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1. Introduction

The promise of direct and efficient conversion of
chemical to electrical energy makes fuel cell develop-
ment an area of great technological interest. The
advantages over traditional power generation sys-
tems are numerous. Most prominent is the increased
efficiency associated with directly converting chemi-
cal energy to electrical energy. Fuel cells are not
subject to the Carnot-cycle limitations, and unlike
high-efficiency turbines, exhibit their highest ef-
ficiency at low loads. Fuel cells do not produce
significant quantities of NOx, SOx, or particulate
pollutants. Compared to normal batteries, fuel cells
can have much higher energy densities and can be
recharged more quickly and easily. Finally, fuel cells
can be applied in applications that require both low
and high power outputs, and they can be modular
and portable.

One of the main limitations of current fuel cell
technologies is the requirement that the fuel be hydrogen. Although hydrogen is often referred to as

being the ideal fuel of the future, there are a number
of problems relating to hydrogen generation and
storage that must be overcome before it can be
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implemented on a wide scale. One of the biggest
problems is that, at the present time, an estimated
96% of hydrogen is produced by reforming hydrocar-
bons,1 and even with highly optimized large-scale
production, between 20 and 30% of the fuel value of
the hydrocarbons is lost during this process.1 A
second major problem for portable applications is fuel
storage since it is difficult and expensive to store
hydrogen in a form that has an energy density
comparable to that of hydrocarbon liquids. Until
other sources of hydrogen become available and
hydrogen-storage problems are resolved, it is difficult
to see how hydrogen can make major inroads as a
fuel supply.

A major advantage of solid oxide fuel cells (SOFC)
is that they have much greater fuel flexibility due to
the fact that O2- anions are the species transported
through the membrane. This allows SOFC to operate,
in principle, on any combustible fuel. A second
advantage of SOFC is that they operate at high
temperatures where the waste heat can be used
either for running steam turbines or for running the
endothermic, steam-reforming reactions. Indeed, both
of these concepts are used in prototype SOFC units.
The high operating temperatures of SOFC, required
for sufficient oxygen-ion conductivity, are an advan-
tage for utilizing waste heat. While the high operat-
ing temperatures have caused early work on SOFC
to be focused on large-scale applications, a number
of groups are currently working on small to medium
sized systems for battery replacement and auxiliary
power units.2-11

There have already been a number of excellent
reviews describing many aspects of SOFC,12-23 and
we will not try to duplicate that literature. For
information on stack designs and cells operating on
H2 or on synthesis gas (a mixture or H2 and CO)
produced by reforming, we refer the reader to those
other reviews. In this review, we will focus on recent
work aimed at operating SOFC directly on hydrocar-
bon fuels and on anode materials that are compatible
with direct hydrocarbon utilization. We have further
restricted the scope to the performance and analysis
of single-cell systems. While stacks that operate
directly on hydrocarbons will likely need to be dif-
ferent from more traditional stacks, the development
of direct-utilization SOFC is still in its infancy, with
only one report of preliminary data on the stack
level.24

We will begin this paper with a very brief tutorial
covering the fundamental principles of SOFC opera-
tion before examining the important issues and
current status of research relating to direct-utiliza-
tion SOFC. The most critical issue for SOFC operat-
ing on hydrocarbon fuels without reforming is the
need for anodes that do not catalyze carbon formation
at the high SOFC operating temperatures. Because
Ni-based anodes do not appear to be suitable for
direct utilization, we will only briefly review work
on these anodes. Finally, because relatively few
groups have worked on direct utilization, this review
will have a heavy emphasis on our own work at the
University of Pennsylvania.

2. SOFC Fundamentals

2.1. Definition of Direct Utilization SOFC
There has been some controversy in the literature

over precisely what should be called direct oxidation
or direct utilization of hydrocarbons in an SOFC.25

As pointed out by Marina and Mogensen26 and Park
et al.,27 direct, electrochemical oxidation of complex
hydrocarbons is unlikely to occur in one step. Even
in the case of methane, the reaction produces eight
electrons and must almost certainly occur in multiple
steps.

It has been argued that all steps in the reaction
must be electrochemical in nature for the process to
be called direct oxidation.25 According to this defini-
tion, any process that involves cracking of the hy-
drocarbon on the anode material, followed by elec-
trochemical oxidation of the cracking products, should
not be considered to be direct oxidation. The primary
reason for using this narrow definition for direct
oxidation is that the open-circuit voltage (OCV) of the
cell will be equal to the theoretical, Nernst potential
if there are no other losses and if all steps in the
oxidation mechanism are electrochemical.

However, applying a similar definition to hetero-
geneous catalysts, one would probably conclude that
there is no such thing as a hydrocarbon oxidation
catalyst. For example, considering methane oxidation
by O2 over a heterogeneous Pd catalyst, the first step
almost certainly involves C-H bond scission to form
carbon-containing surface species on the Pd.28 These
surface species are then oxidized in subsequent steps.
Using the same definition for heterogeneous oxida-
tion as has been used for direct oxidation in SOFC,
Pd should probably be considered a cracking catalyst
that is also capable of oxidizing the cracking products.
Similarly, it seems unlikely that electrochemical
oxidation of hydrocarbons could ever occur without
catalytic components in the anode promoting C-H
and C-C bond scissions. Such a strict definition of
direct oxidation based on mechanistic steps does not
seem either practical or useful to us.

First, we will refer to the direct use of hydrocarbon
fuels in an SOFC as direct utilization rather than
direct oxidation. Second, we recognize that the broad-
est definition of direct utilization, exclusive from
mechanistic considerations, should include rather
conventional use of fuel by internal reforming, with
steam being cofed to the fuel cell with the hydro-
carbon. Indeed, this nomenclature has been used for
many years with molten-carbonate fuel cells.29,30

However, because internal reforming is essentially
limited to methane and because the addition of steam
with the fuel adds significant system complexity, we
will focus primarily on systems and materials in
which the hydrocarbons are fed to the fuel cell
directly without significant amounts of water or
oxygen.

2.2. Basic Operating Principles of SOFC
The operating principles behind an SOFC are

shown schematically in Figure 1. Like all fuel cells,
the SOFC consists of three main components: a
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cathode (or air electrode), an anode (or fuel electrode),
and an electrolyte. The distinguishing feature of an
SOFC is that the electrolyte is an ion-conducting
ceramic and an electronic insulator. While proton-
conducting ceramics are known,31-36 the vast major-
ity of work on SOFC has been performed with
ceramics that are oxygen-anion conductors.

Under operation, molecular oxygen is reduced to
oxygen anions using electrons supplied from an
external circuit at the cathode, according to the
following reaction:

In addition to being able to catalyze the dissociation
of O2, the material used for the cathode must be
electronically conductive in the presence of air at high
temperature, a property found primarily in noble
metals and electronically conductive oxides. Ionic
conductivity is also desirable for extending the reac-
tion zone well into the electrode since the ions must
ultimately be transferred to the electrolyte. Since
precious metals are prohibitively expensive when
used in quantities sufficient for providing electronic
conductivity, essentially all SOFC prototypes use
perovskite-based cathodes, with the most common
material being a Sr-doped LaMnO3 (LSM).15 In most
cases, the cathode is a composite of the electronically
conductive ceramic and an ionically conductive oxide,
often the same material used in the electrolyte.

The electrolyte is probably the most crucial com-
ponent of SOFC. It must be dense to separate the
fuel and air compartments of the cell, and retain its
high ion conductivity and low electronic conductivity
over a very wide range of oxygen fugacities (referred
to here as oxygen pressures, P(O2)), from values close
to 1 atm on the cathode side to values that could be
below 10-20 atm at the anode. The operating tem-
perature of the SOFC is set by the requirement for
high ionic conductivity in the electrolyte and must
be greater than approximately 973 K with yttria-
stabilized zirconia (YSZ), the current material of
choice.15 While other materials having higher ionic
conductivities at lower temperatures are being con-
sidered, most of these materials do not have the same

high stability and low electronic conductivity at low
P(O2). Since decreased operating temperatures sim-
plify the materials requirements in other parts of the
SOFC, there is a trend toward using very thin
electrolytes supported on one of the electrodes.

Driven by the difference in oxygen chemical po-
tential between fuel and air compartments of the cell,
oxygen anions migrate through the electrolyte to the
anode where they are consumed by oxidation of the
fuel according to eq 2.

The electrons released by this reaction flow through
an external circuit to the cathode to complete the
circuit. Analogous to the cathode, the anode must be
catalytically active for the oxidation reaction and
retain sufficient electronic and ionic conductivities.
For example, with the current state-of-the-art anode
materials, which are Ni-YSZ, ceramic-metallic (cer-
met) composites, Ni provides the catalytic activity
and electronic conductivity, while the YSZ component
provides ionic conductivity and a thermal expansion
match with the YSZ electrolyte. While metals other
than Ni can be used in the anode, Ni is almost
universally used because it is inexpensive, has excel-
lent mechanical and electrical properties, and is a
good steam-reforming catalyst. Typical cermets con-
tain at least 30 vol % Ni to ensure high electronic
conductivity through a fully percolated matrix.37

However, a major limitation to Ni-based anodes is
that Ni catalyzes the formation of graphitic carbon
at low H2O/C ratios, as we will discuss in more detail
later in this review. Alternative materials have been
suggested, including electronically conductive per-
ovskites and Cu-based cermets.

Any one of the three components in SOFC, the
cathode, anode, or electrolyte, can provide the struc-
tural support for the cells. Traditionally, the electro-
lyte has been used as the support; however, this
approach requires the use of thick electrolytes, which
in turn requires high operating temperatures. Elec-
trode-supported cells allow the use of thin electro-
lytes. The Siemens-Westinghouse Corporation has
developed a cathode-supported design,38-40 although
this has required electrochemical vapor deposition of
the YSZ electrolyte. Most other groups have focused
on anode-supported cells. In all cases, it is important
to maintain chemical compatibility of those parts that
come in contact and to match the thermal expansion
coefficients of the various components. A large amount
of research has been devoted to these important
issues, and we refer the interested reader to other
reviews.15,16,18,19,41

2.3. Anode Three-Phase Boundary
Because the performance of an SOFC depends

strongly on the anode structure, it is useful to
consider how the anode works on a microscopic
scale.42,43 The electrochemical reaction can only occur
at the three-phase boundary (TPB), which is defined
as the line at which the electrolyte, the electron-

Figure 1. Schematic of SOFC operating principle. (Re-
produced with permission from ref 171. Copyright 2003
Elsevier.)

O2(g) + 4e- f 2O2- (1)

CnH2n+2 + (3n + 1)O2- f

nCO2 + (n + 1)H2O + (6n + 2)e- (2)
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conducting metal phase, and the gas phase all come
together. A cartoon of the region between the elec-
trolyte and the anode where the TPB exists is shown
in Figure 2. If there is a breakdown in connectivity
in any one of the three phases, the reaction cannot
occur. If ions from the electrolyte cannot reach the
reaction site, if gas-phase fuel molecules cannot reach
the site, or if electrons cannot be removed from the
site, then that site cannot contribute to the perfor-
mance of the cell. While the structure and composi-
tion clearly affect the size of the TPB, various
theoretical and experimental methods have been
used to estimate that, under normal conditions, the
region in which the TPB exists extends no more than
approximately 10 µm from the electrolyte into the
electrode.42,44-49 Essentially, so long as the diffusion
of ions through the electrolyte partially limits the
performance, the concentration of excess ions in the
oxide phase of the anode will be insignificant beyond
this distance.

The TPB concept has important implications for
optimization of both anodes and cathodes. To facili-
tate transfer of O2- to or from the electrolyte, it is
necessary to have fingers of the electrolyte material
extending from the electrolyte, into the electrode. A
detailed analysis of the role of these fingers has been
carried out for cathodes,48,50-52 and similar concepts
are almost certainly applicable to the anode. It is
important to note that the electrolyte material within
the electrode is only effective if it is sintered to the
electrolyte itself. When oxide particles are simply
pressed together at low temperatures, there will be
large grain-boundary resistances that will prevent
the free flow of oxygen anions. Removing the grain-
boundary resistance between YSZ particles typically
requires a sintering temperature of at least 1500 K.

While high temperatures do not severely limit
fabrication of Ni-YSZ cermets, they can impact the
way in which other composite electrodes are made.
This is well-known for cathodes, where the most
commonly used material is a composite of YSZ and
Sr-doped LaMnO3 (LSM). The primary reason for
using LSM, rather than materials such as Sr-doped
LaFeO3 (LSF) or LaCoO3 (LSC) that exhibit a better
performance, is that LSM-YSZ mixtures can be

heated to higher temperatures before undergoing a
solid-state reaction with YSZ.41,53-55 When Ni is
replaced by other metals or by electronically conduc-
tive ceramics, the issue of reaction with YSZ at the
anode sintering temperatures must be revisited.

2.4. SOFC Thermodynamics
The maximum electrical energy available from a

fuel cell is determined by the Gibbs free energy
difference across the electrolyte membrane, ∆G. This
determines the equilibrium voltage of the cell, E,
through the Nernst equation, which is nothing more
than a restatement in electrical units of how ∆G ()
2FE) changes with pressure.

In this equation, F is Faraday’s constant, the product
of Avogadro’s constant and the charge on an electron.
Since fuel, not a mixture of O2, is fed to the anode,
P(O2 anode) is assumed to be fixed by the equilibrium
relationship. For example, with H2 as the fuel

and eq 3 becomes

Here, we have substituted E°, the standard potential
for oxidation of H2, for -2F∆G°, where ∆G° is the
free energy change for reaction under standard
conditions. Obviously, similar relationships can be
written to calculate the equilibrium potentials for
other fuels. For example, for alkanes, CnH2n+2, the
analogous relationship between partial pressures and
the equilibrium cell potential is the following

At the temperatures of interest for SOFC applica-
tions, the standard potentials for oxidation, Eo, are
similar for hydrocarbon fuels and for H2 and CO, as
shown in Table 1. Since Eo for H2 is more tempera-
ture dependent than the Eo for hydrocarbons, the
thermodynamic advantage for hydrocarbon fuels is
more apparent at higher temperatures. However, the

Figure 2. Schematic of Ni/YSZ anode three-phase bound-
ary.

Table 1. Standard Cell Potential, E°, for Various Fuels
at 973 and 1073 K (Reprinted with permission from
ref 164. Copyright 2004 The Electrochemical Society,
Inc.)

fuel E°, 973 K (V) E°, 1073 K (V)

hydrogen 1.01 0.98
carbon monoxide 0.99 0.98
methane 1.05 1.04
n-butane 1.13 1.12
toluene 1.13 1.12
n-decane 1.14 1.13

E ) (RT/2F) ln{P(O2 cathode)
1/2/P(O2 anode)

1/2} (3)

P(O2 anode)
1/2 )

exp{-∆G°/RT}P(H2Oanode)/P(H2 anode) (4)

E ) E° +(RT/2F) ln{P(H2 anode)P(O2 cathode)
1/2/

P(H2Oanode)} (5)

E ) E° +(RT/2(3n + 1)F) ×
ln{P(CnH2n+2 anode)P(O2 cathode)

(3n+1)/2/

P(H2Oanode)
n+1P(CO2 anode)

n} (6)
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standard potentials tell only part of the story since
the theoretical Nernst potentials for hydrocarbons
are not as dependent on fuel conversion. This is
shown in Figure 3, where the Nernst potentials for
H2, CH4, and n-butane, calculated from eqs 5 and 6,
are shown as a function of conversion at 973 K. For
these calculations, the hydrocarbons were assumed
to react directly to CO2 and H2O, with no intermedi-
ate products, so that P(H2Oanode) and P(CO2 anode) were
determined from the stoichiometry of the reaction.
The effect of conversion on the equilibrium potential
is quite pronounced for H2 in that the potential drops
by 15% between 10 and 80% conversion. However,
for the hydrocarbon fuels, the effect of conversion is
much less, with a decline of only 1% over the same
range for n-butane. Essentially, the hydrocarbons act
as a buffer to prevent changes in P(O2); this buffering
of P(O2) increases with the size of the hydrocarbon.
The implication of this result is that the thermo-
dynamic efficiency of a fuel cell operating directly on
hydrocarbon fuels can be significantly higher.

2.5. SOFC Electrode Losses
In an ideal fuel cell, the efficiency is ∆G/∆H.56 Since

this ratio can be close to unity, the losses could be
negligible. In practice, the energy losses in the fuel
cell are significantly higher. To calculate the electri-
cal energy derived from a given amount of fuel using
a fuel cell, one can simply take the product of the
number of electrons produced times the potential of
those electrons. Therefore, for a fixed amount of fuel,
energy losses occur if either the number of electrons
that are produced decreases or if the cell potential
decreases.

The number of electrons produced per molecule is
an important issue for hydrocarbons. While the
addition of H2O to the fuel for steam reforming has
no effect on electron production, reforming of hydro-
carbons larger than methane is usually accomplished
through partial oxidation, with the ideal reaction
shown in eq 7

Whereas a mole of CnH2n+2 is capable of producing
6n + 2 electrons, the ideal products from the partial
oxidation can produce only 4n + 2 electrons. If the
electrons are produced with the same potential in

both cases, the partial oxidation of the alkanes
results in the loss of approximately 30% of the total
energy available in the fuel. In other words, while
the conventional calculation of the efficiency of the
reforming process is based on the enthalpy difference
between the initial hydrocarbon fuel and the CO and
H2 produced from that fuel, the efficiency is more
properly calculated from the change in the Gibbs free
energies of the alkane reactant and the CO and H2

products. The free energies are reflected in the
standard potentials, and since the standard poten-
tials at the normal SOFC operating temperatures are
essentially the same for hydrocarbon fuels as for H2

and CO (see Table 1), the electron counting we have
performed here accurately reflects the true loss in
the energy of the fuel.

The cell potential is simply the work that can be
accomplished by the electrons produced in the SOFC,
and this potential decreases from the equilibrium
value due to losses in the electrodes and the electro-
lyte. For YSZ electrolytes, the losses are purely ohmic
and are equal to the product of the current and the
electrolyte resistance. Within the electrodes, the
losses are more complex. While there can be an ohmic
component, most of the losses are associated with
diffusion (both of gas-phase molecules to the TPB and
of ions within the electrode) and slow surface kinetics.
For example, concentration gradients for either O2

(in the cathode) or H2 (in the anode) can change the
concentrations at the electrolyte interface,57-59 which
in turn establish the cell potential. Similarly, slow
surface kinetics could result in the surface at the
electrolyte interface not being in equilibrium with the
gas phase.

An interesting point in this regard is that the
complexity of hydrocarbon oxidation reactions allows
for the possibility that equilibrium may be estab-
lished with partial oxidation reactions, which may
or may not be observable in the gas phase. For
example, for cells with Cu/CeO2/YSZ anodes, we have
found the measured OCV in humidified methane to
be ∼250 mV lower than that predicted by equilibrium
with total oxidation products, even though the same
cell gave good agreement between measured and
predicted OCVs in H2.60 Furthermore, in that same
study, the addition to the anode of a precious metal
catalyst increased the measured OCV for methane
and had no effect on the OCV for H2. This observation
could be explained by an equilibrium between meth-
ane and partial oxidation products, such as formal-
dehyde; however, measurements of the gas-phase
products showed that the total oxidation products,
CO2 and water, were produced in amounts consistent
with methane consumption.61 Therefore, the lower
OCV with methane is likely due to the establishment
of partial oxidation products that remain on the
surface of the anode, or nonelectrochemical surface
reactions, as discussed in Section 1.2. These losses
are not observed with oxidation of H2 because only
one stable product, water, can be formed with this
fuel. In the case of methane, it is noteworthy that
the addition of precious metal catalysts to the anode
could significantly increase the measured OCV.60

Figure 3. Theoretical open-circuit potential as a function
of conversion to total oxidation of hydrogen, methane, and
n-butane at 973 K.

CnH2n+2 + (n/2)O2 / nCO + (n + 1)H2 (7)
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2.6. Electrode Characterization
A more complete discussion of characterization

techniques is given elsewhere;14 however, we wish to
make a few important points here before discussing
specific electrode materials. Prior to discussing tech-
niques, it is important to recognize that electrode
characterization is difficult and that there are large
discrepancies in the values that have been reported
in the literature for common electrode materials. For
example, a brief survey of the recent literature on
LSM-YSZ composite electrodes indicates a cathode
ASR (area specific resistance; the losses can be
calculated by multiplying this value with the current
density) between 2762 and 2.4963 ohm cm2 for cath-
odes operating at 973 K in air. On the other hand,
Kim et al.58 reported a total cell ASR of 0.28 ohm cm2

at 0.7 V using a cell with an LSM-YSZ cathode.
While part of the variability in reported ASR for
LSM-YSZ cathodes is due to differences in the
materials used in the various studies, at least some
of the differences appear to be due to issues sur-
rounding the measurement of electrode losses.64 We
suggest that the inherent difficulties associated with
measuring LSM-YSZ losses will also manifest them-
selves in the characterization of other cathode and
anode materials.

The two main techniques for measuring electrode
losses are current interrupt and impedance spectros-
copy. When applied between cathode and anode,
these techniques allow one to separate the electrode
losses from the electrolyte losses due to the fact that
most of the electrode losses are time dependent, while
the electrolyte loss is purely ohmic. The instanta-
neous change in cell potential when the load is
removed, measured using current interrupt, can
therefore be associated with the electrolyte. Alter-
natively, the electrolyte resistance is essentially equal
to the impedance at high frequency, measured in
impedance spectroscopy. Because current-interrupt
is simply the pulse analogue to impedance spectros-
copy,14 the two techniques, in theory, provide exactly
the same information. However, because it is difficult
to make a perfect step change in the load, we have
found impedance spectroscopy much easier to use and
interpret.

To illustrate the use of impedance spectroscopy in
analyzing cell performance, we consider data ob-
tained on a cell with a Cu-ceria-YSZ anode, operat-
ing in H2 and n-butane at 983 K. Figure 4 shows the
V-I curves for H2 and n-butane on an electrolyte-
supported cell with a 550 µm electrolyte.65 For H2,
the curve is essentially linear for current densities
ranging from 0 to 400 mA/cm2, while the V-I curve
for n-butane is highly nonlinear over this range of
current densities. The impedance spectra for H2 and
n-butane, taken as a function of current density, are
shown in Figure 5. For H2, the spectra are essentially
independent of current density. The ohmic resistance
that we associate primarily with the electrolyte, RΩ,
is obtained from the high-frequency intercept of the
Cole-Cole plot with the real axis, 2.5 Ω cm2, while
the total cell impedance, 4.0 Ω cm2, is obtained from
either the low-frequency intercept in the Cole-Cole
plot or from the slope of the V-I curve. The total

electrode impedance, RE, is the difference between
the total cell impedance and RΩ. For n-butane, the
curvature in the V-I curve is manifested in the fact
that RE changes with current density, as shown in
Figure 5b. Since the cathode and electrolyte were the
same for H2 and n-butane, the differences between
the two sets of data must be associated with ad-
ditional anode losses with n-butane as fuel.

In general, it is necessary to have a reference
electrode to separate anode and cathode losses. In
this case, the impedance spectrum between reference
and either anode or cathode allows one to determine
the electrode loss from the nonohmic part of the

Figure 4. Cell potential as a function of current density
for a 550-µm electrolyte-supported cell at 973 K in H2 (2)
and n-butane (b) fuels. (Reprinted with permission from
ref 65. Copyright 2003 The Electrochemical Society, Inc.)

Figure 5. Two-probe impedance spectra measured at (9)
50, (4) 100, ([) 200, and (O) 400 mA/cm2 for (a) H2 and (b)
n-butane fuel at 973 K. (Reprinted with permission from
ref 65. Copyright 2003 The Electrochemical Society, Inc.)
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spectrum. This is illustrated in Figure 6, where the
reference-to-cathode and reference-to-anode spectra
are shown for the same cell as that discussed in the
previous paragraph, using H2 as the fuel. It is
noteworthy that the ohmic resistances in both spectra
are almost the same, and almost exactly one-half of
the total ohmic resistance of the cell, showing that
the reference electrode is sampling the potential at
the center of the electrolyte. Furthermore, the char-
acteristic frequencies for the anode and cathode
spectra, 4 and 2 kHz, are also different. For this cell,
the anode and cathode impedances are 1.1 and 0.4
Ω cm2, respectively.

However, it should be recognized that improper
placement of the reference and working electrodes
will give erroneous results,65-71 and even a small
overlap of the working electrodes can lead to serious
errors. For example, it is common practice to attach
a reference electrode on the electrolyte, next to the
cathode, on anode-supported cells. For this configu-
ration, it is easily shown that all of the anode losses
appear as cathode losses.65 This error may, in some
cases, lead to the belief that anode losses are negli-
gible as compared to cathode losses, when the op-
posite may in fact be true. Furthermore, even with
perfect alignment of the working electrodes, differ-
ences in the characteristic frequencies of the two
electrodes can lead to losses in one of the electrodes
appearing in the other electrode.65,69 Indeed, it is for
this reason that we avoid current-interrupt methods
since they do not allow one to determine the char-
acteristic frequencies associated with the electrode
losses and therefore to observe this type of measure-
ment error.

3. Carbon Formation
A primary issue in the operation of any fuel cell

using hydrocarbon fuels, whether or not steam is
present with the hydrocarbon fuel, is the requirement

that the fuel cell not be fouled by deposition of carbon-
containing residues. At the high operating temper-
atures of an SOFC, hydrocarbons can react on the
surfaces of the anode, on the interconnect plates, and
on the tubing leading into the anode. Hydrocarbons
can also react in the gas phase via free-radical
cracking and polymerization, forming tars that can
then deposit on the anode surfaces. Because of this
issue, it is common to map the region of stability for
hydrocarbon fuels based on thermodynamic calcula-
tions of carbon stability.72-75 For example, Figure 7
shows a stability diagram for steam reforming of
n-octane as a function of H2O/C ratio and tempera-
ture.76 According to this calculation, regions to the
right side of the curve should allow stable operation.

Stability maps such as that shown in Figure 7 must
be viewed with great caution since kinetics, not
thermodynamics, are primarily responsible for stabil-
ity. For example, the thermodynamic calculations
imply that one could steam reform n-octane over a
traditional Ni catalyst using an H2O/C ratio of 2 so
long as the temperature is above 473 K. However, in
our experience, attempts to perform steam reforming
using an H2O/C ratio of 2 on Ni catalysts will result
in catastrophic formation of carbon for hydrocarbons
other than methane.77 Furthermore, the choice of
catalytic materials used for steam reforming strongly
affects the parameter space over which materials are
stable,78 showing that one must look more carefully
at the mechanism that is responsible for carbon
formation in a given system. Finally, the chemical
nature of the carbonaceous deposits differs with the
catalysts present in the systems.

The formation of carbon over Ni, Fe, and Co has
been extensively studied, both for catalytic appli-
cations79-86 and for dusting or dry corrosion, the
problem of pitting when steels are exposed to hydro-
carbons at high temperatures.87,88 Recently, the
properties of Ni for forming carbon have even been
proposed for use in the manufacture of carbon
nanofibers.89,90 The mechanism on each of these
metals, shown diagrammatically in Figure 8a, in-
volves deposition of a carbon source onto the metal
surface, dissolution of the carbon into the bulk of the
metal, and finally precipitation of carbon as a fiber

Figure 6. Impedance spectra for a 550-µm electrolyte-
supported cell at 983 K and 350 mA/cm2 using H2. Ref f
cathode (4) and ref f anode (O) and anode f cathode (2).
(Reprinted with permission from ref 65. Copyright 2003
The Electrochemical Society, Inc.)

Figure 7. Carbon formation temperature for n-octane fuel
as a function of steam-to-carbon ratio.76

Direct Hydrocarbon Solid Oxide Fuel Cells Chemical Reviews, 2004, Vol. 104, No. 10 4851



at some surface of the metal particle. Figure 8b shows
a micrograph of a Ni catalyst that had been exposed
to a mixture of C2H4 and H2; the Ni particles are
clearly seen at the tips of the carbon filaments.
Furthermore, similar filaments were formed from
exposure to an Ar-diluted syn-gas feed with a com-
position of 20% CO and 7% H2 at 823 K.90 It is
important to recognize that the Ni in Figure 8b is
physically lifted from its initial surface and is not
merely covered by carbon; this explains the pitting
that is observed in dry corrosion. The mechanism also
explains why it is necessary to use very high H2O/C
ratios for steam reforming of hydrocarbons larger
than methane on Ni catalysts.91 Filament formation
on Ni occurs when carbon deposition onto the Ni
surface occurs more rapidly than carbon removal by
steam, even if thermodynamic calculations show that
carbon will not be stable at equilibrium.

Carbonaceous compounds can also form in the
absence of a catalyst by free-radical, gas-phase
condensation reactions. The formation of this pyro-
lytic carbon is known in steam-reforming reactors
where it can be controlled to some extent by mini-
mizing the free volume within the reactor chamber.91

This type of carbon does not form readily with
methane but can be severe with larger hydrocarbons.
The compounds formed by free-radical reactions tend
to be quite different from the graphitic carbon formed
by metal catalysts. For example, Lee et al. showed
that the compounds formed by passing pure, undi-

luted n-butane over a Cu plate for 24 h at 973 K were
soluble in toluene and were primarily polyaromatic,92

as shown in Table 2. Temperature-programmed
oxidation (TPO) measurements performed on Cu-
ceria-YSZ composites after exposure to pure n-
butane at 973 K for 30 min also indicated that these
compounds were easily oxidized as compared to
graphite powders. This is shown in Figure 9, where
TPO results for the deposits are compared to TPO
for graphite.

In addition to the fact that carbon formed by gas-
phase pyrolysis is chemically different from that
which forms catalytically on Ni, it is important to
recognize that carbon formed by pyrolysis forms on
the surface rather than in the bulk of the material.
Because of this, pyrolysis does not result in pitting
of the surfaces to which the hydrocarbon is exposed.
Furthermore, on porous Ni cermets, carbon fiber
formation can lead to fracture of the electrode caused
by the stresses induced by the carbon fibers. Such
stresses do not occur upon deposition of pyrolytic
carbon.

4. Operation of SOFC on Hydrocarbon Fuels
There are two basic strategies for directly convert-

ing hydrocarbons to electrical energy in an SOFC.

Figure 8. (a) Diagram and (b) microscopy image of carbon
formation mechanism from unsupported Ni exposed to 20%
C2H4/7% H2 at 823 K. (Reprinted with permission from ref
90. Copyright 2002 Elsevier.)

Table 2. Chemical Composition of the Carbon Deposit Formed on a Cu Plate after 24 h Exposure to n-Butane at
973 Ka

name m/e no. of aromatic rings

styrene, bicyclo [4,2,0]octa-1.3.5-triene 104 1
ethyl methyl benzene, propenyl benzene etc. 118 1
1,4-dihydronaphthalene 130 1
naphthalene: C10H8 128 2
acenaphthene: C12H10 154 2
acenaphthylene: C12H8 152 2
phenanthrene, anthracene: C14H10 178 3
2-methy-phenanthrene, 1-methyl-anthracene: C15H12 192 3
2-phenylnaphthalene: C16H12 204 3
pyrene: C16H10 202 4
benzo[a]fluorine, benzo[b]fluorine: C17H12 216 3
benzo[a]anthracene, chrysene, triphenylene: C18H12 228 4
benzo-pyrene, perylene: C20H12 252 5
benzo[ghi]perylene, anthanthrene: C22H12 276 6

a Reprinted with permission from ref 164. Copyright 2004 The Electrochemical Society, Inc.

Figure 9. Temperature programmed oxidation (TPO) data
showing CO2 evolution (m/e ) 44) of thermally deposited
carbon from a Cu-CeO2-YSZ SOFC anode material after
exposure to n-butane for 30 min (solid line) and a graphite
powder sample (dashed line). (Reprinted with permission
from ref 172. Copyright 2003 The Electrochemical Society,
Inc.)
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The first involves using conventional, Ni-based an-
odes under conditions in which carbon does not form.
This approach necessitates operation in a thermo-
dynamically stable composition and temperature
regime but still requires the exercise of caution, given
that carbon can form catalytically on Ni surfaces. The
second strategy involves using alternative anode
materials that do not catalyze carbon formation.
Again, caution must be exercised since the cell could
be operating under thermodynamically unstable con-
ditions. While most processes of interest do not
proceed to thermodynamic equilibrium (or else life
itself would be impossible), the high operating tem-
peratures of an SOFC do tend to promote an ap-
proach to equilibrium. Furthermore, this second
strategy of using alternative materials requires that
one avoid catalytic materials on any surface to which
the fuel could come into contact, including the bipolar
plates and the tubes used to feed the fuel to the
anode, not just the anode.

4.1. SOFC with Ni-Based Anodes
At the present time, the most advanced SOFCs are

clearly those based on Ni-YSZ, composite anodes.
The Ni in these cermet anodes provides electronic
conductivity and catalytic activity, both for direct
oxidation and for steam reforming of methane. The
YSZ provides both ionic conductivity to allow O2- to
diffuse farther into the anode and a structural
support for the anode that prevents Ni sintering. In
some cases, doped ceria is substituted for the YSZ to
increase the ionic conductivity.93-95 In addition to
exhibiting excellent electrochemical performance in
H2, Ni cermets are relatively simple to fabricate. For
example, tape-calendaring and -casting methods have
been developed in which the initial green body is a
mixture of NiO and YSZ.12 Because NiO and YSZ do
not form solid solutions, even at high temperatures,
this green body can be sintered to form a NiO-YSZ
composite and then reduced to form a porous Ni-
YSZ cermet. So long as the cermet is approximately
30 vol % Ni,12 there is sufficient electronic conductiv-
ity.

In conventional operation with methane fuels,
steam is fed together with the hydrocarbon to pro-
mote the steam-reforming reaction and to avoid
carbon formation. Because the surface area of Ni in
the anode is low, additional catalyst beds are usually
included in the anode compartment. In general, only
methane can be internally reformed due to the fact
that much higher H2O/C ratios are required for
stability with larger hydrocarbons. An important
issue with reforming methane in the anode compart-
ment is the fact that steam reforming is strongly
endothermic. This can help to remove some of the
heat generated by cell inefficiencies, but it can also
make it difficult to control the system because of cold
spots in the cell, which in turn lead to lower perfor-
mance on certain parts of the anode. Therefore, some
of the reforming is carried out before sending the fuel
into the anode compartment. Because operation of
conventional SOFC with methane has been discussed
in detail elsewhere, we refer the interested reader
to several other reviews to learn more about the
subject.96-98

Barnett and co-workers recently reported that it
might be possible to utilize hydrocarbons directly in
SOFC with Ni-based anodes.94,99-102 First, with meth-
ane, they observed that there is a narrow tempera-
ture window, between ∼550 and 650 °C, in which
carbon is not as stable. The equilibrium constant for
methane dissociation to carbon and H2 is strongly
shifted to methane below 650 °C, and the equilibrium
constant for the Boudouard reaction, the dispropor-
tionation of CO to carbon and CO2, is shifted to CO
above 550 °C.99 Therefore, in this temperature range,
they reported that it is possible to operate the cell in
a stable manner. (However, a subsequent report by
this group showed that there is no stable operating
window for ethane due to the fact that carbon
formation from ethane is shifted to lower tempera-
tures.100) In more recent work, this group has sug-
gested that, even when carbon does form on Ni-based
anodes, it may be possible to remove this carbon as
fast as it forms if the O2- flux from the electrolyte is
sufficient to remove carbon faster than it is
formed.94,100,101 Observations by Weber et al. have
confirmed the possibility of stable operation in meth-
ane.103 Similarly, Kendall et al.104 showed that dilu-
tion of methane with CO2 caused a shift in the
reaction mechanism that allowed for more stable
operation.

While we acknowledge that the results with meth-
ane on Ni cermets are scientifically interesting and
that it may be possible to operate a fuel cell with
hydrocarbon fuels using Ni-based anodes and low
steam contents in a laboratory environment, we do
not believe this approach is practical. First, the
problem of carbon fiber formation is catastrophic if
control of the system is lost. In experiments per-
formed in our laboratory, the effect of exposing a Ni-
YSZ cermet to dry methane at 1073 K for 1.5 h
resulted in complete destruction of the cermet, with
carbon formation equal to several times the weight
of the Ni cermet and fracture of the cermet and
attached electrolyte layer.105 Therefore, if it were
necessary to operate in a very narrow temperature
window to maintain stability, any temperature ex-
cursions in the stack, such as might occur during
increased loading, would be unacceptable.

Second, it is not possible to prevent carbon forma-
tion by a high O2- flux through the electrolyte. O2-

can only be responsible for carbon removal in the
region near the three-phase boundary, a region that
extends no more than approximately 10 µm from the
electrolyte interface. This implies that the O2- flux
can have no influence on the majority of the Ni
cermet, so that the protection afforded the anode
through high cell performance is strictly due to the
generation of steam or CO2. While it may be possible
to maintain reasonable conversions and high steam
concentrations over small-scale, laboratory cells, this
will be much harder to do with larger cells, where
the conversion at the fuel entrance to the cell will be
low. Indeed, the published work with dry methane
on Ni cermets has observed significant carbon forma-
tion for cells operated at open circuit101 and anode
delamination near the entrance of larger cells.103
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Finally, an additional approach to using hydrocar-
bon fuels with Ni-based anodes involves using metha-
nol and ethanol, molecules that carry sufficient
oxygen to avoid carbon formation.106 Unlike the case
with low-temperature fuel cells, methanol crossover
is not an issue with ceramic membranes. Since
methanol decomposes very readily to CO and H2,
SOFC can operate with a very high performance
using this fuel.106,107 In addition, recent work has
shown promising performance levels with limited
carbon deposition using dimethyl ether as fuel.108,109

4.2. Ceramic Anodes
The usual approach to choosing materials for SOFC

anodes that will be operated with hydrocarbon fuels
is to look first at materials that are good reforming
catalysts. Indeed, Ni is one of the best steam-
reforming catalysts and is used commercially for that
application.110 Fe and Co have been considered as
replacements for Ni since these metals, too, are
excellent reforming catalysts. Unfortunately, the
same properties that make these metals good reform-
ing catalysts also make them excellent catalysts for
the formation of carbon. Therefore, to avoid this
problem and operate in hydrocarbon fuels without
extensive reforming, it is probably necessary to take
a different approach and look at electronically con-
ductive materials that are not good reforming cata-
lysts.

Electronically conductive metal oxides are particu-
larly attractive for this application. Metal oxides tend
to be poor reforming catalysts; and, unless reduced
to their respective metals, unlikely to form carbon
fibers by the mechanism discussed in Section 3.
Because they can have very high melting tempera-
tures and relatively low surface energies, oxides tend
to be resistant to sintering as compared to metals and
could retain anode porosity under extreme conditions.
Some oxides exhibit both electronic and ionic con-
ductivity. High ionic conductivity can improve elec-
trode performance by enhancing the size of the
TPB, as clearly demonstrated by work on cathode
materials.111-116 Finally, with conductive oxides, it is
feasible that the electrode could be a single material,
rather than a composite of two or more materials.117

The potential for solid-state reactions and thermal
mismatch problems makes the single component
electrode attractive.

Ceria, particularly when doped with Gd2O3 or
Sm2O3,118-122 has received some attention for direct
hydrocarbon conversion in SOFC. Dating back to
Steele and co-workers,123 interesting properties have
been demonstrated for ceria-based anodes in direct
utilization of methane. Later work suggested that the
performance of ceria-based anodes in hydrocarbons
could be improved by the addition of precious-metal
catalysts, at dopant levels,124 but the performance of
these cells was still too low for practical consider-
ations. The problem with doped ceria is likely that
its electronic conductivity is not sufficient. In general,
the electrode material should have a conductivity
greater than 1 S/cm in order to be practical since a
conductivity of 1 S/cm would lead to a cell resistance
of 0.1 Ω cm2 for an electrode thickness of 1 mm, even

if the electrode were not porous but dense and no
other loss mechanisms were operative within the
electrode. At 1073 K, the conductivity of Gd-doped
ceria is only 0.08 S/cm.118

It is interesting to notice that Marina and co-
workers reported excellent performance using a Gd-
doped ceria (GDC) anode.125 At 1000 °C, these
investigators reported an anode ASR of 0.39 Ω cm2

and indicated that they found no carbon deposition
with methane using an H2O/C ratio as low as 0.3
after 1000 h. (The lack of carbon formation is
noteworthy since thermodynamic calculations indi-
cate that carbon should be stable under these condi-
tions,74,75 another indication that carbon formation
is related more to kinetic than to thermodynamic
considerations.) However, the high performance
achieved in this study was almost certainly due to
the fact that the GDC anode thickness was between
10 and 15 µm. This implies that the current collector
in the cell, a mixture of Au and GDC in this case,
becomes even more crucial than usual. One could also
argue that this anode is essentially an Au-GDC
composite, with Au providing the electronic conduc-
tion. Higher electronic conductivities can be obtained
in metal oxides having the perovskite structure; the
standard materials used for SOFC cathodes, such as
LSM, are of this class. For cathode applications, the
electrode material must have high electronic conduc-
tivity under oxidizing atmospheres, quite different
from that experienced in the anode chamber. How-
ever, oxides with the perovskite structure can be
tailored considerably to achieve the desired proper-
ties.126-128 Perovskites with the general formula
ABO3, where A and B are cations with a total charge
of +6, have the unit cell shown in Figure 10. The
lower valence A cations are larger and reside on the
6-fold coordinated corners of a simple cubic lattice,
with the B cations occupying the 12-fold coordinated
center site. The oxygen atoms are found in a face-
centered structure around the central B cation.

The perovskite structure is stable to relatively
large amounts of dopant ions on either A or B sites.
Oxygen vacancies are introduced into the lattice,
either through transition-metal redox processes or by
doping on the A or B sites with lower valence cations.

Figure 10. Unit cell of ABO3 perovskite structure. (Re-
printed with permission from Nature Materials
(http://www.nature.com/nmat), ref 128. Copyright 2003
Nature Publishing Group.)
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Doping of the lattice can alter the structural stability,
catalytic activity, and ionic and electronic conductivi-
ties of the perovskite. For example, at oxygen con-
tents just below stoichiometry, A-site doped perovs-
kites of the form La1-xSrxFeO3 show p-type con-
ductivity. This is due to the Sr-induced charge
deficiency being balanced by oxygen vacancies, and
relative to the neutral lattice, positively charged Fe
ions. At low oxygen activity, the mechanism is n-type
as the Fe ions are reduced. There are numerous
reviews in the literature presenting a more detailed
discussion of perovskite material properties.129-131

For application as SOFC anodes, the perovskite
must be capable of catalyzing the hydrocarbon oxida-
tion reactions while maintaining high electronic
conductivity and structural stability in the highly
reducing environment. There have been a number of
studies to investigate the stability of various perovs-
kites for this application.132,133 For example, materials
based on doped LaCrO3 were reported to be quite
stable.134 Depending on the dopant, degradation can
occur due to reaction with YSZ, due to reduction of
the oxide, or due to electrochemical demixing;135

however, it was reported that, for this material,
degradation can be slow even when the oxide is
thermodynamically unstable. Furthermore, while
many perovskite oxides would not be stable in the
anode environment, there are certainly other materi-
als that would be.

The catalytic activities of some perovskites for
methane oxidation and steam reforming have also
been studied, and it appears that the activity of some
materials can be reasonably attractive.136-143 Con-
sidering again materials based on LaCrO3, steam-
reforming and methane oxidative-coupling activities
have been shown to depend strongly on the dopant
ion.141 Materials doped with Ni gave particularly high
steam-reforming activities with lower propensity for
carbon formation as compared to a normal Ni cata-
lyst. However, it should be noted that the steam-
reforming activity of these materials was reported to
be due to reduction and removal of the Ni from the
perovskite lattice, a potential source of carbon forma-
tion for SOFC anodes operating with dry hydrocar-
bons. The catalytic properties are also dependent on
the oxidation state of the perovskite. For example,
Baker et al.136 and Metcalfe and Baker137 showed that
methane oxidation activities over La0.8Ca0.2CrO3 de-
pended on whether the perovskite had been oxidized
or reduced. Methane oxidation to CO2 was the
dominant reaction over a preoxidized sample, but
dissociation to carbon and hydrogen occurred once
the sample was sufficiently reduced. The presence of
easily accessible surface oxygen was suggested as the
reason for the change in reaction mechanism.

As with doped ceria, low electronic conductivity is
an issue with perovskite anodes as well. Some
perovskites show very high electronic conductivities
under oxidizing environments, but most of these
materials are much less conductive under the reduc-
ing environments to which they will be exposed at
the anode. For example, the conductivity of La0.75-
Sr0.25Cr0.5Mn0.5O3, a promising material developed by
Tao and Irvine,117 decreases by almost 2 orders of

magnitude at 1000 K when the environment changes
from air to 5% H2. An intriguing exception to this is
La-doped SrTiO3.144 Recent reports indicate that this
material can exhibit conductivities as high as 500
S/cm at 1273 K when it has been reduced at very high
temperatures.144 Unfortunately, these high conduc-
tivities appear to be unstable, decreasing irreversibly
after exposure to P(O2) levels that are typical of those
found in the SOFC anode compartment.144,145 Figure
11, which shows the conductivity of La2Sr4Ti6O19-δ
as a function of temperature in dry and humidified
(3%H2O) 5% H2/Ar, demonstrates this loss in con-
ductivity with even very low water contents.

Even when exposed to water, the conductivity of
the doped SrTiO3 at 973 K, 35 S/cm, would seem to
be adequate for achieving good anode performance.
However, it should be recognized that a high-
performance anode will need to be porous and likely
be in the form of a composite with an ionic-conducting
oxide to enhance the TPB. For example, with cath-
odes based on Sr-doped LaMnO3 (LSM) and YSZ, the
conductivity of the composite can be more than a
factor of 10 lower than that of dense LSM.146 Fur-
thermore, the intrinsic conductivity of these oxides
that are used for cathodes is well over 100 S/cm.

The previous discussion has focused on the proper-
ties of perovskite materials rather than on their
performance as anodes. The number of actual fuel-
cell studies is more limited, but this literature has
been reviewed recently by Irvine.147 Various perovs-
kites have been investigated as potential SOFC
anode materials; however, these early efforts were
hampered by low electrochemical activity toward
methane oxidation,143,148 poor anode structure,144 or
insufficient electrode conductivity.45 Most recently,
Tao and Irvine117 demonstrated that an anode based
on (La0.75Sr0.25)0.9Cr0.5Mn0.5O3 can provide reasonable
power densities at 1173 K in 3% humidified CH4.
Barnett and co-workers also reported stable power
generation with methane and propane fuels on an
anode based on LaCrO3;94 however, they reported
that the addition of Ni, in levels too small to affect
the conductivity, was crucial in providing activity for
the electrochemical oxidation reactions.

Finally, a number of other mixed oxides that do
not have the perovskite structure have also been
examined. For example, niobium titanates with the
rutile structure,150 tetragonal tungsten bronze

Figure 11. Plot of conductivity vs temperature for
La2Sr4Ti6O19-δ in dry and wet 5%H2/Ar. (Reprinted with
permission from ref 145. Copyright 2003 Elsevier.)
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(Sr1-xBax)0.6Ti0.2Nb0.8O3- phases,151,152 and yttria-
titania zirconates153,154 have been investigated. All of
these materials are likely to be stable for direct
hydrocarbon utilization, but none has shown ad-
equate performance for reasons similar to those
outlined for the other oxides.

5. Copper-Based Anodes
Another solution to avoiding the coking problems

associated with Ni-based anodes is to simply replace
the Ni with a metal that is not a catalyst for carbon
formation. Metals generally have much higher elec-
tronic conductivities than do oxides, so that this
problem with ceramic anodes can be circumvented.
Unfortunately, there is no metal replacement for Ni
that has perfect properties, so that it is necessary to
make compromises based on the other performance
requirements to select the replacement for Ni. First,
the metal must be stable, both to the high operating
temperatures and to the range of P(O2) experienced
in the anode. Metals with low melting temperatures
are excluded, as are metals such as Mo that would
be oxidized by water in the anode compartment.
Second, because the metals must be present in
quantities sufficient to provide electronic conductiv-
ity, precious metals are excluded because of cost.

In our laboratory, we have focused on replacing Ni
with Cu. Cu does not catalyze carbon formation and
is stable to higher P(O2) than is Ni. The disadvan-
tages of Cu are that Cu and its oxides have relatively
low melting temperatures: 1356 K for Cu, 1508 K
for Cu2O, and 1600 K for CuO. The low melting
temperatures for the oxides, in particular, make the
fabrication procedures typically used for Ni-cermets
inapplicable. Finally, because Cu is not a good
oxidation catalyst, we have found that it is necessary
to incorporate a separate oxidation catalyst into the
anode to achieve a reasonable performance. Because
we believe that the problems associated with Cu-
based anodes can be overcome and that Cu cermets
show great promise for direct-utilization SOFC, the
remainder of this review will focus on these materi-
als.

5.1. Preparation Methods
The most commonly used method for producing

Ni-cermet anodes starts by simply mixing NiO and
the electrolyte (e.g., YSZ) powders. These mixtures
can be screen printed onto the electrolyte for elec-
trolyte-supported cells, or for anode-supported cells,
the mixtures can be made into plates by pressing,
tape-casting, or tape-calendaring.12 The oxide com-
posites are then heated to a temperature that is
sufficient to allow the electrolyte powder in the
electrode to become sintered together with the elec-
trolyte. After this high-temperature sintering, the
NiO is reduced to Ni by heating in H2.

Unfortunately, it appears that this method cannot
be applied to the fabrication of Cu cermets due to the
low melting temperatures of CuO and Cu2O. For
lower sintering temperatures, it is likely that the
electrolyte powder within the electrode does not
become connected, either to itself or to the electrolyte.

There are indications that these poorly sintered
materials are unstable upon reduction of the copper
oxides. Two separate studies, one with Cu-YZT155

and the other with Cu-GDC,156 have found that the
Cu migrates out of the porous electrolyte matrix
during reduction.

To avoid these problems, we developed several
novel fabrication methods in which the porous oxide
component of the cermet is prepared first with
additional components added in separate steps that
do not require high-temperature processing. In our
early work, the porous oxide was prepared from YSZ
fibers, stabilized with a zircon coating, supported on
relatively thick YSZ electrolyte plates.157,158 A glycerol
slurry of the fibers and normal YSZ powder was
applied to the YSZ electrolyte and calcined to high
temperatures to form a porous matrix. The matrix
was then impregnated with aqueous solutions of
nitrate salts, heated to 723 K to decompose the
nitrate, and finally reduced in H2 at the operating
conditions to form the anode composite. However,
this method does not allow for the fabrication of
anode-supported, thin electrolytes, which are re-
quired to achieve high performance.

A second method for establishing a porous oxide
matrix into which a wide variety of materials can be
impregnated involves dual tape-casting, as shown
schematically in Figure 12.159 In tape-casting, oxide
powders are mixed together with binders and sur-
factants and then spread into a film over a carrier
such as Mylar.160 Upon calcination, the binders are
burned out, and the oxide particles are sintered to
form dense structures. Pore formers, such as graphite
or cellulose, can be added to the green tape to
introduce a controlled level of porosity. In dual tape
casting, a second layer, which could have a different
composition, is spread onto the first green layer. In
the case shown in Figure 12, graphite pore formers
were added to the second layer to achieve porosity
after calcination but not to the first. Since the porous
layer can be thick and mechanically strong, the dense
electrolyte layer can be very thin. Also, pore formers
can be added equally well to pressed powders as to
tapes. Notice that this methodology can be applied
to other electrolyte materials, such as Sm-doped ceria
(SDC).161

The shape of the pores in the porous oxide matrix
can be controlled quite effectively through the shape
of the pore formers that are used.162 Figure 13 shows

Figure 12. Schematic of SOFC manufacture by tape-
casting. (Reprinted with permission from ref 159. Copyright
2000 Wiley-VCH.)
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scanning electron micrographs (SEM) of two ceramic
pieces made from YSZ with polymethyl methacrylate
(PMMA) or graphite pore formers, along with images
of the pore formers themselves. The data are espe-
cially clear for PMMA, where the spherical pore
formers lead to spherical cavities in the ceramic. The
correspondence between cavity and pore-former shape
is less clear with graphite, but the size of the pores
in the resulting ceramic is certainly similar to the
size of the graphite particles. It is interesting to
notice that the pore formers leave the ceramic piece
at a temperature well below the temperature at
which the tape begins to shrink.162 For example, with
PMMA, the pore former had been completely re-
moved by 700 K, while the tape began to shrink only
above 1300 K. This helps to explain why the sizes of
the cavities in the ceramic piece are somewhat
smaller than the size of the pore formers. Obviously,
the structure of the pore formers is built into the
ceramic at low temperatures, well before most den-
sification occurs, and the pores then shrink at the
higher temperatures.

A variation on this dual-tape-casting method in-
volves making a NiO-YSZ composite with a thin YSZ
electrolyte in the same manner that is used to make
a normal, anode-supported electrolyte with Ni-YSZ
cermets.162,163 After reduction of NiO, the Ni can be
leached out of the YSZ using boiling nitric acid,
leaving a dense YSZ layer supported on the porous
YSZ substrate. SEM pictures of porous YSZ prepared
by leaching Ni from Ni-YSZ cermets are shown in
Figure 14. In a manner similar to that for PMMA
and graphite pore formers (Figure 13) the pore
structure of these materials may be controlled by the
size and shape of the NiO powder used. The porosity
of a typical sample was estimated to be 77% by Hg

porosimetry, and a fairly narrow pore-size distribu-
tion between 2 and 4 µm can be achieved.

While it is likely that other methods for preparing
Cu cermets will be devised, the materials prepared
by dual-tape-casting have some very attractive fea-
tures. Obviously, the oxide component is very well-
connected because it has been sintered at high
temperatures. Furthermore, the anode pore structure
can be easily tailored by varying the pore former type
and quantity. Perhaps of greater significance is the
flexibility in anode composition that this high-tem-
perature sintering/low-temperature processing meth-
odology provides. Low-temperature processing allows
incorporation of a wide range of catalytic and metallic
components by avoiding solid-state reactions. In
addition, the surface area and activity of the catalytic
material may be preserved. This ability to add a wide
variety of materials will be shown to be very impor-
tant in subsequent sections.

Furthermore, because the Cu is added after the
oxide matrix has been established, the structure of
the composite is clearly not random; therefore, less
metal should be necessary for achieving high elec-
tronic conductivities.164 Figure 15 shows the conduc-
tivity of porous YSZ slabs as a function of Cu content
in H2 at 973 K. The porous YSZ was formed using

Figure 13. SEM of (a) YSZ ceramic made with 36 wt %
PMMA and (b) the PMMA spheres used. (c) YSZ ceramic
made with 36 wt % graphite and (d) the graphite particles
used. (Reprinted with permission from ref 162.
Copyright 2003 The American Ceramic Society
(http://www.ceramics.org).)

Figure 14. SEM micrographs of porous YSZ produced by
acid leaching NiO/YSZ composites. The YSZ had an aver-
age particle size of 0.58 µm and the NiO average particle
size of (a) 1.2, (b) 4.3, and (c) 17 µm. (Reprinted with
permission from ref 162. Copyright 2003 The American
Ceramic Society (http://www.ceramics.org).)
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graphite pore formers, and the Cu was added by
impregnation with aqueous solutions of Cu(NO3)2,
followed by calcination in air at 723 K and reduction
in H2 at 973 K. The conductivity was measured by
the four-probe technique. As shown in the figure, the
effective conductivity increases dramatically with the
addition of relatively small amounts of Cu. The
conductivity is 14 S/cm at 4 vol % (11 wt %) Cu and
reaches a value of almost 4000 S/cm for 26 vol % (43
wt %). These values are lower than one would predict
assuming Cu formed a continuous thin film over the
surface of the YSZ; the dashed line in Figure 15 was
calculated from the bulk conductivity of Cu, assuming
that Cu simply coats the YSZ pores. Obviously, the
difference between the measured and calculated
values is due to the fact that Cu forms particles that
are not necessarily connected. The relationship be-
tween conductivity and Cu content for the cermets
in this study is very different from that found in
earlier studies of more conventional Ni-YSZ12 and
Cu-YZT155 cermets, where a sharp jump in conduc-
tivity is observed at a percolation threshold, near 30
vol % metal.

5.2. Catalysis
The catalytic activity of the anode toward oxidation

reactions is a dominant factor in determining SOFC
performance, particularly with hydrocarbon fuels. In
Cu-cermet anodes, the only role played by Cu is that
of electronic conductor. The Cu does not appear to
have any catalytic function, and the oxidation reac-
tion in the TPB relies on the addition of other
components, primarily ceria.157-159,165 The evidence
for this is as follows. First, Cu-YSZ anodes that do
not contain ceria exhibit very low performance, even
though they are stable in hydrocarbon fuels.157-159

Second, substitution of Cu with Au has essentially
no effect on anode performance.166 Since Au is usually
thought to be catalytically inert, it seems unlikely
that Cu and Au would perform in a similar manner
if Cu had a catalytic function.

Other evidence for the importance of catalysis in
anode performance came from an examination of the
products formed by Cu-ceria-YSZ and Cu-molyb-
dena-YSZ anodes in membrane-reactor measure-
ments.165 The anodes in these experiments both had

20 wt % Cu and 10 wt % added oxide and were
identical except for the composition of the added
oxide. A power supply was used to fix the potential
across the electrodes, while pure propylene was fed
to the cells at a temperature of 723 K. The products
leaving the anodes were then analyzed as a function
of the current density using a gas chromatograph.
Results for the Cu-ceria-YSZ anode are shown in
Figure 16a. The conversion of propylene at open
circuit was negligible but increased almost linearly
with the current density. The points shown in the
figure are the CO2 production rates calculated from
the chromatographic analysis, while the line is the
predicted CO2 production rate based on Faraday’s
equation and the measured current

Since only traces of CO were observed and CO2 and

Figure 15. Conductivity as a function of copper content
in a porous YSZ slab at 973 K in H2. The dashed line shows
the conductivity predicted for the formation of a thin copper
film. (Reprinted with permission from ref 164. Copyright
2004 The Electrochemical Society, Inc.)

Figure 16. Propylene conversion and product-selectivity
results for the membrane-reactor measurements performed
at 723 K with pure propylene as the feed. The results in
panel a were for the SOFC with a Cu-ceria-YSZ anode,
and the results in panel b were for the Cu-molybdena-YSZ
anode. In panel a, the points are the rate of CO2 production,
and the line was calculated from the current density and
eq 8. In panel b, the points show the production of acrolein,
and the line was calculated from eq 9. (Reprinted with
permission from ref 165. Copyright 2002 Elsevier.)

CH2dCHCH3 + 9O2- f 3CO2 + 3H2O + 18e- (8)
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water were the primary products, the deviation
between the line and the points represents a failure
to close the mass balance, probably due to an
uncertainty in the total flow rate.

Results for the cell with a Cu-molybdena-YSZ
anode, shown in Figure 16b, were very different.
Unlike ceria, which is a nonselective oxidation cata-
lyst, molybdena is a selective catalyst for the partial
oxidation of propylene to acrolein (CH2dCHCHO)
and is used commercially for this process.167 The
primary product at low conversion over the Cu-
molybdena-YSZ electrode was acrolein, produced
according to the reaction

Again, points on the curve were the measured ac-
rolein production rates, and the line is the predicted
production rate based on the current and the stoi-
chiometry according to eq 9. At higher conversions,
we observed significant amounts of CO2 and water,
sufficient to explain the difference between the ac-
rolein production and the current. It should be noted
that others have also observed the electrochemical
production of acrolein in a membrane reactor with
molybdena in the anode.166 The selective oxidation
of propylene to acrolein with the Cu-molybdena-
YSZ anode can only be explained if molybdena is
undergoing a redox reaction, presumably being oxi-
dized by the electrolyte and reduced by the fuel. By
inference, ceria is also likely acting as a catalyst, but
for total oxidation.

The simplest interpretation of these results is that
ceria and molybdena act as catalysts in the TPB
region, as shown in Figure 17. Either molybdena or
ceria are oxidized by O2- coming through the elec-
trolyte and then subsequently reduced by the fuel.
According to this picture, reaction at the TPB is a
simple redox process with a nonconventional oxygen
source. Because molybdena is selective for the oxida-
tion of propylene to acrolein, while ceria is nonselec-
tive, the products formed in cells with these two
catalysts are different.

The anode performance was also found to depend
strongly on ceria particle size and morphology, as
expected since catalytic properties are crucial.169 This
is demonstrated by the results in Figure 18, which
show data for three otherwise identical cells except
for the fact that the ceria deposits were calcined in
air to either 723, 1273, or 1523 K before the Cu phase
was added. While the open-circuit voltage (OCV) on
all three cells was in good agreement with the Nernst
equation, the maximum power densities decreased
with calcination temperature, going from greater
than 200 mW/cm2 to less than 70 mW/cm2 after
calcination to 1523 K. Impedance spectra, shown in
Figure 18b, demonstrated that the performance
changes were due to changes in the anode. In all
three cells, the electrolyte resistance was in good
agreement with the expected resistance of the YSZ
electrolyte. However, the low-frequency (∼4 Hz) arc
that can be assigned to the anode increased from 0.8
Ω cm2 following calcination at 723 K, to >1.8 Ω cm2

at 1273 K and >2.6 Ω cm2 at 1523 K. XRD results
showed that increasing sintering temperature in-
creased the ceria crystallite size but did not form any
new phases within the anode. It is noteworthy that
high-temperature calcination of the ceria would have
been expected to improve ionic conductivity within
the ceria by growth of the ceria crystallites, so that
the decreased performance is more likely associated
with catalytic properties.

Figure 17. Schematic of anode TPB region during the
partial oxidation of propylene. (Reprinted with permission
from ref 165. Copyright 2002 Elsevier.)

CH2dCHCH3 + 2O2- f

CH2dCHCHO + H2O + 4e- (9)

Figure 18. (a) Cell potential (closed symbols) and power
density (open symbols) as a function of current density and
(b) impedance spectra measured at 330 mA/cm2. The cells
were calcined for 2 h in air at (0) 723 K, (O) 1273 K, and
(4) 1523 K before testing. Measurements were made at 973
K in pure H2. (Reprinted with permission from ref 169.
Copyright 2003 The Electrochemical Society, Inc.)
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While ceria is a good hydrocarbon oxidation cata-
lyst, its catalytic activity can be significantly en-
hanced by the addition of precious metals such as Pt,
Pd, and Rh.60 Unfortunately, cells that contain both
Cu and precious metals result in the formation of a
catalytically inactive alloy, so that the performance
of these cells is essentially indistinguishable from
cells made without the addition of precious metals.
However, as we will discuss in a subsequent section,
electronic conductivity can be obtained in the anode
by forming a carbonaceous layer. When electronic
conductivity is achieved through carbon deposits, the
addition of precious metals at dopant levels into the
ceria has a large impact on performance. Figure 19
shows the performance curves in dry methane at 973
K for cells in which the anodes contained 10 wt %
CeO2, with and without the addition of 1 wt % Pd.
The addition of Pd increased the power density by
greater than 1 order of magnitude, from 22 to 350
mW/cm2. The large increase in anode performance
is almost certainly associated with enhanced catalytic
activity for C-H bond breaking in CH4.

5.3. Fuel Dependences and Sulfur Tolerance
The performance of SOFCs with Cu-ceria-YSZ

anodes has been tested with a wide variety of
hydrocarbon fuels, and this has been documented
elsewhere.105,170-171 With the exception of methane,
which is known to be relatively unreactive in normal
heterogeneous reactions as well, all of the hydrocar-
bons we examined appear to give similar performance
characteristics. The fuels that were tested include
n-butane, n-decane, toluene, and a synthetic diesel.
The main difference observed between the various
fuels is that some fuels tend to form tars more readily
via gas-phase free-radical chemistry. Otherwise, with
the exception of CH4, all hydrocarbons that were
investigated showed similar power densities. This is
shown in Figure 20, which displays the voltage and
current densities for n-decane, toluene, and synthetic
diesel as a function of time. In this case, the hydro-
carbon fuels were diluted in dry N2 to a concentration
of 40 wt % hydrocarbon to prevent condensation of
unreacted fuels that leave the cell. (In our studies,
the active area for the fuel cell is typically 0.5 cm2,
and a current density of 1 A/cm2 would require a flow

rate of only ∼0.1 g/h of n-decane at 100% fuel
conversion; therefore, the conversions are usually
quite low.)

The issue of tar formation is an important one since
the anode will obviously cease to function if it
becomes filled with tar. In measurements of tar
formation rates with n-butane at 973 K, we have
recently found that identical amounts of tar are
formed on porous YSZ and YSZ with Cu and ceria
after 24 h.172 The fact that the rate of tar deposition
is the same whether Cu and ceria are present or not
strongly implies that the tar is formed in the gas
phase and then deposits onto the anode under
operating conditions. Further evidence for gas-phase
formation of the tars comes from analysis of the tar
by gas chromatography, which showed that the tar
consists primarily of polyaromatics with a range of
molecular weights92 since these are the expected
products from the gas-phase reaction. Indeed, since
many of the gas-phase pyrolysis reactions have been
characterized, Walters et al.173 recently modeled
these reactions for light hydrocarbons under SOFC
conditions to understand when polyaromatic com-
pounds will likely form and showed that it is only
likely to be a problem at the entrance to the fuel cell.
However, it is important to notice that gas-phase
free-radical reactions are strongly affected by wall
effects and that free-radical pyrolysis is routinely
minimized in steam-reforming reactors by removing
dead volume.174 Therefore, proper engineering of the
flow channels will likely eliminate or at least mini-
mize this problem.

Another issue with hydrocarbon fuels is that es-
sentially all contain some sulfur, and fuel cells can

Figure 19. Cell potential (closed symbols) and power
density (open symbols) as a function of current density at
973 K in CH4 for cells with anodes containing (2) 10% CeO2
and (b) 10% CeO2 1% Pd. (Reprinted with permission from
ref 60. Copyright 2003 The Electrochemical Society, Inc.)

Figure 20. Cell potential and current density as a function
of time for n-decane, toluene, and the diesel fuel. Each of
the fuels was fed to the cell with N2 at a concentration of
40 wt % hydrocarbon. (Reprinted with permission from ref
105. Copyright 2001 The Electrochemical Society, Inc.)
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be very sensitive to even small amounts of sulfur. For
example, Ni is used as a getter for H2S in automotive,
emissions-control catalysis, and problems of NiS
formation occur in SOFCs. Indeed, the sensitivity of
SOFC anodes to sulfur impurities appears to be
related to the stability of sulfur compounds that can
be formed by the materials in the anodes. In the case
of Cu-ceria-YSZ anodes, the component most sensi-
tive to sulfur is ceria. A phase diagram for the
formation of ceria-sulfur compounds under reducing
conditions is presented in Figure 21. Experimental
studies on the formation of Ce-O-S compounds have
shown good agreement with these thermodynamic
predictions.175 Furthermore, conditions that lead to
SOFC performance degradation match well with the
thermodynamic regime where Ce2O2S is predicted to
be stable.176 It is fortunate that reasonably high
sulfur concentrations can be used with the Cu-
ceria-YSZ anodes; however, the issue of sulfur
sensitivity must be evaluated for any additives that
are incorporated in the anode.

5.4. Impact of Fuel Utilization
As discussed in Section 2.4, the Nernst potentials

for SOFC operating on hydrocarbons are not as
strongly affected by fuel utilization as they are with
H2. However, this advantage is likely to be offset at
least somewhat by potential diffusion problems as a
result of the dilution that will occur with hydrocar-
bons. For example, at 50% utilization of n-butane,
the fuel concentration will be only 10% due to the
fact that 4 mol of CO2 and 5 mol of H2O are formed
for the oxidation of each mol of n-butane. While we
are not aware of any studies with SOFC operating
with hydrocarbons at high fuel utilizations, Costas-
Nunes et al. simulated the effect of high fuel conver-
sions with n-butane by oxidizing the fuel in pure O2,
either over pure ceria or a Pd/ceria catalyst at 973
K, before admitting it to the anode compartment of
the cell.177 A summary of their results is provided in
Figure 22, where the maximum power densities are
plotted as a function of fuel conversion using both
the ceria and the Pd/ceria catalysts. Figure 22 also
shows the maximum power density obtained for

n-butane that had diluted in He to the same extent
as that expected for dilution by CO2 and H2O at a
particular conversion. It should be noted that the
behavior was not diffusion-limited under any of the
conditions studied in these cells.

First, it is noteworthy that the maximum power
densities obtained with n-butane diluted in He are
very similar to those obtained with the cell operating
on n-butane preoxidized over a ceria catalyst. Given
that chromatographic analysis of the products formed
by oxidation over the ceria catalyst showed primarily
that CO2 and H2O were the products, it appears that
CO2 and H2O act primarily as diluents for the Cu-
based anodes in this study. Obviously, the dilution
has a serious impact on performance. However, when
n-butane oxidation was carried out over a Pd-ceria
catalyst, which is known to be very active for steam
reforming,77 the cell performance was much higher
for a given fuel utilization. Chromatographic analysis
showed that the increased performance was due to
the formation of significant amounts of H2 generated
by steam reforming of n-butane with the steam
generated by hydrocarbon oxidation. The maximum
power density generated by the cell was as much as
30% with the addition of a reforming component
within the oxidation catalyst. On the basis of these
results, it is suggested that the inclusion of a steam-
reforming catalyst within the anode compartment of
direct-conversion SOFC should improve their perfor-
mance at high fuel utilization.

5.5. Anodes Based on Alloys
As discussed in previous sections, Cu acts primarily

as an electronic conductor within the Cu-based
anodes. Because it is a poor catalyst for C-H and
C-C bond scission, it is essential to incorporate an
oxidation catalyst, ceria, within the anode. While Ni
has many attractive properties, its propensity for
catalyzing carbon formation prevents its use in dry
hydrocarbons at high temperatures. One approach
for enhancing the catalytic properties of Cu and
stabilizing the tendency of Ni for forming carbon is
to use Cu-Ni alloys. Cu-Ni alloys have been used

Figure 21. Calculated Ce-O-S phase diagram at 1073
K. The circles and triangles correspond to conditions for
which Ce2O2S and cerium oxide were experimentally
determined stable. (Reprinted with permission from ref
175. Copyright 2000 Elsevier.)

Figure 22. Maximum power density for a Cu-CeO2-YSZ
anode SOFC as a function of the conversion of fuel entering
the anode compartment. The data for preoxidation of
n-butane by ceria (9) and 1 wt % Pd-ceria (2) are shown.
The maximum power densities obtained when n-butane
was diluted with He to a concentration equivalent to that
obtained by total oxidation are shown by (O). (Reprinted
with permission from ref 177. Copyright 2003 The Elec-
trochemical Society, Inc.)
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for the anodes in molten-carbonate fuel cells in an
application where the alloys were found to be more
sulfur tolerant as compared to pure Ni.178

Using similar methods to make anodes based on
Cu-Ni alloys as were used to make the Cu-based
cermets, Kim et al.179 showed that carbon formation
on the alloy cermets was significantly suppressed as
compared to carbon formation on the pure Ni. This
is shown by the picture in Figure 23, in which
cermets having various Cu-Ni contents were ex-
posed to dry methane at 1073 K for 1.5 h. The
photograph graphically shows that only small amounts
of carbon formed on the alloys as compared to what
formed on the purely Ni cermet. Using an anode
made from Cu0.8Ni0.2, they were able to operate the
cell for 500 h in dry methane at 1073 K. During that
time, the power density continued to rise, up to a
value of more than 320 mW/cm2. The initial poor
performance on these alloy anodes appears to have
been associated with poor connectivity within the
metal phase, with carbon deposits providing that
increased conductivity over time. On the basis of this
mechanism, one should expect that the initial per-
formance would have been high if more metal had
been incorporated within the anode.

The fact that carbon deposited over time on the
Cu-Ni alloys is obviously a concern. A later study
of anodes based on Cu-Ni alloys found that increas-
ing the reduction temperature from 973 to 1073 K
changed the stability of Cu0.8Ni0.2 alloys toward
carbon formation in the presence of n-butane at 973
K.180 Cells reduced at 973 K fractured immediately
upon exposure to n-butane at this temperature due
to the catalytic formation of graphitic carbon, while
cells reduced at 1073 K were stable for at least 3 h
when exposed to n-butane at 973 K. This indicates
that there must be mobility of the two metals at the
typical operating temperatures used in the cell.
Indeed, previous work on Cu-Ni alloy catalysts has
shown that the tendency of the catalyst to form coke
is strongly affected if the catalyst is reduced at a
temperature greater than 1013 K.181 While Cu and
Ni form solid solutions, it has been found that Ni
ensemble size on the surface can be decreased to a
minimum size for carbon formation activity with the
proper pretreatments.182 The surface segregation of
Cu-Ni alloys is due to Cu having a lower surface
energy than Ni,183 so that the surfaces of Cu-Ni
alloys tend to be Cu rich phase. At higher tempera-
tures, the surface concentration of Ni should increase
due to entropic effects. However, Ni ensemble size
will also decrease for the same reason, which is
probably the explanation for the higher stability of
Cu-Ni alloys following high-temperature reduction.

Cu-Co mixtures were also investigated for anode
cermets and shown to have interesting properties.180

Cu and Co have a very limited range of compositions
where alloys are formed, and diffraction measure-
ments showed that anodes made from mixtures of
these two materials had two metal phases. However,
mixtures of these metals with Co contents as high
as 50 wt % of the metal were stable in n-butane at
973 K for at least 3 h. Since cermets made with 100%
Co were not stable to carbon formation under these
conditions, it appears that the Co-rich phase must
be covered by Cu. There is evidence for surface alloys
of Cu and Co, formed because the surface free energy
of Cu (1.96 J/m2) is lower than that of Co (3.23 J/m2),
providing a driving force for Cu to segregate to a Cu-
Co surface.184

While only a limited amount of testing has been
performed on cells made with Cu-Co mixtures, the
initial results were intriguing. The addition of even
5% Co to Cu significantly increased the performance
of the cells for operation in H2 at 973 K, from 220
mW/cm2 on the Cu-based anode to more than 310
mW/cm2 on the Cu0.95Co0.05 anode. A Cu-Co cell also
exhibited a power density of 360 mW/cm2 in pure
n-butane at 1073 K, suggesting that bimetallic
anodes are worth considering for fuel cells that
operate on hydrocarbons.

5.6. Carbon-Based Anodes
Depending on its form, carbon can exhibit reason-

ably high electronic conductivity. Therefore, one
possibility for operating a fuel cell on hydrocarbons
is to use carbon itself as the conductor. While
relatively little information on this approach is
available in the scientific literature, there are indica-
tions in the patent literature that this approach has
found some success.185

At Penn, we have also observed that reasonably
high conductivities can be achieved by depositing
carbon into a porous YSZ matrix.164,172 After exposing
a porous YSZ matrix to n-butane for 20 h at 973 K,
the conductivity was found to increase from 0.002 to
6 S/cm. As discussed in an earlier section, carbon
deposits formed by exposure to small hydrocarbons
appear to be due to gas-phase, free-radical reactions,
with the condensation products depositing only later
onto the anode. This is shown by the fact that
identical amounts of tar are formed on YSZ sub-
strates, whether Cu or ceria are present. The chemi-
cal nature of the carbon deposits has been analyzed
using a GC-mass spectrometer, with the results
shown in Table 2.92 These deposits were formed by
flowing n-butane over a Cu plate at 973 K. They were
then dissolved in toluene before analysis. What the
results show is that the molecules are largely pol-
yaromatic compounds that are conductive due to the
aromatic ring structure. However, they are clearly
not graphitic in nature and can be oxidized at
relatively low temperatures as compared to graphite
powders.172

Anodes using carbon deposits as the conductor can
exhibit reasonably high performance. This was shown
earlier, in Figure 19, where carbon formed by de-
composition of n-butane provided the conductivity

Figure 23. Photographs of cell anodes containing Cu and
Ni alloys of varying composition after exposure to dry CH4
at 1073 K for 1.5 h. (Reprinted with permission from ref
163. Copyright 2002 The Electrochemical Society, Inc.)
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and Pd and ceria provided the catalytic activity.
Figure 24 shows how the conductivity due to carbon
evolves with time.164 In this experiment, the anode
was initially a porous, YSZ matrix containing only
10 wt-% CeO2. Prior to n-butane exposure, there was
enough conductivity in the anode to achieve an open-
circuit voltage (OCV) of 1.16 V, but the maximum
power density was a negligible 7 mW/cm2. Exposing
the anode to n-butane for 10 min, 1 h, or 24 h led to
increasingly better performance, with the maximum
power densities in H2 at 973 K of 65, 100, and 155
mW/cm2, respectively. The primary change in the cell
impedance spectra with n-butane exposure time was
a decrease in the ohmic resistance from 3.86 cm2 after
10 min, to 2.20 cm2 after 1 h, and 0.71 cm2 after 24
h. The nonohmic impedance decreased only slightly
with n-butane exposure time.

While carbon-containing anodes are scientifically
intriguing, it is difficult to see how one could achieve
stable performance with these under practical oper-
ating conditions. For operation of cells at higher fuel
utilization, parts of the anode will be exposed to high
steam contents, conditions under which the carbon
phases will not be stable.

6. Conclusions
We believe the development of fuel cells that

directly utilize hydrocarbon fuels, without the addi-
tion of large amounts of steam or air together with
the fuel, is a worthwhile and realizable goal. The
advantages for using readily available fuels, together
with the high intrinsic efficiencies that are possible
with fuel cells, are potentially enormous. Admittedly,
while great progress has been made toward this
development goal, there still are issues that need to
be resolved. The reason for our optimism is that, in
contrast to the vast literature describing methods for
optimizing Ni-cermet anodes, only a very small
amount of work has been performed on alternative
materials that do not catalyze carbon formation in
the way that Ni does. Even so, the performance of
cells made with some of these alternative materials
is approaching the performance levels achieved by
cells with Ni-cermet anodes. While the stability of
some of these alternative anodes, especially the Cu-

based systems, toward high temperatures and long
operating times has not yet been demonstrated, one
should recognize that it is still very early in the
development of these materials. As with any new
system, novel fabrication methods and the inclusion
of promoters and stabilizers should lead to significant
improvements. This work is continuing to advance
rapidly.
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