overlap under a
given set of conditions. In particular, Figures 30, 32,
and 33 suggest that when surface adsorption/desorp-
tion on LSM is fast relative to bulk diffusion, the bulk
transport path will be confined primarily to a small
region near the TPB interface. In other words, even
when a bulk transport path is active, its macroscopic
scaling may still obey that of the surface path,
making it impossible to separate from true surface
processes via geometric scaling alone. Further work
of this type involving impedance and other quantita-
tive measurements would undoubtedly help clarify
some of these questions.

Also contributing significantly to this “surface vs
bulk” debate has been a series of studies by Horita
and co-workers employing isotope tracers to track
the relative importance of the surface and bulk
paths.227,229-231 As shown in Figure 38, these authors
used rf sputtering to deposit a thin-film grid of LSM
having thickness 0.5 µm and width 2 µm on the
surface of polished polycrystalline YSZ. An 18O2 tracer
was then introduced to the atmosphere during ca-
thodic polarization, followed by postmortem analysis
of the quenched sample using SIMS (as described
previously). By removing the LSM from YSZ in an
acid bath, it was also possible to examine the YSZ
underneath the LSM grid. The authors also examined

Figure 37. Qualitative summary of current contributions
from the surface path (IS) and the bulk path (IB) for LSM
disk microelectrodes on YSZ based on i-V measurements
in air at 800 °C. (Reprinted with permission from ref 228.
Copyright 2002 Elsevier.)
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the position of various cations (Zr, Mn), both as a
spatial reference and as a way to gauge cation
interdiffusion.

Figure 39 shows isotope tracer maps for LSM both
at the surface and near the interface as a function of
polarization. These results indicate that under in-
creasing polarization, isotope tracer is incorporated
more deeply into the LSM bulk and that this incor-
poration occurs everywhere with the LSM near the
interface not just at the TPB. This result would seem
to corroborate the increased significance of the bulk
path with increased overpotential. Consistent with
this result, when the LSM is removed and the YSZ
underneath is analyzed (Figure 40a), it is found that

a significant amount of the tracer is drawn into the
YSZ (unlike the gas-exposed YSZ surface, which
exhibits no exchange). However, when the isotope
profile in the YSZ is carefully analyzed, it is found
that a higher-than-average amount of tracer is
absorbed in a region beneath the LSM closest to the
TPB. Figure 40b shows cross sections of this profile
as a function of depth into the YSZ. The region over
which the isotope is found to spread is approximately
independent of depth.

In interpreting their results Horita et al. consid-
ered two possible reasons for increased activity near
the TPB (Figure 40c). One possibility is that a
parallel surface path exists which produces a high
current density and thus tracer incorporation near
the TPB. However, this scenario is predicted to result
in a narrow distribution of the tracer near the TPB,
which increases with depth. In contrast, if the ionic
current is generated by a bulk path, a higher-than-
average ionic current is also predicted near the TPB
(per the results of Fleig shown in Figure 30). How-
ever, the spread of the tracer in this case would be
approximately independent of depth, which is what
Horita et al. observed. If correct, this result suggests
that increased current associated with the TPB
results from a bulk as well as surface pathway.

What casts some doubt on this interpretation is
that the tracer exhibits significant lateral dispersion
perpendicular to the TPB, even for gold on YSZ
(which the authors also studied). Indeed, the profile

Figure 38. Schematic and geometry of patterned thin-
film LSM electrode on YSZ studied by Horita and co-
workers. After establishing steady-state cathodic polariza-
tion, the atmosphere surrounding the electrode is rapidly
switched from 16O2- to 18O2-rich for 10 min at fixed total
PO2. The sample is then quenched to room temperature and
postmortem analyzed using secondary-ion mass spectrom-
etry (SIMS) imaging. (Reprinted with permission from ref
230. Copyright 2000 Elsevier.)

Figure 39. Secondary-ion maps of 18O- (oxygen tracer)
and Mn16O- (positional reference) of the patterned thin-
film electrode shown in Figure 38 following polarization
at -0.34 V at 700 °C. (a) Tracer map at the top surface of
LSM/YSZ, showing selective incorporation into LSM. (b)
Tracer map near the LSM/YSZ interface (acquired after
ablation of LSM off the surface with Cs+), showing deep
penetration of tracer into LSM. (Reprinted with permission
from ref 230. Copyright 2000 Elsevier.)

Figure 40. Secondary-ion ratio map (18O/16O) of YSZ in
the cell shown in Figure 39 following removal of LSM by
etching in acid. (a) Map at the exposed YSZ surface. (b)
Local analysis of the tracer across the region A-B shown
in a at various depths, achieved by Cs+ ion ablation. (c)
Qualitative models for oxygen incorporation used to ratio-
nalize the results in b. (Reprinted with permission from
ref 231. Copyright 2002 Elsevier.)
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images show evidence of significant defects in the
grid film, including spots of enhanced or retarded
isotope exchange beneath the LSM. These defects
might involve microcracks or interfacial fissures
having enhanced tracer mobility relative to the flow
of tracer with the applied current. More work is
needed (both in measurements and modeling) before
this type of study yields a definitive conclusion
regarding the relative importance of the surface and
bulk paths under an arbitrary set of conditions as
well as the size of the active region when the bulk
path is engaged.

5.4. Nonstationary Behavior in LSM

In addition to the possibility of multiple transport
paths, our understanding of reaction mechanisms on
LSM is further complicated (as with platinum) by
pronounced nonstationary behavior in the form of
hysteresis of inductive effects. These effects are
sometimes manifest as the often-mentioned (but
little-documented) phenomenon of “burn-in”, a term
used in development circles to describe the initial
improvement (or sometimes decline) of the cathode
kinetics after a few hours or days following initial
polarization (after which the performance becomes
relatively stable). As recently reported by McIntosh
et al., this effect can improve the measured imped-
ance of a composite LSM/YSZ cathode by a factor of
50 relative to an unpolarized cathode at OCV.40 Such
an effect is important to understand not only because
it may lead to insight about the underlying electrode
kinetics (and ways to improve them), but also because
it challenges the metrics often used to assess and
compare relative cell performance.

For perovskite electrodes, the earliest kinetic study
of hysteretic effects appears to come from Ham-
mouche and co-workers, who showed that the i-η
characteristics of porous LSM/YSZ in air at 960 °C
exhibit a potentiodynamic hysteresis when scanned
slowly (1 mV/s) between 0 and -1200 mV cathodic
polarization.224 A clearer demonstration of this effect,
more recently provided by Jiang and co-workers, is
shown in Figure 41.232,233 Hammouche and co-work-
ers attributed this hysteresis to the formation of
oxygen vacancies in LSM at high overpotential,
which (as discussed in sections 5.2 and 5.3) appears
to open a parallel bulk-transport-mediated reaction
pathway. However, if this was the only explanation,

one would expect this hysteresis to close with de-
creasing scan rate, not open. Indeed, the relaxation
time for bulk oxygen vacancy disturbances (based on
the impedance under the same conditions211) is about
16 s, much faster than implied by the voltammo-
grams (20+ min).

Perhaps further insight can be gained by examin-
ing the impedance as a function of polarization
history, which has been documented by a number of
workers.40,208,209,226,234,235 As shown by van Heuveln et
al.,209 reproduced in Figure 42, the zero-bias imped-
ance of porous LSM electrodes on YSZ at 945 °C in
air decreases following 30-90 min of cathodic polar-
ization and then relaxes back toward its original
characteristics over a similar period of time. This
return to original behavior, consistent with the
reversal of the hysteresis in the voltammograms in
Figure 41, eliminates irreversible microstructural
evolution as a primary cause of this effect, as
proposed earlier by Tsukuda.236 Although the authors
failed to mark frequencies on their impedance dia-
grams, they fit the impedance to an equivalent circuit
exhibiting two time scales and reported the capaci-
tances. From this it can be determined that the
higher frequency feature of the impedance (with a
time scale of ∼100 kHz, capacitance ≈ 10-5F/cm2) is
independent of polarization history, while the lower
frequency feature (100-1000 Hz, capacitance ≈
10-3F/cm2) shrinks following polarization by up to a
factor of 50, depending on electrode firing tempera-
ture. Jiang and co-workers reported similar behavior
for A-site-deficient LSM on YSZ at 800 °C (where all
time scales get longer), showing that it takes ∼4 h
for polarization to have its full effect. More recently,
McIntosh et al.40 witnessed similar effects for com-
posite LSM/YSZ electrode in an operating fuel cell;
both the impedance and steady-state overpotential
at low polarization drop by a factor of 50 following
high polarization, and these changes primarily effect

Figure 41. Linear-sweep voltammagrams of a porous
LSM electrode on YSZ in air at 950 °C as a function of
sweep rate. (Reprinted with permission from ref 233.
Copyright 1998 The Electrochemical Society, Inc.)

Figure 42. Impedance characteristics of porous LSM
electrodes on YSZ, measured at zero bias and 945 °C in
air, as a function of polarization history and processing
conditions. U-11, U-12, and U-13 correspond to firing
temperatures of 1100, 1200, and 1300 °C, respectively. Bold
line: initial impedance. Thin line: impedance measured 2
min following cathodic polarization at 100 mA/cm2 for 30-
90 min. Dashed line: impedance measured 30 min follow-
ing cathodic polarization. (Reprinted with permission from
ref 209. Copyright 1997 The Electrochemical Society, Inc.)
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the low-frequency portion of the impedance. The
initial characteristics of the cell are largely recovered
after several hours sitting at zero polarization.

As discussed in sections 5.2 and 5.3 (and elaborated
on more fully in section 6), the higher frequency
feature is likely related to the interface while the low-
frequency feature is more consistent with chemical
processes on the LSM surface. Thus, van Heuveln’s
result above suggests it is surface diffusion (as
proposed van Heuveln209) and/or oxygen adsorption/
dissociation that temporarily improves with polariza-
tion. Hammouche’s suggestion (above) that this
hysteresis corresponds to the opening and closing of
a parallel bulk oxygen transport path seems unlikely,
since the lowest frequencies in the impedance (∼0.01
Hz at 950 °C211) come nowhere close to the 1-10 h
time scales exhibited by the hysteresis.

A result of significant interest in this discussion is
that of Jiang and Love,226 who examined the effects
of acid treatment (as well as polarization) on the
performance of A-site-deficient porous LSM on YSZ
at 900 °C in air (Figure 43). Consistent with prior
studies, they showed that cathodic polarization sub-
stantially reduces the low-frequency portion of the
impedance response at zero bias. They then studied
an identical electrode that had been etched in 1 M
HCl for ∼15 min at room temperature prior to
testing. The acid-etched cell had a much smaller
impedance to start with, nearly identical to that of
an unetched cell that had been polarized for several
hours. Cathodic polarization of the etched cell yielded
little additional benefit. Again, it was only the low-
frequency portion of the impedance that was reduced
by acid etching.

One explanation offered by the authors is that
MnOx- and/or SrO-like phases or moieties naturally
exist on the LSM surface, which initially retard O2
adsorption; upon etching (and presumably upon
polarization somehow), these obstructing phases are
removed, facilitating dissociative adsorption and/or
surface transport. One piece of evidence that the LSM
surface composition is altered significantly comes
from the observation that following the etching the
acid was found by ICP analysis to contain amounts
of Sr, Mn, and La inconsistent with the bulk cation
stoichiometry, suggesting selective etching of Sr >
Mn . La. Thus, either LSM started with excess Mn
and Sr on the surface or ended up depleted in Mn
and Sr. One appeal of this theory is that the time
required for similar changes to occur to the electrode
surface under polarization would be dictated by
diffusion of the cations involved (La, Sr, Mn), which
might reasonably require many hours even at 973
K. Such a slow change appears to be more consistent
with the relaxation time of the electrode performance
(hours) than other processes such as anion diffusion
(minutes).

It has been noted (mostly in the context of perov-
skite membranes) that a large gradient in oxygen
chemical potential can cause kinetic demixing of the
cation constituents in a transition-metal oxide.237-242

While we do not review this literature in any detail,
a common observation is that for a binary or ternary
oxide, segregation of different cations along the µO2
gradient are expected, depending on their mobility
and transport coupling. This is particularly true for
LSM, which is cation nonstoichiometric under ambi-
ent PO2;216 thus, cation motion and crystal convection
is expected under PO2 gradients. We saw strong
evidence in section 5 that under high polarization,
LSM operates (at least in part) via a bulk oxygen
transport path, which similarly corresponds to a µO2
gradient across the material between the gas-exposed
surface and the solid-solid interface. Thus, any
sustained bulk oxygen transport might easily explain
cation segregation to/from the surface. Some evidence
for cation movement is apparent Kirkendall porosity
formed in the corner region of LSM near the TPB
under sustained cathodic polarization (Figure 33).
Thus, while the hysteresis may not correspond di-
rectly to a change from surface to bulk path (and
back), it may nonetheless be caused by this transition
given sufficient time under load.

As discussed in section 6.1, a relatively exhaustive
HRTEM and AFM study was conducted by Mitter-
dorfer and Gauckler of how secondary phases form
at the LSM/YSZ boundary and how these phases
effect electrode kinetics.215 This study placed the time
scale for cation-transport processes in the correct
range to be consistent with the theory described
above. However, while all this may be interesting and
useful speculation, to date no in-depth studies of the
LSM surface as a function of A/B ratio, polarization
history, or other factors have been performed which
would corroborate any of these hypotheses. Such a
study would require combining detailed materials
characterization with careful electrochemical mea-
surements on well-defined model systems. Given the

Figure 43. Impedance characteristics of porous LSM
electrodes on YSZ, measured at zero bias and 900 °C in
air, following various amounts of time under cathodic
polarization at 200 mA/cm2: (a) normal sample, (b) sample
etched in 1 M HCl solution for ∼15 min. (Reprinted with
permission from ref 226. Copyright 2001 Elsevier.)
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fact that polarization has such a profound (and
generally underappreciated) influence on perfor-
mance, it seems likely this would be an important
subject for investigation in the future.

5.5. Summary: Uncertainties in Our
Understanding of Oxygen Reduction on LSM

The work reviewed in sections 5.1-5.4 represents
a significant improvement over the last 10-15 years
in our understanding of oxygen reduction mecha-
nisms on LSM. However, significant uncertainties
remain due in part to the complexity of the reaction
mechanism itself but also the extreme sensitivity of
the limiting factors to the exact structure, processing
history, operating conditions, and operation history
of the electrode. To summarize, some of the relevant
highlights (and remaining challenges) are given
below.

(1) Surface path at low overpotential. Qualitative
and quantitative analysis of impedance data, tracer
studies, as well as various studies of thin-film
electrodes suggest that under low-overpotential LSM
operates primarily via a surface-mediated mecha-
nism (like Pt). This conclusion appears to be consis-
tent with the properties of LSM, which is fully oxygen
stoichiometric under ambient PO2. However, little is
known about how far the active region of reduction
extends beyond the solid/solid interface (via surface
diffusion) or the relative importance of chemical steps
(on the LSM surface) vs electrochemical kinetics at
the solid/solid interface.

(2) Bulk path at moderate to high overpotential.
Studies of impedance time scales, tracer diffusion
profiles, and electrode microstructure suggest that
at moderate to high cathodic overpotential, LSM
becomes sufficiently reduced to open up a parallel
bulk transport path near the three-phase boundary
(like the perovskite mixed conductors). This effect
may explain the complex dependence of electrode
performance on electrode geometry and length scale.
To date, no quantitative measurements or models
have provided a means to determine the degree to
which surface and bulk paths contribute under an
arbitrary set of conditions.

(3) Pronounced nonstationary behavior. Numerous
workers have reported significant hysteresis and/or
irreversibility in the behavior of LSM. This factor is
important to be aware of since it is possible for two
labs studying the same types of electrodes under
similar conditions to arrive at completely different
conclusions, depending on the exact history of fabri-
cation and testing. Hopefully as workers move for-
ward, these effects will provide additional clues as
to the reaction mechanism dominating under specific
conditions.

(4) Extreme sensitivity to processing and operating
history. It has proven difficult to arrive at a consensus
understanding of oxygen reduction on LSM, in part
because electrode performance/characteristics depend
so strongly on the exact details of processing and
operating history. Many of the outstanding issues are
tied so strongly to the subtleties of processing that
they warrant their own section (section 6). For
example, as discussed in sections 6.1-6.3, the resis-

tance of the solid/solid interface may depend signifi-
cantly on the formation of insulating reaction prod-
ucts between LSM and the electrolyte. In addition,
the composite microstructure of a commercially rel-
evant fuel-cell electrode is significantly more complex
than the ideal structures discussed so farsa signifi-
cant remaining issue is the relationship of perfor-
mance to microstructure in light of our understand-
ing of the reaction mechanism itself (section 6.4).

6. Factors Complicating our Understanding of
SOFC Cathode Mechanisms

The results reviewed in sections 3-5 represent
significant progress over the last ∼20 years in
understanding basic mechanisms governing oxygen
reduction in SOFC cathodes. However, it should be
emphasized that this knowledge has been built by
studying a large number of materials and cases over
a long period of time, often by examining model
systems or asymptotic cases. This is not the same
thing as being able to diagnose the mechanism of a
particular electrode under a specific set of conditions
or knowing all the factors that govern the rates of
the various physical processes comprising that mech-
anism. In particular, workers have found that the
rates of these processes as well as their relative
importance in the mechanism depend significantly
on a number of “outside” factors not determined by
the mechanism itself. Some examples include second-
ary phases and impurities influencing electrochemi-
cal kinetics at the interface, the macroscopic geom-
etry and microstructure of the electrode, or changes
in the properties of the materials due to fabrication
conditions or degradation. An enormous amount of
work has been conducted in the last 15-20 years to
understand these various factors; the purpose of this
section is to review those factors that have been the
most well studied and/or appear to have the greatest
significance in determining the rate of oxygen reduc-
tion within SOFC cathodes.

6.1. Sensitivity of Interfacial Electrochemical
Kinetics to Secondary Phases and Impurities

One of the most heavily studied factors thought to
influence cathode performance has been the issue of
reactivity between the electrode material and the
electrolyte (usually YSZ) to form insulating secondary
phases. This subject is sufficiently broad and complex
to warrant its own review, and readers having a
detailed interest in this topic are encouraged to read
previous literature reviews in papers by Kawada243

and Mitterdorfer.215 Our main focus here is on how
these secondary phases (or other impurities) appear
to retard the reaction, particularly electrochemical
kinetic processes occurring at the interface.

As early as 1969, studies of perovskites on YSZ
suggested the formation of insulating reaction prod-
ucts at the interface during processing and/or cell
operation.244 This was confirmed in 1985 by Lau and
Singhal, who showed that La2Zr2O7 forms at the
interface between dense LSM and single-crystal YSZ
at typical electrode processing temperatures.245 Soon
after, Yamamoto and co-workers published a study
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of sputtered La1-xSrxMO3-δ electrodes on YSZ (M )
Co, Fe, Mn, Cr), annealed at various temperatures
from 900 to 1100 °C and examined using SEM and
X-ray diffraction (XRD). These studies identified
multiple secondary phases which were identified as
La2Zr2O7 (LZ) and Sr2ZrO4 (SZ). The amount of these
secondary phases depended on the exact composition
of the materials involved but generally increased with
annealing temperature and time. They likewise found
that electrode resistance increases with annealing
time, suggesting that these phases play a significant
role in retarding electrode/electrolyte interfacial pro-
cesses. A variety of other perovskite electrode materi-
als have since been shown to react with YSZ, includ-
ing La1-xCaxMnO3(δ (LCM),246,247 Gd1-xSrxCoO3-δ,248

La1-xSrxCo1-yFeyO3-δ (LSCF),249,250 and LSC and
LSF.251 Yokokawa and co-workers examined the
relative thermodynamic stability of various perov-
skite phases with respect to reaction products in the
presence of zirconia, providing a framework for
understanding the thermodynamic driving force be-
hind the formation of these phases.252,253

Exactly how these secondary phases influence
cathode performance remains somewhat circumstan-
tial. Labrincha et al.254 studied the electrical proper-
ties of LZ over a range of temperature and PO2 and
found it to have low conductivity under typical
SOFC cathode operating conditions (∼10-4 Ω cm2 at
1000 °C). This suggests that even a small layer of
this material is likely to significantly interfere with
charge transfer at the perovskite/YSZ interface.
Poulsen and Vanderpuil255 have likewise shown that
a variety of possible lanthanum zirconate and
srontium zirconate reaction products are possible,
which have electrical properties likely to interfere
with interfacial charge transfer. Consistent with
this hypothesis, numerous workers have reported
perovskites on YSZ to exhibit a high-frequency
impedance feature suggestive of interfacial resis-
tance.27,164-166,187,210,211,215 Workers have also made
significant progress in understanding how and where
these phases form, leading to a variety of logical
suppositions about why they may influence interfa-
cial electrochemical kinetics or other processes gov-
erning performance.

One of the first studies of how these secondary
phases form was performed by van Roosmalen and
Cordfunke.256 These authors used SEM/EDS and
XRD to study postannealed diffusion couples of LSM
and YSZ as well as pressed and fired powder mix-
tures of LSM and YSZ. These experiments showed
that reaction products in sufficient quantity to detect
by XRD (1-3%) form at temperatures as low as 1170
°C. The two principle reaction products observed were
La2Zr2O7 (LZ) and SrZrO3 (SZ), with the relative
amount of LZ and SZ depending on the La/Sr ratio
in the LSM. Calcia- and baria-doped LaMnO3 were
found to be similarly reactive with YSZ, and reactiv-
ity of LSM with YSZ having 3% or 8% yttria was
found to be similar. In the case of the diffusion
couples, the layer of reaction products formed at the
interface was found (using SEM) to be on the order
of 1 µm after 600 h at 1280 °C and 10-15 µm after
600 h at 1480 °C. By employing Pt diffusion markers

at the diffusion couple interface, the authors con-
cluded that the reaction proceeds by cationic diffusion
of La and Sr through the interfacial LZ and/or SZ
layer, resulting in the formation of cation vacancies
in LSM and the continued precipitation of LZ and/or
SZ on the YSZ side of the interfacial layer. Consistent
with this hypothesis was the observation of Kirken-
dall porosity in the LSM phase near the interface,
which would be expected to form upon sufficient
depletion of A-site cations in the LSM phase.

Since the formation of secondary phases at the
interface appears to be associated with activity and
mobility of the A-site cations, a variety of workers
have investigated perovskites with A/B cation ratio
<1 in an attempt to mitigate the formation of
reaction products. An early example is a study by
Yamamoto et al.,257 who showed using XRD that no
reaction products form between La0.8MnO3 and YSZ
after sintering at 1200 °C for 200 h. Such prevention
(or at least delay/retardation) of reaction products for
perovskites with A/B ratio <1 has since been reported
by a variety of workers.235,243,249,258-261 Unfortunately
there are generally few results that really tie the
reduction of these phases to improvements in elec-
trode performance (let alone particular aspects of that
performance such as the interfacial electrochemical
kinetics). Indeed, even with materials having A/B
ratios <1, reaction products often still appear at
higher temperatures and/or longer annealing times.
Thus, given that these phases are often detected
using XRD (which has a detection limit of 1-3%), it
is not entirely clear that secondary phases are not
still present in undetectable quantities. Also, depend-
ing on the mechanism of secondary phase formation,
the low A/B ratio may only serve to delay rather than
prevent secondary phases. For example, one promi-
nent idea has been that dissolution of relatively small
and mobile B-site cations from the electrode material
into YSZ leads to a local increase in A-site activity
at the interface.243 Given enough time and temper-
ature, this may occur even when the A/B ratio is
initially low enough to be thermodynamically stable
with respect to reaction products. In support of this
idea are thermodynamic calculations by Yokokawa
et al.,252,253,262 who showed that Mn is highly soluble
in YSZ and that this solubility is PO2 dependent,
suggesting that the formation of these various phases
may be very sensitive to how easily oxygen can
transport to/from the interface during electrode
processing.

Of interest to this discussion is a paper by Simner
et al.,251 which challenges whether one can always
detect deleterious materials at the interface as
explicit phases. Motivated by the observation that
perovskites LSC and LSF exhibit better performance
on ceria (see section 6.3), they did a careful examina-
tion of the reactivity of LSC and LSF with 8 mol %
YSZ, fired as mixed and pressed powders up to
1400 °C. Not surprisingly, LSC was found to be very
reactive, forming large amounts of LZ, SZ, and Co3O4.
In contrast, LSF was generally less reactive, and in
the case of A-site-deficient LSF, (La0.8Sr0.2)0.95FeO3-δ,
the authors could not find evidence of secondary
phases using SEM or XRD. Nonetheless, measurable
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angle shifts (∼2° in 2Θ) were observed for the
primary LSF diffraction lines, indicating a significant
change in average unit cell size. The authors inter-
preted this change in terms of Zr4+ dissolution into
the perovskite, which they show to reduce substan-
tially the electrical conductivity of LSF. While it is
not clear how deeply Zr would dissolve into an LSF
electrode, it is also not clear how much would be
needed to degrade performance. In other words, it is
entirely possible that even when secondary phases
are not detected in large enough quantities to see by
SEM and XRD, a thin (1-10 nm) insulating layer of
a secondary phase (or simply a compositionally
modified primary phase) could still exist that intro-
duces an interfacial resistance.

We should also point out that annealing of the
interface, though ultimately responsible for the for-
mation of secondary phases, may be a very important
part of establishing ionic contact. For example, Horita
et al.263 recently conducted 18O2 tracer experiments
on sputtered films of LSM on YSZ and showed that
the “as-sputtered” interface (fabricated at 700 °C) has
significantly higher resistance to ion exchange, which
they attribute (based on SEM images) to a lack of
bonding at a local level. With increased annealing
time and temperature, the LSM and YSZ bond more
completely, corresponding to facile ion exchange
across the LSM/YSZ interface.

To better understand the structure and composi-
tion of the interface and its impact on interfacial
electrochemical kinetics, a number of workers have
conducted more detailed characterization studies of
the perovskite/electrolyte interface using high-resolu-
tion transmission electron microscopy (HRTEM),
electron diffraction, X-ray photoelectron spectroscopy
(XPS), and atomic force microscopy (AFM).215,264-268

Of particular interest is a paper by Mitterdorfer and
Gauckler,215 who studied nucleation and growth of
LZ between porous La0.85Sr0.15MnyO3(δ with (001)-
oriented 9.5 mol % doped YSZ single crystals using
HRTEM, AFM, and XPS, as well as the impact of
these phases in terms of electrode impedance. As
illustrated in Figure 44, their results suggest that
when LSM is A-site rich (y ) 0.98), nucleation of LZ
occurs at the TPB, where oxygen exchange is facile
and La3+ and Zr4+ are available via surface diffusion.
Once an island of LZ forms, it can then grow along
the LSM/YSZ interface. In contrast, when LSM is
A-site deficient (y ) 1.02), initial nucleation of LZ is
retarded; epitaxial growth of a Mn-rich YSZ phase
occurs first, drawing Mn out of LSM and Zr4+ and
Y3+ from the surrounding YSZ surface. Once suf-
ficient Mn has been extracted from LSM, LZ then
precipitates at the TPB.

What these results show is that regardless of A-site
deficiency, eventual nucleation of the undesirable
phase occurs exactly where it is least desired: at the
TPB, where it results in an insulating gap between
the LSM and YSZ surfaces. Restricting our attention
to the low-overpotential regime, we might expect this
gap to interfere with two processes: (1) surface
diffusion of electroactive oxygen along the LSM
surface to the TPB and (2) the electrochemical
formation of O2- at the TPB due to limited avail-

ability of electronic charge carriers. Consistent with
this hypothesis, Mitterdorfer and Gauckler observed
apparent increases in both electrochemical and chemi-
cal contributions to the impedance upon annealing
of the electrode.215

However, beyond this, it is difficult to draw a more
specific conclusion. In particular, it is now known how
the electrochemical and chemical contributions to the
impedance evolve through the different stages of
development of these phases. Also, at higher over-
potential (or with perovskite mixed conductors) we
might expect the impact of these secondary phases
to depend significantly on the relative roles of the
surface and bulk paths as well as how far these
phases spread along the LSM/YSZ interface (where
they may also block ionic exchange across the solid/
solid interface). Unfortunately, besides the general
observation that performance gets worse with the
formation of these phases, little is known. A more
direct linkage of these phases to the exact changes
seen in resistance and frequency response (as a
function of overpotential and time) remains elusive.

Finally, it would be remiss not to mention the
potential impact of impurities in influencing various
electrode rate processes, particularly at the electrode/
electrolyte interface. For example, Kuscer and co-
workers269 showed that during accelerated aging of
LSM electrodes on YSZ, small amounts of silica in
the electrolyte tended to migrate to the interface,
forming an amorphous La-silicate phase between
the electrode and electrolyte. Besides the potential
impact on interfacial electrochemical kinetics, forma-
tion of this phase was implicated in the observed
delamination of the electrode from the electrolyte
over time (see section 6.6). Similarly, concurrent
preliminary work at Imperial College has shown that
small amounts of silica introduced during processing
of perovskite/ceria electrodes had a deleterious influ-
ence on performance.270,271 Given the propensity of
silica to form low-melting eutectics and move along
ceramic grain boundaries, one would also suspect

Figure 44. Qualitative description of La2Zr2O7 (LZ)
formation at the LSM/YSZ single-crystal interface based
on HRTEM and AFM measurements, as explained in the
text. Shaded region corresponds to LZ. (Adapted with
permission from ref 215. Copyright 1998 Elsevier.)
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sensitivity to the presence of alkaline or alkaline-
earth materials (common components of furnace
insulation!). However, while the impact of certain
impurities (particularly silica) on the properties of
ion conductors is well known,272-275 there have only
been a few studies to date that really investigate the
impact of these impurities on electrode performance.

6.2. Alteration of Material Properties Near the
Interface

Further complicating our understanding of inter-
facial electrochemical kinetics (as well as electrode
kinetics as a whole) is the observation that bonding
of the electrode material with the electrolyte may
result in changes to the electrode and/or electrolyte
materials in the general vicinity of the interface. In
section 6.1 we already saw some examples of this,
for example, the dissolution on Mn in YSZ, altering
its ionic conductivity,243,276 or the dissolution of Zr into
LSF, potentially reducing its electronic conductiv-
ity.251 Thus, it is possible that effects that appear to
be associated with the interface (due to their geo-
metric scaling or impedance time scale) may in fact
be local variations of chemical processes in the near-
interfacial region.

One notable possibility is that interdiffusion of the
electrode and electrolyte during bonding may result
in changes in cation composition (and therefore
properties) of the electrode. Recent results supporting
this possibility were published by Horita et al.,263 who
examined 18O2 tracer diffusion in a sputtered thin
film of A-site-deficient LSM on YSZ. As discussed
previously, this result showed enhancement of ionic
exchange across the LSM/YSZ interface with anneal-
ing, due to improved bonding. What is also of interest
is that the authors observed an approximately 3-fold
decrease in the apparent 18O tracer diffusion coef-
ficient of the film upon annealing above ∼1000 °C.
This was explained by the authors in terms of
changes in cation composition of the film due to
diffusion of Y and Zr into LSM, which according to
their SIMS depth profiles penetrate ∼1 µm at
1300 °C. Although SIMS intensities are not consid-
ered a quantitative measure of concentration, the Y
and Zr intensities 800 nm deep into the LSM region
were on the order of 10% of that in YSZ itself.
Unfortunately, since no XRD or TEM cross-sections
were performed, it is difficult to entirely eliminate
the possibility that secondary phases contribute to
these cation intensities. However, this study does
serve to illustrate that significant changes in bulk
transport properties may occur simply due to inter-
diffusive bonding.

A related finding was reported by Kawada et al.,124

who studied the impedance of thin laser-deposited
films of LSC on SDC. As discussed in section 4.3, they
analyzed the apparent chemical capacitance of the
films in terms of changes in bulk oxygen stoichiom-
etry. In so doing they discovered a very surprising
result: the apparent oxygen vacancy concentration
in the film in air is approximately 4 times smaller
than for bulk LSC having the same cation composi-
tion (60/40 La/Sr). Further analysis suggested that

the enthalpy of oxygen incorporation into LSC is
different for the film than for the bulk material. ICP
analysis of the film following dissolution in acid
confirmed that it had a 60/40 La/Sr ratio, although
somewhat depleted in Co (6%). This level of B-site
deficiency does not seem to explain such a significant
departure from bulk properties. After considering and
rejecting several other possibilities, the authors
proposed that stress in the film due to a forced match
with the underlying ceria might explain the apparent
additional contribution to the oxygen exchange en-
thalpy. This as yet unproven hypothesis is intriguing
since it implies that material properties may be
subject to modification at an interface even when
reaction and/or interdiffusion does not occur.

Finally, another possibility often discussed in the
literature is that cation “dopants” from the electrode
may enhance the electronic conductivity of the gas-
exposed surface of the electrolyte in the vicinity of
the TPB, thereby extending the reduction zone along
the electrolyte surface via mixed conduction. The
surface exchange rate of oxygen on both YSZ- and
rare-earth-doped ceria (as measured by isotope meth-
ods) is only about 1 order of magnitude lower than
on LSM at 700 °C.277-279 Thus, if there were sufficient
electronic conduction at the surface or in the bulk of
the electrolyte, it might be possible for net reduction
to O2- to occur on the gas-exposed electrolyte surface.
There is precedence in the catalysis literature that
this can happen; for example, workers studying CO
or CH4 oxidation on CeO2/ZrO2-supported Pt and Pd
catalysts at high temperature280,281 have generally
shown that the support enhances performance via
reduction and mixed conduction of oxygen in the
fluorite phase. Workers have also suggested that
mixed conduction in ceria can play a role in SOFC
anodes.282 Various workers have provided circum-
stantial evidence that this might occur under oxidiz-
ing conditions at an SOFC cathode. For example,
Kleitz and co-workers55 noted that the high-frequency
(presumably interfacial) impedance of small silver
droplet electrode scales as r-0.6, where r is the droplet
radius. They explained this weak geometry depen-
dence as an outward expansion of the charge-transfer
zone away from the TPB along the electrolyte surface.
Another example is work by van Hassel and co-
workers, who, as shown in Figure 45, found that the
performance of porous gold cathodes on YSZ (nor-
mally a very poor oxygen catalyst) is significantly
enhanced at all overpotentials by prior coating with
Fe2O3 and/or implantation of iron into the electrolyte
surface.99,283 Widmar and co-workers reported similar
enhancements for low-fired (750 °C) Pt electrode on
YSZ implanted with Ce or Mn at low overpotential.82

However, to date there does not appear to be much
evidence that mixed conduction in the electrolyte
plays the dominant role in the enhancements men-
tioned above. First, it should be emphasized that a
finite rate of oxygen exchange at the electrolyte
surface (as measured at equilibrium by isotope
methods) is a necessary but insufficient criterion for
finite rates of oxygen reduction; for there to be a net
production of O2- at the electrolyte surface, electrons
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must also be able to gain access to the surface.
Workers have generally shown that when YSZ is
implanted or alloyed homogeneously with Fe or Mn,
its electrical conductivity is not significantly en-
hanced, even under moderately reducing condi-
tions.82,243,284-286 Second, in isotope studies of low-
temperature bifunctional CO oxidation catalysts,
such as Au/Fe2O3, workers have shown that the role
of the transition metal in the support is essentially
catalytic, i.e., stabilization of physisorbed O2 at the
Au/oxide interface, leading to enhanced oxidation
rates.287-289 It is likewise possible that enhanced
performance of metal cathodes on YSZ incorporating
transition metals or (other d-orbital cations) is an
electrochemical-kinetic effect localized to the TPB
where by “localized” we mean simply “within a
distance accessible by electrons from the electrode
material”. Indeed, as shown in Figure 45, the en-
hancements observed by van Hassel and co-workers
upon implantation of Fe into YSZ correspond to an
increase in the apparent exchange current density
while the Tafel slope remains constant over several
orders of magnitude. This observation suggests that
iron acts to promote the existing rate processes
(either on the Au surface or at the TPB) rather than
by changing the mechanism toward an alternative
chemical pathway involving the electrolyte. Finally,
we should point out that gold is a poor oxygen
catalyst at high temperature. In the case of a highly
catalytic perovskite, it is not clear that incorporation
of transition metals from the electrode into the
electrolyte surface is going to provide any significant
catalytic benefit not already provided by the electrode
itself, particularly in cases where the utilization
region is large and thus the exposed electrolyte
surface makes up such a small percentage of the area
available for dissociative adsorption.

6.3. Ceria as an Alternative Electrolytic Interface
In attempting to develop fuel cells based on ceria-

based electrolytes, workers have also examined the
reactivity of various perovskite electrode materials
with doped ceria. An early example is a study by
Chen and co-workers,250 who used a spin-coating
technique to deposit LSCF electrodes on YSZ as well
as 20 mol % samaria-doped ceria (CeO2)0.8(SmO1.5)0.2
(SDC). Consistent with previous findings, LSCF was
observed to react with YSZ to form LZ and SZ
byproducts. In contrast, analogous Ce-based com-
pounds resulting from a reaction between LSCF and
SDC were not observed. Consistent with this obser-
vation were Chen et al.’s measurements of electrode
impedance, which suggest LSCF exhibits less inter-
facial resistance when processed and tested under the
same conditions on the same substrate. On the basis
of this result, the authors suggested addition of a
ceria-based “protection layer” between the perovskite
electrode and YSZ, an idea which is now actively
being developed for intermediate temperature fuel
cells.251

Consistent with Chen et al.’s observations was a
study by Adler and co-workers (described previously
in section 4), who measured the impedance of LSCF
on SDC at intermediate temperatures. Their mea-
surements showed that above about 700 °C in air the
impedance is dominated by a single Gerischer-like
impedance found to be consistent with a bulk-
mediated reaction pathway. Although the possible
role of the surface path cannot be entirely excluded
in this case, what is clear is that the impedance is
dominated by chemical dissociation and transport
steps while electrochemical incorporation at the
interface remains largely equilibrated at least above
∼650 °C. Adler et al. mention in passing that at lower
temperatures (450-550 °C) a small high-frequency
arc with a high activation energy appears, indicating
the onset of interfacial electrochemical kinetic resis-
tance. However, it is unclear if this additional
resistance is associated with secondary phases or
simply an inherent resistance to ionic exchange
between two dissimilar ionic phases (as has been
observed, for example, at the physical interface
between two pieces of YSZ290). This apparent lack of
an interfacial resistance (as evidenced by the absence
of a distinct high-frequency impedance arc) appears
to be a general feature of perovskite mixed conductors
on rare-earth-doped ceria or (La,Sr)(Ga,Mn)O3 elec-
trolytes.18,19,22,28,177,179-181,184,250,291,292

A notable exception may be Sr-doped ceria. As
reported by Liu and Wu,187 LSCF electrodes on 10
mol % Sr-doped ceria exhibit a significant high-
frequency impedance arc in air at 650-750 °C, which
is comparable in frequency (but somewhat smaller)
to that observed for identically processed and tested
LSCF electrodes on 8 mol % YSZ. One explanation
may be found in the thermodynamic data for the Sr-
Ce-O system, which shows that the solubility of SrO
in CeO2 is less than 10 mol % at these tempera-
tures.293-295 Thus, precipitation of SrCeO3 at the
LSCF/ceria interface is favored, depending on the
exact firing conditions and A/B ratio of the perovskite.
Oddly, the authors did not consider this possibility,

Figure 45. Current-overpotential characteristics of po-
rous gold electrodes on YSZ at 770 °C and PO2 ) 1 atm,
comparing YSZ that has, and has not, been implanted with
8 × 1016 atoms/cm2 of 56Fe at 15 kV. (Reprinted with
permission from ref 99. Copyright 1992 Elsevier.)
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citing the variations in impedance with different
electrolytes as proof that oxygen reduction is limited
by electrochemical kinetics at the TPB. On the
contrary, the very large apparent chemical capaci-
tance (∼1 F/cm2) associated with the low-frequency
impedance feature (which is similar in shape, size,
and frequency for both YSZ- and Sr-doped ceria)
suggests a bulk-mediated path involving absorption
and transport in LSCF. Meanwhile, the differences
seen at high frequency between YSZ- and Sr-doped
ceria might easily be explained in terms of different
secondary phases formed, whose likely effect is to
interfere with ion-transfer across the entire solid-
solid interface (not just at the TPB).

Given the apparent reversibility of the perovskite/
rare-earth-doped ceria interface, Various workers
have more recently investigated Chen’s original sug-
gestion of a ceria-based protection layer between YSZ
and perovskite cathodes.296-299 As shown in Figure
46, Tsai and co-workers found that by introducing a
0.4 µm thick sputtered layer of yttria-doped ceria
between YSZ and porous LSM, overall current den-
sity of their cathode-supported fuel cell could be
improved by a factor of approximately 5×. More
recently, anode-supported YSZ fuel cells using a
single-phase porous LSF cathode with a Sm-doped
ceria protection layer have been reported to exceed
operating voltages of 900 mV at current densities of
100 mA/cm.2298 This performance is competitive with
some of the best composite LSM/YSZ cathodes avail-
able today (see section 6.4). While these results are
exciting, more work is needed to confirm/reject cur-
rent hypotheses about how these layers actually work
to improve performance and compare performances
meaningfully among various development groups.

6.4. Composite Microstructures

Figure 2 illustrated two dominant strategies that
have been used to enhance the performance of SOFC
cathodes. One has been the introduction of ionic

conduction into the electrode material so as to extend
the active region beyond the electrode/electrolyte
interface. Along with ionic conduction, however,
comes potential problems including increased chemi-
cal and thermal expansion and higher apparent
reactivity between electrode and electrolyte (section
6.1). An alternative strategy has been to combine a
YSZ-compatible electrode material such as LSM with
an ionically conducting second phase (e.g., YSZ itself)
in a composite matrix. While the active region of an
LSM electrode may generally be more confined to the
LSM/YSZ interface than a mixed conductor, the
composite matrix makes up for this deficiency by
extending the LSM/YSZ interface. This strategy has
proven to be very promising but adds some complex-
ity to our diagnosis and understanding of which
processes dominate the overall observed overpoten-
tial.

One of the first attempts to implement this strategy
was reported by Kenjo and co-workers,300,301 who
fabricated and tested the performance of porous Pt
composite electrodes containing YSZ, SDC, and erbia-
stabilized bismuth oxide (ESB) as well as composites
of A-site-deficient La0.85MnO3 (LM) and YSZ. The
electrode polarization losses of these electrodes were
measured using current-interruption techniques as
a function of electrode thickness. For Pt/ESB and LM/
YSZ, the presence of the electrolyte was found to
enhance performance significantly (5-10 times) de-
pending on processing conditions and the volume
fraction of the electrolyte. As shown in Figure 47,
performance was also found to increase with elec-
trode thickness, saturating at a thickness of ∼10 µm
(30 or 40 µm for Pt/ESB). In the case of Pt/YSZ and
Pt/SDC, no enhancement was observed; however, the
authors proved using electrical conductivity mea-
surements that with their particular preparation
method any significant fraction of YSZ and SDC
particles interferes with the electrical connectivity
among Pt particles, making the electrode too resistive
to function in these cases.

As shown in Figure 48, the authors explained their
results in terms of a macrohomogeneous model
similar to that used previously for aqueous gas-
diffusion electrodes.302 With this approach the elec-
tronic and ionic conductors (Figure 48a) are viewed
as homogeneously interpenetrating subphases, the
electronic conductor having relatively high electrical
conductivity, while the ionic conductor has finite ionic
resistivity F ) 1/σi. At the interface between these
phases, oxygen reduction occurs at a rate propor-
tional to the local overpotential, resulting in passage
of current from the ionic to the electronic phase, iy )
η(x)/k, where η(x) is the local overpotential and k in
this case is the interfacial resistance per unit volume
(Ω cm3). Consideration of charge conservation a la
classic porous electrode theory303 leads to the solu-
tions shown in Figure 48c,d. In analogy to the
situation shown in Figures 14b and 26a, the com-
posite electrode is found to be co-limited by interfacial
resistance and ionic transport in the ionic subphase,
exhibiting a maximum utilization region of size
∼xk/F and overall resistance proportional to xFk for

Figure 46. Performance characteristics of a cathode-
supported thin film Ni-YSZ/YSZ/LSM fuel cell at 600 °C
in humidified H2 and air with and without a dense
protective yttria-doped ceria (YDC) protection layer intro-
duced between the porous LSM cathode and the thin-film
electrolyte. (Reprinted with permission from ref 296.
Copyright 1997 Elsevier.)
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an infinitely thick electrode. As shown in Figure 47,
fitting of this model yields values of F and k found to
be in reasonable agreement with the properties of
ESB and YSZ given the uncertainties in the details
of the microstructure (interparticle contact, ionic
tortuosity, interphase contact area).

What this result shows is that for materials having
a small natural active region as a single porous phase
(50-500 nm for Pt, perhaps somewhat larger for LM),
the use of a composite microstructure can signifi-
cantly enhance performance, extending the active
region to include a much larger fraction of the
electrode material (∼10 µm). A number of workers
have since demonstrated the benefits of this approach
for LSM/YSZ, some reporting active regions of similar
size (5-10 µm) as single-phase mixed conduc-
tors.304,305 Besides establishing a new paradigm in
how to design SOFC cathodes, this approach has also
introduced a new set of issues to be considered,
including the efficiency of the ionic and electronic
transport paths,24,306-309 quality and quantity of
internal interfacial contact between the ionic and
electronic subphases,30,310 functional grading of the
materials for structural or other purposes,36,311-313

and tuning of the microstructure to match the local
natural extension region of the electrode material.

As one might expect, interpreting the electrochemi-
cal characteristics of composite electrodes is consider-
ably more challenging than understanding their
single-phase counterparts. Since work in this area
is sparse, we confine this discussion to a few of the
salient differences. First, the various physical pro-
cesses contributing to the overpotential are more
difficult to separate. With a single-phase electrode,
ohmic losses associated with the electrolyte (and in
some cases also interfacial electrochemical kinetics)
can be isolated or treated using equivalent circuit
analogies independent of how complex the processes
occurring in the electrode itself may be. In contrast,
as implied by Figure 48, the characteristics of a
composite electrode involve an inherent convolution
of the ohmic loss in the electrolytic subphase with
the electrochemical and chemical losses at the junc-
tion between the ionic and electronic (or mixed
conducting) subphases. This leads to wide dispersion
and overlap among the time scales for these pro-
cesses, making interpretation of impedance ex-
tremely challenging, as recently reviewed by Jør-
gensen and Mogensen.31

Second, the electrochemical characteristics of com-
posite electrodes are generally much more sensitive
to the details of the microstructure than single-phase
materials.30,35 Indeed, embedded in the parameter k
in Figure 48 are literally all the physical processes
reviewed in sections 3-5 plus the details of how the
two subphases are interconnected. While various
authors have attempted to relate” in more detail to
the microstructure, modeling is often limited to
idealized hypothetical microstructures that may or
may not be relatable in a quantitative way to the real
system.307,314 In addition, since composite electrodes
work by maximizing surface area and interfacial
contact, they are often fired at much lower temper-
atures than their single-phase counterparts, leading
to additional uncertainty as to the geometry and
quality of interparticle contact. These details of the
microstructure and interfaces, which may be critical
to performance, are extremely difficult to quantify
using current cross-sectional sampling techniques
(SEM, HRTEM, SIMS, AFM).

Finally, due to their high surface area, composite
electrodes often incorporate microstructural features
competitive or smaller than the active region of a
single-phase electrode of the same material. In this
situation, we expect chemical transport processes to
be largely equilibrated on a local (submicrometer)
length scale, leaving dissociative oxygen ab(b)sorp-
tion as the only significant chemical resistance. One
consequence of this situation is that the electrochemi-
cal kinetics contributing to k in Figure 48 may not
be the same as those governing the kinetics of a
single-phase electrode, even when TPB area is known
and properly accounted for. Rather, the mechanism
itself may shift toward a different set of co-limiting
steps, in particular catalytic reduction, interfacial
electrochemical kinetics, and ionic transport in the
ionic subphase.

Figure 47. Measured area-specific admittance (reciprocal
of the polarization resistance Rp) as a function of electrode
thickness for Pt/ESB and LSM/YSZ composite electrodes.
Performance of the same electrode materials without an
ionic subphase are also shown for comparison. Lines
indicate fits to the model shown in Figure 48, as discussed
in the text. (Reprinted with permission from refs 300 and
301. Copyright 1991 and 1992 The Electrochemical Society,
Inc. and Elsevier, respectively.)
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Despite these uncertainties, however, workers have
made impressive advances in cathode performance
over the last 5-7 years using composite microstruc-
tures. A recent paper by McIntosh et al. reports the
area-specific resistance of a 50-50 LSM-YSZ com-
posite (fabricated from powders at 1250 °C) to be
about ∼0.2 Ω cm2, both in a half cell and fuel-cell
configurations following polarization.40 Barnett and
co-workers report somewhat higher resistances for
LSM/GDC composites (∼1.0 Ω cm2 at 700 °C33);
however, it should be noted that these electrodes had
never seen a bias and thus may have much higher
performance under load (see section 5.4). Electrodes
incorporating mixed conductors as the electronic
subphase generally have even higher performance.
As an example, Figure 49 shows the impedance (as
a function of temperature in air) of a low-fired
(900 °C) LSCF/GDC composite electrode on YSZ
made by Murray and co-workers.35 This electrode has
an ASR of ∼0.03 Ω cm2 at 700 °C with no polarization
history. Huang and co-workers reported cathode
resistances of ∼0.1 Ω cm2 at 700 °C for LSC/YSZ and
LSF/YSZ composites made by impregnation tech-
niques.315,316

6.5. Current Constriction Effects
In passing, we should also mention one additional

microstructural factor potentially impacting the over-
all electrode performance: constriction of the ionic
current in the electrolyte near the electrode/electro-
lyte interface. To better understand this effect,
consider a circular disk electrode of diameter d
immersed in a semi-infinite electrolyte of conductivity

σi (Figure 50a). It can be shown that the measured
IR drop occurs primarily within a distance d of the
electrode with a value given by47

where I is the total current. If one views the interface
between a solid electrolyte and a porous electrode as

Figure 48. Kenjo’s 1D macrohomogeneous model for polarization and ohmic losses in a composite electrode. (a) Sketch of
the composite microstructure. (b) Description of ionic conduction in the ionic subphase and reaction at the TPB’s in terms
of interpenetrating thin films following the approach of ref 302. (c) Predicted overpotential profile in the electrode near
the electrode/electrolyte interface. (d) Predicted admittance as a function of the electrode thickness as used to fit the data
in Figure 47. (Reprinted with permission from refs 300 and 301. Copyright 1991 and 1992 Electrochemical Society, Inc.
and Elsevier, reepectively.)

Figure 49. Impedance of a low-fired composite LSCF/GDC
electrode on YSZ in air as a function of temperature. (Inset)
SEM of the microstructure of the electrode showing very
fine porosity but effective interparticle contact. (Reprinted
with permission from ref 35. Copyright 2002 Elsevier.)

VIR ) I
2dσi

(11)
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an array of such small current sources, one expects
that as the size of these sources get very small, the
IR resistance will become increasingly dominated by
the constriction of the current near each source
rather than the superficial current density of the cell.

Workers have shown theoretically that this effect
can be caused both at the microstructural level (due
to funneling of the current near the TPB) as well as
on a macroscopic level when the electrode is not
perfectly electronically conductive and the current
collector makes only intermittent contact.206,244,317

Fleig and Maier further showed that current con-
striction can have a distortional effect on the fre-
quency response (impedance), which is sensitive to
the relative importance of the surface vs bulk path.318

In particular, they showed that unlike the bulk
electrolyte resistance, the constriction resistance can
appear at frequencies overlapping the interfacial
impedance. Thus, the effect can be hard to separate
experimentally from interfacial electrochemical-
kinetic resistances, particularly when one considers
that many of the same microstructural parameters
influencing the electrochemical kinetics (TPB area,
contact area) also influence the current constriction.

To facilitate estimates of this effect on the micro-
structural level, we point out the existence of an
important dimensionless group, J, that describes the
ratio of the current constriction resistance to the
electrode resistance.47,319 If J , 1, then we expect the
constriction effect will be small compared to the
electrode resistance, while if J g 1, the constriction
effect is expected to be significant. For example, in
the case shown in Figure 50a, J is derived by dividing
VIR (given by eq 11) by the electrode overpotential
η ) IRelectrode, where Relectrode is the total effective
resistance of the disk (in Ω). If we consider a large
number of well-separated disks (Figure 50b) and re-

express Relectrode on a superficial-area-normalized
basis, J is given approximately by

where RASR is the area-specific resistance of the
electrode and φ is the fraction of the area through
which current must flow at the interface. Applying
eq 12 to a bulk-path-dominated electrode (Figure
50b), we can estimate J by taking d to be the average
diameter of the solid-solid contact points while φ is
the fraction of the electrolyte surface covered by the
electrode. For 2D rather than 3D constriction, the
situation is similar;319 thus, for a surface-dominated
mechanism, we would take d to be the effective width
of the TPB while φ would correspond the fraction of
the electrolyte surface within one-half TPB width of
the TPB line.

As an example, consider a porous LSC electrode
with an average particle diameter of 0.2 µm operating
via a bulk path. If the porosity is 30%, then φ will be
approximately 0.7. Assuming a superficial electrode
resistance of 0.05 Ω cm2 at 750 °C and an electrolyte
conductivity of 0.03 Ω cm-1, then J ≈ 0.01. Thus,
current constriction is probably not an issue in this
case. Alternatively, consider a porous LSM electrode
of similar morphology and performance, assuming a
TPB width of ∼1 nm. In this case φ will be ap-
proximately 1.4% of the superficial area. Thus, J
would be ∼0.002. Again, this is a number much
smaller than 1. These back-of-the-envelope calcula-
tions suggest that microscopic current constriction is
not a large effect under most practical situations, and
thus most excess ohmic losses reported in the litera-
ture arise from more macroscopic current constriction
effects (such as insufficient current collection).206,320

However, it is probably wise for investigators to make
estimates of J to ensure further analysis is not
required for their system.

6.6. Long-Term Degradation
A second form of nonstationary behavior is ir-

reversible long-term degradation of the electrodes,
explicitly with either time or time under operation
in a given environment. Unfortunately, the literature
in this area is neither plentiful nor consistent. In
particular, there is a dearth of publications reporting
test data past about 100 h due (no doubt) to the
extreme cost of conducting long-term testing. As a
result, degradation has remained primarily a subject
of concern for industrial developers who have the
resources needed to tackle this issue but by the same
token are generally loath to publish important, hard-
fought trade secrets. Furthermore, of the few reports
that have been published, results often vary wildly
for seemingly similar material systems. For example,
workers have reported fuel cells based on porous
LSM cathodes lasting >50 000 h with less than 5%
degradation,321 while others have reported cathode
degradation of 1000% in less than 50 h.322 Given this
general lack of consensus as to rates and causes of
long-term degradation, we only briefly mention a few
of the factors reported to cause acute short-term
degradation (100-1000 h).

Figure 50. (a) Primary potential distribution surrounding
a disk-shaped electrode. (Reprinted with permission from
ref 47. Copyright 2004 John Wiley & Sons.) (b) Finite-
element calculation of the 2D primary potential profile near
an electrode with regular periodic contact to the electrolyte
(φ ) 0.5). Horizontal lines on the contour plot are lines of
constant potential; vertical lines follow the current path.

J ≈ 0.4 d
φRASRσi

(12)
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(1) Morphological evolution. Driven in part by
parallel studies on nickel sintering and degradation
in SOFC anodes,323-326 one concern has been that
LSM (or other ceramic cathode materials) can sinter
over time, losing active surface area and thus activ-
ity. Several workers have reported morphological
changes in LSM electrodes with time or with time
under current load, which has been correlated with
degradation.157,214,322,327-329 Why the changes occur
and how they effect performance is not very clear. It
is also not clear that these changes are all caused by
the same thing or that all electrodes are likely to
experience these changes.

(2) Chromium contamination. As discussed previ-
ously, one must always be aware of the possible
presence of impurities which could have a variety of
effects, including enhancing sintering at operating
temperatures. An impurity of particular concern has
been chromium, which is often part of the intercon-
nect (bipolar plate) in an SOFC stack either as a
LaCrO3 (ceramic interconnect) or as part of an alloy
in the case of a metal interconnect. Workers have
shown that Cr can be quite mobile in an SOFC
environment330,331 and linked it clearly to degrada-
tion.332 There has also been a considerable amount
of recent work that has probed the mechanism by
which Cr degrades performance.182,333-335 It appears
that perovskite mixed conductors are less susceptible
to the effects of chrome than LSM, possibly because
they function by a bulk mechanism, which is less
influenced by the contamination of the surface by Cr-
containing species.

(3) Evolution of secondary phases. Another concern
has been continued formation of LZ and SZ secondary
phases at the perovskite/YSZ interface as a function
of time or current density.336,337 Accelerated testing,
achieved by sustained heat treatments of the elec-
trode, suggests that degradation can occur by this
mechanism.338,339 However, whether such thermal
treatments can be meaningfully extrapolated to
predict natural degradation processes is unclear.

(4) Thermal cycling. Finally, we should also men-
tion the issue of thermal cycling, which is a likely
source of stress on cells in a commercial SOFC device
due to thermal and chemical mismatches among the
various materials.340,341 Hsiao and Selman have
shown that this effect has a primary influence on the
interface, causing literal separation of the electrode
from the electrolyte.

6.7. Experimental Artifacts in Electrochemical
Measurements

As we have seen in the previous sections, our
understanding of SOFC cathode mechanisms often
hinges on interpretation on the magnitude and time
scale of electrochemical characteristics. However,
these characteristics are often strongly influenced by
factors that have nothing to do with the electrode
reaction itself but rather the setup of the experiment.
In this section we point out two commonly observed
effects that can potentially lead to experimental
artifacts in electrochemical measurements: (1) po-
larization resistance caused gas-phase diffusion and
(2) artifacts related to the cell geometry. As we will

see below, these effects commonly influence the
polarization, leading to experimental errors, or ap-
pear as “features” in the impedance or other electro-
chemical measurements that workers misinterpret
as part of the electrode reaction mechanism.

(1) Gas-phase effects. In aqueous electrochemistry,
a rotating disk electrode is often employed to ensure
that that mass-transfer effects do not obscure the
measurement of electrochemical kinetics except at
very high polarization (limiting current). In contrast,
the gas inside the pore network of a GDE is stagnant
and may be so for some distance outside the electrode
due to the presence of additional materials required
for current collection and/or mechanical support
(mass-transfer distances of 30-1000 µm are not
uncommon). In addition, the molar concentration of
a gas is ∼103 times lower than a liquid. Partially
compensating for these factors is the fact that gas-
phase diffusion is typically 5 orders of magnitude
faster than diffusion in aqueous solution. For ex-
ample, the binary diffusion coefficient of oxygen in
air at 700 °C is ∼1 cm2/s compared to the diffusion
coefficient of dissolved O2 in H2O at 25 °C (∼2 × 10-5

cm2/s). However, these estimates also suggest that
at O2 concentrations of ∼10-2 atm or below we might
expect gas-phase diffusion to become significant.

One can roughly estimate the effects of gas-phase
diffusion at steady state using a simple 1D diffusion
model, which has been employed (in some form) by
numerous workers.171,342,343 This approach yields the
following expression for the linearized steady-state
chemical resistance due to binary diffusion of O2 in
a stagnant film of thickness L171

where xO2
∞ (assumed , 1) is the mole fraction of

oxygen in the well-mixed region outside the film
layer, Vm ) RT/P is the molar volume of the gas, and
DAB

eff is the effective diffusion coefficient which may
depend on porosity and tortuosity of the electrode as
well as the effects of Knudsen diffusion (note the
similarity to eq 7). As an example, for a diffusion
layer of 100 µm, an effective diffusion coefficient of
0.1 cm2/s, a gas concentration of 10-3 (total pressure
1 atm), and a temperature of 1000 K, this equation
predicts a resistance of ∼1 Ω cm2.

Thus, not surprisingly, numerous workers
have knowingly (or unknowingly) observed this
effect in polarization and impedance measure-
ments.28,70,79,171,184,291,342-347 For materials having a
small apparent utilization region lδ compared to the
electrode thickness (e.g., porous Pt or LSM at low
polarization), gas-phase effects normally appear as
a separate arc in the impedance at low frequen-
cy.70,79,345-347 As an example, Figure 51 shows the
impedance of porous LSM/YSZ composite electrodes
on YSZ at 950 °C, measured as a function of PO2 using
blended gases of O2 in N2. An arc with frequency ∼1
Hz appears below PO2 ) 5% and grows dramatically
with decreasing PO2.346 Telltale signs that this arc is
related to gas-phase diffusion are (1) the admittance
associated with this arc is first order in PO2, (2) when

Rgas ) RT
4F2

LVm

2xO2
∞ DAB

eff
(13)
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measured as a function of temperature, the polariza-
tion associated with this arc is found to have a very
small activation energy, and (3) the very low fre-
quency of the arc, which can generally be understood
in terms of the relative chemical capacitances in-
volved, as follows. As discussed in sections 3-5, the
chemical capacitance associated with the faradaic
impedance is proportional to the linearized storage
capacity of adsorbed oxygen on the electrode surface
within a distance lδ of the interface. However, when
gas-phase diffusion resistance is present, the relevant
oxygen storage capacity involves the entire electrode
surface (thickness L) as well as the storage capacity
of the gas itself (which may be particularly significant
if there is a large stagnant layer outside the elec-
trode). Yoon et al. showed that gas-phase diffusion
in the electrode itself and mass-transfer limitations
outside the electrode (caused by a flow-rate-depend-
ent boundary layer) appear as separate impedance
features due to the relatively large storage capacity
of the gas above the cell.347

In cases where the utilization region approaches
the electrode thickness (e.g., perovskite mixed con-
ductors), it can be harder to discern gas-phase effects
as a separate feature since the time scales begin to
merge. Some techniques workers have used in this
situation include varying the total pressure while
keeping PO2 constant184 (since binary diffusion coef-
ficients scale inversely with Ptotal at low pressure348)
or replacing the diluent gas (usually N2 or Ar) with
He28,346,347 (since the binary diffusion coefficient for
O2 in He is about 4-5 times smaller than for O2 in
N2

349). As an example, Figure 52a shows the imped-
ance of LSC electrodes on rare-earth-doped ceria at
750 °C as a function of PO2 when a relatively thick
(∼20 µm) porous silver current collector is used.
Replacement of air with 20.9% O2 in He has little
effect on the impedance at zero bias. However, there
is measurable difference between 4.0% O2 in N2 vs
4.0% O2 in He. The higher resistance in N2 is
accompanied by a proportionate decrease in charac-
teristic frequency rather than the appearance of a
second feature in the impedance. As shown in Figure
52b, Koyama et al. showed similar findings for SSC
on SDC at 800 °C and PO2 ) 0.01 atm by varying total
pressure.184 The similarity in time scale for the
chemical vs gas-transport impedances in these cases

likely reflects a large utilization length since if the
active region is already a significant fraction of the
electrode bulk, any fluctuations in solid and gas
composition resulting from gradients in gas concen-
tration add little to the already large chemical
capacitance.

The results reviewed above suggest that gas-phase
diffusion can contribute significantly to polarization
as O2 concentrations as high as a few percent and
are not necessarily identifiable as a separate feature
in the impedance. Workers studying the PO2-depen-
dence of the electrode kinetics are therefore urged
to eliminate as much external mass-transfer resis-
tance in their experiments as possible and verify
experimentally (using variations in balance gas or
total pressure) that gas-phase effects are not obscur-
ing their results.

(2) Cell geometry effects. Figure 53a illustrates a
typical cell configuration used by workers wishing to
isolate the polarization losses of a specific SOFC
electrode. In this case, the cell consists of a thin (10-
500 µm) electrolyte with active (current bearing)
electrodes on each side. The reference electrode is
placed on the surface of the inactive (unelectroded)
portion of the electrolyte, on one or both sides of the
cell, some distance away from the edge of the active
electrodes. Ideally, the purpose of this configuration
is to measure the electrolyte potential along an
equipotential surface “somewhere between the two
active electrodes”. If two reference electrodes are
used, they will yield redundant information (differing
only in Nernst potential), provided they are placed a
distance greater than ∼3 electrolyte thicknesses from
the edge of the active electrodes and the gas on each
side of the cell is well mixed.350 Assuming this
idealization, the total cell voltage losses (Vtotal) can
be divided into two parts as shown in Figure 53b:
VA, which contains the overpotential of the first
electrode plus some fraction of the electrolyte poten-
tial drop, and VB, which contains the overpotential
of the second electrode plus the remaining fraction

Figure 51. Zero-bias impedance of a 60%/40% LSM/YSZ
composite cathode, measured at 950 °C as a function of
PO2.346 The magnitude of the lowest-frequency arc (∼1 Hz)
was quantified using equivalent circuit analysis and found
to scale inversely with PO2 and only weakly with temper-
ature. (Reprinted with permission from ref 346. Copyright
2001 Elsevier.)

Figure 52. Effect of binary gas-phase diffusion on the
impedance characteristics of porous mixed-conducting elec-
trodes at low PO2: (a) zero-bias impedance of LSC on rare-
earth-doped ceria at 1 atm and 750 °C as a function of PO2

using concentrations and balance gases as indicated.
(Reprinted with permission from ref 350. Copyright 2000
Elsevier B.V.) (b) Zero-bias impedance of SSC (x ) 0.5) on
SDC at 800 °C and PO2 ) 0.01 atm as a function of total
pressure. (Reprinted with permission from ref 184. Copy-
right 2001 Electrochemical Society, Inc.)
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of the electrolyte potential losses. Assuming this
division can be achieved, Figure 53c illustrates the
resulting separation of the total cell impedance into
two ideal half-cell impedances, supposing (for the
purposes of example) electrodes with simple linear
RC behavior.

Although experimentalists often assume validity
of the idealization shown in Figure 53, numerous
studies have illustrated the difficulty of making
accurate polarization measurements with this type
of configuration.319,350-358 Nagata et al.351 and Hsieh
et al.352 have shown experimentally that electrode
geometries similar to Figure 53 can yield large
inaccuracies in the measured steady-state electrode
overpotential and impedance. A number of workers
have since attempted to simulate these ef-
fects.319,350,353-355 In particular, Winkler et al.353 used
the finite-element method to calculate the primary
(infinite frequency) and secondary (zero frequency)
d.c. potential distributions for various electrode
geometries and reference electrode locations. These
calculations showed that a slight misalignment of the
active electrodes on a thin cell can cause a frequency-
dependent displacement of the reference potential,
leading to significant inaccuracies in the electrode
resistance extracted from a.c. impedance measure-
ments. Adler et al. corroborated these findings350 and
more recently extended FEA analysis to include both
the real and imaginary response, allowing determi-
nation of distortional effects on the impedance in
arbitrary geometries over the entire frequency spec-
trum.319

As an example, Figure 54a shows the zero-bias
impedance of LSC electrodes on rare-earth-doped
ceria in air at 750 °C measured using a symmetric
cell incorporating a traditional reference electrode.350

Although the two screen-printed electrodes (1 and 2)
were processed identically and aligned to an accuracy
of ∼0.1 mm, the cell response is highly asymmetric

with nearly 80% of the iR resistance being ap-
portioned to electrode 2. The two half-cell impedances
differ in both shape and magnitude and exhibit
anomalous “capacitive” and “inductive” effects at high
frequency (that sum to zero in the total impedance).
In addition, despite high reproducibility of the total
cell impedance from sample to sample, the scatter
in the half-cell response among samples is substan-
tial.350 One explanation for these effects is illustrated
in Figure 54b, which shows a finite-element simula-
tion of the half-cell impedance for identical “RC”
electrodes, misaligned by a distance d equal to the
thickness of the electrolyte (d/L) 1). This calculation
suggests that the observations in Figure 54a may
simply be caused by statistical variation in the
alignment of the electrodes (which was subject to the
limitations of a manually aligned screen printer in
this case).

Furthermore, Boukamp358 and Adler319 showed
that when the electrodes on opposite sides of a cell
are different from each other (as they are in a fuel
cell), errors may not only involve a numerical scaling
factor but also cross-contamination of anode and
cathode frequency response in the measured half-cell
impedances. For example, Figure 55a shows the
calculated half-cell impedance of the cell idealized in
Figure 53a, assuming alignment errors of (1 elec-
trolyte thickness. Significant distortion of the half-
cell impedances (ZA and ZB) from the actual imped-
ance of the electrodes are apparent,319 including
“cross-talk”358 of anode and cathode frequency re-
sponse (1 and 10 Hz, respectively), as well as a

Figure 53. Idealized half-cell response of a thin solid
electrolyte cell. (a) Cell geometry including working elec-
trodes A and B and reference electrode(s). (b) Equivalent
circuit model for the cell in a, where the electrolyte and
two electrodes have area-specific resistances and capaci-
tances as indicated. (c) Total cell and half-cell impedance
responses, calculated assuming the reference electrode
remains equipotential with a planar surface located some-
where in the middle of the active region, halfway between
the two working electrodes, as shown in a. Figure 54. Measured (a) and simulated (b) effect of

electrode misalignment. (a) Total-cell and half-cell imped-
ances of a symmetric LSC/rare-earth-doped ceria/LSC cell
with nominally identical porous LSC (x ) 0.4) electrodes,
measured at 750 °C in air based on the cell geometry
shown.350 (b) Finite-element calculation of the total-cell and
half-cell impedances of a symmetric cell with identical R-C
electrodes, assuming a misalignment of the two working
electrodes (d) equal to the thickness of the electrolyte (L).319
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number of possible inductive artifacts. Figure 55b
further shows that distortions of the impedance will
occur even when alignment is perfect due to the
inherent asymmetry of the potential distribution at
intermediate frequency.319 These results potentially
call into question the interpretation of half-cell
measurements on all thin electrolytes (particularly
very thin, supported electrolytes), not only in terms
of measurement error, but also possible misinterpre-
tation of frequency artifacts as “steps” in the reaction
mechanism.

A number of different approaches have been de-
veloped by workers to combat these problems. One
has simply been to avoid half-cell measurements
altogether, focusing instead on the response of sym-
metric cells at zero bias28 or fuel cells under load
where the anode impedance is either small or iden-
tifiable by frequency in the impedance spectrum.40

Another approach has been to use a very thick
electrolyte40 (where alignment is less of an issue),
ideally incorporating a reference electrode near the
working electrode via a hole in the electrolyte.353

According to FEA simulations, the thick pellet ap-
proach appears to provide good accuracy353 as well
as frequency isolation319 but is generally limited to
lower current densities due to finite compliance
voltage and Joule heating of the sample. Workers
have also proposed various microelectrode geometries
that (in principle) should exhibit excellent frequency
isolation.319,359,360 Early experimental results with this
approach appear to be favorable,361 but more work
is needed to develop a truly robust and reliable way
of doing half-cell measurements at arbitrary current
densities and frequencies.

7. Conclusions and Outlook
The literature reviewed in sections 2-6 represents

significant advances made in the last 20 years in our
understanding of solid oxide fuel-cell cathodes. At the
same time, however, this work has also underscored
how complex the oxygen reduction reaction is, mak-

ing it difficult to provide a step-by-step prescription
to developers or researchers for the way forward.
Rather, here we simply attempt to summarize some
of the general conclusions that have emerged from
this large volume of work and also highlight areas
where future work is likely to make an impact.

One theme that appears to emerge repeatedly in
the literature reviewed above is that there is gener-
ally no one rate-determining step (RDS) on which to
focus our attention. This absence of a RDS appears
to arise from two fundamental factors. First, we saw
that for oxygen to be incorporated as ionic current
(O2-) at the electrode/electrolyte interface, O2 gas
must first be converted to some “electroactive” inter-
mediate form via one or more reaction steps, which
we labeled as chemical processes (as defined in
section 3.2). Since O2 is a relatively stable molecule
even at high temperature, it is perhaps not surprising
that these chemical steps are often found to dominate
the electrode polarization, even when interfacial
electrochemical kinetic resistances are significant.
Given that the microstructure is usually a compro-
mise between improved surface area (lower firing
temperature) vs improved interfacial contact (higher
firing temperature), we are often likely to find
optimized electrodes in a mixed regime where elec-
trochemical and chemical contributions to the over-
potential are somewhat balanced.

Second, we observed generically that the chemical
portion of the reaction mechanism involves an ad(b)-
sorption step onto (or into) the electrode material,
followed by an ambipolar transport step on (or
within) the material to the interface (paths a-c-e
or b-d-f in Figure 4). As shown in section 3.4, these
ad(b)sorption and transport steps tend to be co-
limiting in a porous microstructure, meaning that
both determine the overall rate over a wide range of
values of the relevant rate parameters. In section 6.4
we further saw that for composite microstructures
(which most state-of-the-art cathodes are) the elec-
trode kinetics also become co-limited by ohmic losses
in the ionic subphase. Combining this observation
with those in the preceding paragraph, we might
expect an optimized composite electrode to be simul-
taneously limited by at least four physical pro-
cesses: ad(b)sorption of oxygen, ambipolar transport
to the solid-solid interface, interfacial electrochemi-
cal kinetics, and ionic transport in the ionic subphase.
Conceivably, improvements to any of these processes
will help overall performance to some degree.

However, as mentioned in section 6, our awareness
of this situation is not the same as being able to
quantify the contributions of these various physical
processes to the performance of a particular electrode
under a specific set of conditions or in understanding
all the factors that govern the rates of these pro-
cesses. Unfortunately, due to the inherently convo-
luted nature of electrochemical and chemical pro-
cesses, it has proven extremely difficult to isolate and
study these processes individually in a complex
system. We saw in sections 3-5 that impedance
techniques can in some cases be used to isolate the
linearized resistance of the interface from that of
slower chemical steps via time scale. Various workers

Figure 55. Simulated half-cell impedances of the cell
shown in Figure 53, calculated using finite-element analy-
sis.319 (a) Half-cell responses assuming an electrode mis-
alignment d/L equal to (1, as defined in Figure 54c. (b)
Half-cell responses assuming perfect electrode alignment
(d/L ) 0).
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have also shown that by accounting for the interfacial
double-layer capacitance, one can often quantify the
interfacial resistance even when electrochemical and
chemical time scales begin to merge. As with all
impedance studies, however, these analyses are
limited to linearized conditions and subject to the
vagaries of modeling the interface as an equivalent
circuit. New techniques are needed that have an
ability to more unambiguously separate overlapping
physical effects in both simple and complex micro-
structures.

Moreover, despite the many advances in electro-
chemical measurement and modeling, our under-
standing of SOFC cathode mechanisms remains
largely circumstantial today. Our understanding
often relies on having limited explanations for an
observed phenomenon (e.g., chemical capacitance as
evidence for bulk transport) rather than direct inde-
pendent measures of the mechanism (e.g., spectro-
scopic evidence of oxidation/reduction of the electrode
material). At various points in this review we saw
that high-vacuum techniques commonly employed in
electrocatalysis can be used in some limited cases for
SOFC materials and conditions (PEEM, for example).
New in-situ analytical techniques are needed, par-
ticularly which can be applied at ambient pressures,
that can probe what is happening in an electrode as
a function of temperature, PO2, polarization, local
position, and time.

Throughout the review, we also saw that authors
have made substantial progress (particularly in the
last 5-7 years) deconvoluting overlapping effects by
studying systems of controlled geometry or fabricated
microstructures. Hopefully this work will continue
and employ new analytical techniques (such as tracer
incorporation or local probes of composition and/or
thermodynamic potentials) in order to make quan-
titative measurements of the rate-limiting steps
involved. At the same time, it remains important to
extend these techniques to commercially relevant
microstructures both experimentally and theoreti-
cally. Advanced characterization methods such as
FIB-SEM, SIMS, and AFM, combined with the
many advances made in finite-element modeling,
may make it increasingly possible to treat these more
complex cases.

One particularly neglected issue appears to be the
matching of the microstructure to the important
length scales governing the mechanism. Composite
electrodes are normally optimized according to the
simple paradigm that increased TPB area is a good
thing. However, is this always the case? For example,
consider a composite electrode consisting of doped
ceria and a perovskite mixed conductor. As men-
tioned in section 6.4, we might expect the mixed
conductor, even within the composite, to exhibit a
“local” utilization length (lδ

local) determining the
extension of the TPB beyond each interparticle
contact. If all particles are smaller than this distance,
then the perovskite particles will be diffusionally
equilibrated locally. In this situation we might not
want a high TPB area but rather a very high surface
area mixed conductor with more moderately sized
ceria particles offering a very efficient ionic transport

path. While this is just a hypothetical example, it
illustrates how understanding of the mechanism,
combined with appropriate new fabrication tech-
niques, might allow a more directed approach to
electrode microstructural design.

Another neglected issue, from both a practical and
fundamental perspective, is nonstationary behavior,
including degradation. Why electrode performances
change with time, polarization history, or other
factors is very poorly understood but of significant
concern to developers. SOFC stack design is very
sensitive to the exact performance of the cell, and
these stacks are expected to have a service life of at
least 5-10 years. Yet the reported performances and
degradation rates of SOFC cathodes vary so tremen-
dously from lab to lab that it is difficult to compare,
let alone choose, a material system without a sub-
stantial independent development effort. If some of
these seemingly “random” variables were better
identified, it would not only accelerate development
but also likely aid fundamental research (by elimi-
nating factors that otherwise obscure what workers
are trying to study).

Finally, we have also seen substantial advances in
electrode modeling in the last 5-10 years, including
new techniques for nonlinear and time-dependent
phenomena. These efforts must continue in order to
achieve improved quantitative linkages among per-
formance, microstructure, and materials properties.
However, as mentioned in section 4.7, there is gener-
ally a dearth of independent property data for many
of the physical processes entering these models. New
techniques are needed that can isolate select physical
processes, particularly involving the surface of elec-
trode materials. For example, while bulk diffusion
in mixed conductors is relatively well understood, it
has proven difficult to isolate the rate of surface
diffusion independent of the bulk. Also, tracer tech-
niques have allowed us to measure the linearized
exchange rate of oxygen on a mixed conductor
surface, but it remains largely unknown how the
rates of absorption/desorption depend on driving force
when substantial displacements from equilibrium are
involved.
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9. Nomenclature
a (cm2/cm3) surface area per unit volume
Ra, Rc (dimensionless) anodic and cathodic transfer coef-

ficients
Ci (F/cm2) capacitance associated with process

or lengthscale i
ci (mol/cm3 or

mol/cm2)
bulk or surface concentration of

species i
d (cm) diameter or other characteristic

length
δ (dimensionless) oxygen nonstoichiometry in ABO3-δ
D* (cm2/s) oxygen tracer diffusion coefficient
Di (cm2/s) single component diffusion coef-

ficient for species i
D̃ (cm2/s) chemical (ambipolar) diffusion coef-

ficient
ε (dimensionless) porosity
φ (dimensionless) fraction of interface permitting pas-

sage of current
f (dimensionless) a thermodynamic factor (- ∂µO2/∂δ)/

RT
F (C/mol) Faraday’s constant (96,487 C/mol)
η (V) overpotential
I (A) total current
i (A/cm2) current density
i0 (A/cm2) exchange current density
J (dimensionless) ratio of ohmic constriction to inter-

facial resistance
k, k* (cm/s or s-1) surface exchange coefficient
“k” (Ω-cm3) volume-specific interfacial resis-

tance in a composite
L (cm) thickness
lδ (cm) utilization length
lg (cm) characteristic length of a porous

microstructure
µi (J/mol) chemical or electrochemical poten-

tial of species i
Ni (mol/area/s) flux of species “i”
PO2 (bar) partial pressure of oxygen
F (Ω-cm) resistivity
r0 (mol/cm2/s) equilibrium gas-surface exchange

rate
ri (mol/cm2/s) area-specific reaction rate involving

species i
R (J/mol/K) ideal gas constant (8.314 J/mol/K)
Ri (Ω-cm2) area-specific resistance associated

with process i
σi (Ω-1 cm-1) ionic conductivity
T (K or °C) temperature
t (s) time
τ (dimensionless) tortuosity
ti (dimensionless) transference number for species i
V (V) voltage
Vm (cm3/mol) molar volume (on a formula-unit

basis)
ω (s-1) frequency in radians
x,y (position) (cm) position
x,y (stoich)

(dimensionless)
A-site or B-site stoichiometry pa-

rameters
Z (Ω or Ω-cm2) impedance

10. Glossary of Commonly Used Acronyms
AFM atomic force microscopy
CDC Ca-doped ceria (Ce1-xCaxO2-x/2)
ESB erbia-doped bismuth oxide
EIS electrochemical impedance spectros-

copy
FEA finite-element analysis
FIB-SEM SEM cross-sectional imaging using

focused ion beams

GDC gadolinia-doped ceria (Ce1-xGdx-
O2-x/2)

GDE gas-diffusion electrode
HRTEM high-resolution transmission elec-

tron microscopy
LCM La1-xCaxMnO3
LM LaxMnO3
LSC La1-xSrxCoO3-δ
LSCF La1-xSrxCo1-yFeyO3-δ
LSF La1-xSrxFeO3-δ
LSGM La0.8Sr0.2Ga0.8Mg0.2O2.8
LSM La1-xSrxMnO3(δ
LZ lanthanum zirconate (La2Zr2O7)
PEEM photoelectron emission microscopy
SEM scanning electron microscopy
SIMS secondary-ion mass spectrometry
SOFC solid oxide fuel cell
SDC samaria-doped ceria (Ce1-xSmx-

O2-x/2).
SSC Sm0.5Sr0.5CoO3-δ
SZ strontium zirconate
TPB three-phase (or triple-phase) bound-

ary
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction (powder)
YSZ yttria-stabilized zirconia (Zr1-xYx-

O2-x/2)

11. Glossary of Some Commonly Used Terms
chemical (or

“pseudo”)
capacitance

a macroscopically observed capaci-
tive relationship between current
and voltage arising from chemi-
cal oxidation/reduction of a mate-
rial or other charge-compensated
accumulation of species

chemical (or
“ambipolar”)
diffusion

diffusion of neutral combinations of
ionic and/or electronic species un-
der a chemical potential (concen-
tration) driving force

chemical process a physical or chemical rate process
that may occur at a rate indepen-
dent of current and is driven by
a chemical-potential driving force

co-limited reaction Situation in a porous gas-diffusion
electrode wherein the utilization
length and steady-state flow of
current depends on both kinetic
and transport properties

electrochemical
kinetic process

a kinetic process involving a net
faradaic current across an inter-
face and is driven by an electro-
chemical potential driving force

mixed conductor a material containing both mobile
ions and mobile electrons (includ-
ing holes and/or small polarons)

three-phase (or
“triple-phase”)
boundary (TPB)

the one-dimensional interface
within an electrode microstruc-
ture where gaseous, electronic,
and ionic subphases meet

utilization length (lδ) size of the active region within a
porous electrode, established by
a balance of reaction and trans-
port rates at steady state (see co-
limited reaction)
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