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bstract

The electrolyte of a solid oxide fuel cell (SOFC) is an O2−-ion conductor. The anode must oxidize the fuel with O2− ions received from the
lectrolyte and it must deliver electrons of the fuel chemisorption reaction to a current collector. Cells operating on H2 and CO generally use a
orous Ni/electrolyte cermet that supports a thin, dense electrolyte. Ni acts as both the electronic conductor and the catalyst for splitting the H2

ond; the oxidation of H2 to H2O occurs at the Ni/electrolyte/H2 triple-phase boundary (TPB). The CO is oxidized at the oxide component of
he cermet, which may be the electrolyte, yttria-stabilized zirconia, or a mixed oxide-ion/electron conductor (MIEC). The MIEC is commonly a

d-doped ceria. The design and fabrication of these anodes are evaluated. Use of natural gas as the fuel requires another strategy, and MIECs are
eing explored for this application. The several constraints on these MIECs are outlined, and preliminary results of this on-going investigation are
eviewed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) convert the chemical
nergy of a fuel directly into electricity. Those presently
nder research/development and demonstration generally use
s fuel the H and CO gases of a reformed hydrocarbon.

nal power plant or lower temperature polymer-based fuel
cells. Targeted applications include the bottoming cycle of
an electric power plant, domestic heat and power units, and
even electric vehicles [1–4]. The SOFC/gas turbine (GT)
hybrid system has been recognized to offer efficient elec-
2
lthough the SOFC operates at a high temperature, it has

everal significant applications because it promises cleaner,
ore efficient energy conversion than either a conventio-
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ricity generation, reaching net conversion efficiencies as
igh as 70% [5–7]. What has hindered the entrance of the
OFC into the market place is cost of construction and
he lifetime of operation at a high temperature with duty
emands requiring frequent temperature cycling. In this review,
e consider the problems encountered in developing the

node, an electrode at which the fuel is oxidized and elec-
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Fig. 1. Schematic of a solid oxide fuel cell (SOFC).

rons of the oxidation reaction are delivered to the external
ircuit.

The SOFC, represented schematically in Fig. 1, is an elec-
rochemical device with a solid oxide-ion conductor as the
lectrolyte separating two electrodes, an anode and a cathode. In
peration, the cathode acts as a catalyst for the reduction of oxy-
en, i.e. O2 + 4e− = 2O2−, with electrons received from outside
he cell; it also delivers the O2− ions to the electrolyte. The func-
ion of the electrolyte is to block electron flow from the anode
o the cathode inside the cell and to transport the O2− ions from
he cathode to the anode where they oxidize the fuel:

2 + O2− = H2O + 2e− (1)

O + O2− = CO2 + 2e− (2)

H4 + 4O2− = CO2 + 2H2O + 8e− (3)

re the overall oxidation reactions of most immediate interest.
or the anode reaction to proceed, hydrogen and hydrocarbon
uels must be chemisorbed and dissociated onto the anode sur-
ace while CO from reformed hydrocarbon is nondissociatively
dsorbed on the anode surface. The constituents must be brought
nto contact with the O2− ions of the electrolyte; also, the elec-
rons from the chemisorption reaction must be delivered to the
xternal circuit where they perform work on their way to the
athode. The anode must also be able to exhaust the oxidation
roducts to the atmosphere. Moreover, because the oxide-ion
onductivity, σO, of the electrolyte is much smaller than the elec-
ronic conductivity, σe, of the electrodes and the external circuit
nd because the electronic and ionic currents must be matched
uring charge and discharge, the electrolyte is a thin (10–30 �m
hick if operated below 800 ◦C), oxygen-deficient oxide of large
rea in order to reduce the internal cell resistance when opera-
ing at lower temperatures. For operation below 800 ◦C, the thin
eramic electrolyte must be supported on one of the electrodes,
nd the anode is normally chosen as the support.

The SOFC is not a heat engine; therefore, its efficiency is
ot limited by the Carnot cycle. Nevertheless, it is subject to

nternal losses that limit its efficiency, especially when operated
t lower temperatures. The chemical reactions occurring at the
lectrodes and the O2−-ion conductivity, σO, of the electrolyte
re all activated, which means that the losses in a SOFC increase

2

a

C

of Power Sources 173 (2007) 1–10

xponentially with decreasing temperature. Therefore, existing
OFCs having yttria-stabilized zirconia (YSZ) as the electrolyte
perate at a TOP ≈ 1000 ◦C. Such SOFCs are generally of the
lectrolyte-supported geometry with 150 �m thickness if ope-
ated at TOP = 1000 ◦C, but lower temperature operation with
tabilized zirconia requires an electrolyte thickness of 10–30 �m
nd therefore an anode-supported geometry. Reduction of TOP
o below 800 ◦C would simplify manufacture, lower the cost of
peration, and extend the life of the SOFC. Therefore, alternative
aterials having lower activation energies for O2−-ion transport

nd for the catalytic chemical reactions at the electrode surfaces
re high-priority research targets.

Fuels for SOFCs can range from hydrogen and CO to hydro-
arbons to gasified coal. Most SOFCs can work well with fairly
ure hydrogen and CO. Currently, hydrogen and CO are widely
roduced from hydrocarbons via reforming. CO is a main com-
onent of reformed hydrocarbons (reaction (9)). It is more
ractical to produce electricity directly from the hydrocarbon
uels. Natural gas that contains methane with small amounts
f other hydrocarbons is very economic and popular for most
tationary SOFC systems. Low-cost and readily available natu-
al gas is preferred for SOFCs, as it would provide a cheaper,
ore convenient means of generating electricity. A SOFC ope-

ating on a liquid hydrocarbon would allow an even wider use of
he SOFC, e.g. recharging batteries in an electric vehicle. The-
efore, there is a strong incentive to develop anodes that can
perate on methane, the principal component of natural gas, and
n a gasified liquid fuel. Since natural gas and oil-derived liquid
uels contain sulfur as an impurity, the anodes must be sulfur-
olerant, i.e. immune from poisoning by sulfur of the catalytic
ites at which the fuel is dissociatively chemisorbed, unless the
ulfur is removed from the feed gas. Moreover, the electrochemi-
al oxidation of CO at the surface of an oxide anode must be fast
nough to prevent formation of coke deposits that block further
eaction. In the case of methane, for example, the reaction

H4 + 3O2− = CO + 2H2O + 6e− (4)

t an oxide electrode surface is followed by (2) and the compe-
ing reaction

CO = C + CO2 (5)

hich results in C C bond formation. On nickel, dissocia-
ive chemisorption is followed by spillover of hydrogen at the
riple-phase boundary to an oxide, electrolyte or mixed oxide-
on/electronic conductor, to form H2O in the reaction

H4 + 2O2− = C + 2H2O + 4e− (5′)

nd C C bond formation on the nickel leads to coke build-up.
f reaction (2) is faster than reaction (5) on an oxide anode, the
lectrode surface may remain free of coke build-up. Addition of
ome O2 to the feed gas can also provide the reaction
CO + O2 = 2CO2 (6)

nd on nickel

+ O2 = CO2 (6′)
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o compete with reaction (5), but at the expense of the electro-
hemical reaction (2). Removal of CO from the surface by water
n the reactions

O + H2O = CO2 + H2 (7)

2 + O2− = H2O + 2e− (8)

s accompanied by the reformer reaction

H4 + H2O = CO + 3H2 (9)

hese reactions may arise from the water of reaction (4) or by
dding steam to the feed gas. In the latter case, the endother-
ic steam-reforming reaction occurs near the outer surface of

he anode whereas in the former case the endothermic reaction
bsorbs heat from the exothermic electrochemical conversion
f H2 into water and electricity thereby preventing creation of a
arge temperature gradient across the electrode.

In recent years, there have been several excellent reviews on
he development or challenge of SOFC anode materials [8–14].
or example, McIntosh and Gorte [12] aimed at operating SOFC
irectly on hydrocarbon fuels and on anode materials that are
ompatible with direct hydrocarbon utilization; Tao and Irvine
13] reviewed the development of alternative SOFC anodes with
uorite, rutile, tungsten bronze, pyrochlore, perovskite and spi-
el structures. In this paper, we first point out the constraints on
ny design of an anode for the SOFC and discuss the status of
he anodes used today in fuel cells operating on H2 and CO. We
hen review on-going attempts either to build a reformer function
nto the anode or to find a sulfur-tolerant material that can cata-
yze oxidation of a hydrocarbon without formation of coke that
locks the anode function. We focus on the recent development
n alternative anode materials, especially the double perovs-
ites Sr2Mg1−xMnxMoO6−δ that exhibit a superior single-cell
erformance in H2 and CH4 and an excellent tolerance to sulfur.

. Constraints

There are five basic requirements that an anode must satisfy:

1) Catalytic activity. Oxidation of hydrogen and hydrocarbons
begins with a chemisorption and dissociation at the surface
of the anode. The anode must facilitate this reaction with
whatever fuel is to be used. This dissociative chemisorption
needs to be followed by a reaction of the products of the
dissociation with O2− ions from the electrolyte, a step that
may involve either transport of products to the electrolyte or
of O2− ions to the products. If a metal catalyst is used, the
dissociation products must be transferred to the electrolyte,
and the reaction with O2− ions takes place near a linear
triple-phase boundary (TPB) consisting of metal catalyst,
oxide electrolyte, and fuel. In this case, chemisorption on
the metal catalyst involves electron transfer from the fuel
to the conduction band of the metal catalyst, which must

subsequently transport these electrons to a current collector.
However, if a mixed oxide-ion/electronic conductor (MIEC)
is used as a catalytic anode, O2− ions are transported to the
anode surface from the electrolyte and both steps of the

(
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fuel-oxidation reaction occur on the surface of the MIEC
anode. In this case, chemisorption involves transfer of an
electron from the fuel to a mixed-valent redox couple of
the MIEC; these electrons are transferred within the redox
couple to either the catalytic metal of a cermet or directly to
the current collector.

An imperative is that the catalytic activity remains high
over a long life. This imperative requires that the anode
is not poisoned by impurities in the feed gas or by car-
bonaceous residues if a hydrocarbon fuel is used; it also
requires retention of the electronic pathways from the reac-
tion sites to the current collector. Sulfur is a constituent of
hydrocarbon fuels, and its removal is necessary as it poisons
most catalysts. The more sulfur-tolerant the anode, the lower
are the requirements for sulfur removal from the feed gas.
Where Ni is used as the catalyst for H2 dissociation, failure
of the Ni to wet adequately the oxide surface results in Ni
particulates that only contact one another through narrow
necks. An imperative in this case is prevention of oxidation
of the Ni to NiO during temperature cycling as the process
of oxidation–reduction on cycling tends to brake the elec-
trical contact between nickelate particles that is required for
transporting the electrons of the chemisorption reaction to
the current collector.

2) Electronic conductivity. Electrons from the chemical reac-
tion at the anode surface must be transported to the external
circuit. Since the electrolyte has a large surface area, a
metallic-screen current collector is used to reduce the dis-
tance electrons must travel in the anode itself; the electrons
are transported long distances to the external circuit by the
current collector. Nevertheless, resistive losses within the
anode must be minimized by having a catalytic anode that
is a good electronic conductor. If the anode acts as a support
for the thin ceramic electrolyte, the electrons must travel
a longer distance in the anode to reach the current collec-
tor, which requires a higher electronic conductivity of the
catalytic anode material.

3) Thermal compatibility. Since a SOFC is cycled between
room temperature and TOP, the thermal expansion of the
anode must be matched to that of the electrolyte with which
it makes chemical contact and, preferably, also to that of the
current collector with which it makes physical contact.

4) Chemical stability. The anode must be chemically stable at
TOP not only in the reducing atmosphere at the anode, but
also with respect to the electrolyte and the current collec-
tor with which it makes contact. Interface phases that block
electron transfer from the anode to the current collector or
O2−-ion transport from the electrolyte to the anode must not
be formed over time under operating conditions. Moreover,
if the anode is used to support the thin ceramic electro-
lyte, it must be chemically stable relative to the electrolyte
under the conditions of sintering the electrolyte into a dense
ceramic membrane.
5) Porosity. Since the gaseous fuel must make contact with the
TPB of the anode or with the surface of the MIEC over as
large an area as is feasible, the anode must be fabricated as
a porous structure that retains its physical shape over time
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under operating conditions and the current collector must
not cover the entire anode surface.

. Ni/YSZ cermets: H2 oxidation

Since the anode operates in a reducing atmosphere, metal-
ic catalysts are candidate materials. Comparison of the
lectrochemical activities of Mn, Fe, Co, Ni, Ru, and Pt
howed that Ni has the highest activity for H2 reduction
15]. Pure nickel has a melting point of 1453 ◦C, a ther-
al expansion coefficient α = 13.3 × 10−6 K−1 that is higher

han the α ≈ 10.5 × 10−6 K−1 of a YSZ electrolyte, and a
e ≈ 2 × 104 S cm−1 at 1000 ◦C. Preparation of a NiO/YSZ cer-
et from fine NiO and YSZ particles has four important benefits

16,17]:

1) The thermal expansion of the cermet may be better matched
to that of the YSZ electrolyte.

2) Reduction of the NiO in a wet hydrogen or fuel atmosphere
creates a porous YSZ structure with metallic nickel particles
on the surface of the pores. With a proper fabrication pro-
cess, a strong YSZ framework contains an internal porous
space percolating in 3D with contacting Ni particulates par-
tially on the surface of this space also percolating in 3D.
This configuration introduces a long TPB for the catalytic
reaction and provides electronic conduction from the TPB
to the current collector.

3) Coarsening of the nickel film at TOP that would break the
conductive pathways for the electrons is inhibited [18–20].

4) Ni and YSZ are essentially immiscible in each other and
non-reactive over a wide temperature range, which simpli-
fies synthesis of a Ni/YSZ cermet.

herefore, the Ni/YSZ cermet anode was initially used for
OFCs; these SOFCs operate at a TOP ≥ 800 ◦C in pure H2. The
erformance of a Ni/YSZ cermet anode depends critically on
he microstructure of the porous YSZ framework and the distri-
ution of the nickel on the surface of the percolating inner space.
his dependence and the requirement that the structure remain
table over long periods at TOP and many temperature cycles
akes the efficacy of a Ni/YSZ anode critically dependent on

abrication procedures.
Conventional Ni/YSZ anodes may either support the

lectrolyte or be supported by the electrolyte. Present-day
emonstration SOFCs operating below 800 ◦C use the anode to
upport the thin electrolyte and the cathode. Commercial NiO
nd YSZ fine powders are coarsened by heat treatment to give
esired particle sizes and size distribution. The powders are then
omogenized by mechanical mixing, pressed with or without a
reen electrolyte layer (or, if electrolyte supported, formed into
n ink that is applied to the electrolyte), then sintered in air
nd finally annealed in wet H2 or fuel to reduce the NiO to
etallic nickel to form a porous Ni/YSZ anode. Initially, the
reen state contains a uniform distribution of NiO and YSZ
articles. After sintering at 1400 ◦C in air, significant growth
f both the NiO and YSZ particles occurs with some increase
n porosity. Reduction of the NiO to Ni reduces the volume

t
c
i
i
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f this phase by 25%, thus greatly increasing the porosity and
enetrating the pores with particles of metallic Ni. Electrode
erformance depends not only on the sizes of the YSZ and NiO
tarting particles, but also on the ratio of the particle sizes. For
Y2O3)0.08(ZrO2)0.92 = 8YSZ, Murakami et al. [21] found their
est performance with 8YSZ and NiO particles of size 0.5 �m
nd 2.5 �m, respectively, having the 8YSZ/NiO size ratio of ca.
.2.

To achieve the YSZ–YSZ bonding and the NiO–NiO particle
ontacts necessary to achieve a stable 3D YSZ framework with
percolating porous space as well as good bonding to the YSZ

lectrolyte, it is necessary to sinter the composite at a high tem-
erature, e.g. 1400 ◦C. These high temperatures also contribute
o realization of a Ni-particulate necklace that percolates over
he 3D internal porous surface [22]. However, sintering at high
emperatures increases stresses at the anode–electrolyte inter-
ace due to mismatch of their thermal expansions; these stresses
ay lead to a fracture of the electrolyte that is initiated by cracks

rowing in the cermet [23,24].
The fraction of NiO in the cermet required for forming a

ercolating Ni necklace on the internal porous surface, and the-
efore for obtaining a good cermet electronic conductivity, is
bout 0.3–0.5. This fraction depends on the morphology of the
SZ framework, which is why the performance of the Ni/YSZ

node depends not only on the fraction of NiO in the cermet, but
lso on the particle sizes and the size ratio of the starting NiO
nd YSZ particles.

In order to improve the powder morphology and homogeneity
f the starting NiO and YSZ powders obtained conventio-
ally, several alternative synthetic routes have been investigated
25–38]. Selection of the best synthetic route depends on factors
uch as reproducibility, cost, and ease of scale-up.

Degradation over time of the performance of a Ni/YSZ anode
perating on pure H2 as the fuel is due to microstructural
hanges; the predominant change is the agglomeration and coar-
ening of the Ni phase as a result of the poor wettability of YSZ
y nickel [39–42]. Sintering of pure Ni, which may occur at
000 ◦C in H2, leads to the formation of isolated islands and
onsequent loss of electrical connection to the current collector.
uppression of agglomeration and sintering of metallic nickel
epends on optimization of the Ni/YSZ cermet microstructure
43]. Nevertheless, operation at high current densities and fuel
tilization can cause agglomeration of the Ni even in optimi-
ed cermet structures [44]. Moreover, it is important to prevent
eoxidation of the Ni on system shut down; the volume changes
ssociated with repeated oxidation of Ni to NiO and reduction
ack to Ni on thermal cycling can break the connection bet-
een Ni particulates and weaken the mechanical strength of the
orous YSZ framework [45].

Instead of co-firing a mixture of NiO and YSZ particles fol-
owed by reduction of the NiO to Ni, Craciun et al. [46] have
btained a comparable anode performance by impregnating a
orous YSZ coating with an aqueous solution of Ni. The advan-

age of impregnation is that it allows the introduction of other
onductors such as Cu and/or other catalysts. For example,
mpregnating a standard Ni/YSZ cermet with Ru as catalyst
mproved a cell power density by 33% [47].
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. Ni/YSZ cermets: CH4 and syngas oxidation

The production of electricity from CH4 is accomplished
ither by the complete oxidation of CH4 or by reformation of
he CH4 to syngas before it is fed to the fuel cell. The complete
xidation of methane involves reactions (4) and (2) supplemen-
ed by reactions (7) and (8). In order to avoid the complication
nd expense of a separate reformer, attempts have been made
o incorporate reaction (7) into the anode by combining steam
ith the CH4 feed gas, but reaction (7) is always accompanied
y reaction (9). It was found necessary to have a steam/carbon
atio of 2 or higher to prevent coke build-up on the Ni; this ratio
roves to be too great to be practical [48]. On the other hand,
nder conditions of high current and low concentration (4–9%)
f dry CH4, no carbon build-up on the Ni occurs [49,50], espe-
ially for TOP ≤ 700 ◦C [51–56]. Under these conditions, the
ater of reaction (4) reacts with the CH4 feed gas as well as the

dsorbed CO in reactions (7)–(9) to eliminate coke build-up in
he anode. In a laboratory experiment, a direct methane SOFC
ith a YSZ electrolyte supported by a Ni/YSZ cermet anode has
een reported to exhibit power densities as high as 0.52 W cm−2

t 700 ◦C and 1.27 W cm−2 at 800 ◦C in 4–8% CH4 in Ar [55].
n the other hand, Lin et al. [57] noted that coke build-up on
Ni/YSZ cermet normally occurs primarily at the outer sur-

ace of the anode. They reasoned that the water of reactions
4) and (8) escapes from the anode surface before reaction (7)
an occur. Therefore, they had the ingenious idea of adding a
hemically inert, porous outer layer to the anode that acts as a
iffusion barrier for the fuel gas so as to reduce the concentra-
ion of methane and increase the concentration of product H2O
hroughout the anode. With a tubular SOFC design, they have
chieved an equivalent ratio O2/CH4 ≈ 1.2 within the anode to
btain at TOP = 750 ◦C an output power of ≈0.7 W cm−2 at a
≈ 0.4 V [58]. This system also produces a high rate of syngas

roduction.
Sulfur contamination in any hydrocarbon fuel is a problem

or Ni-based anodes; they are poisoned by H2S levels as low
s 0.05 ppm at 800 ◦C, improving only slightly with increasing
emperature [59]. Nevertheless, within a certain H2S concentra-
ion level, the sulfur loss by sulfur poisoning is reversible upon
emoval of the sulfur source, which is viewed as evidence that
he sulfur is physisorbed on the Ni [60,61].

. Ni/RDC

Ceria doped with a rare earth or Y (RDC) has the same
xygen-deficient fluorite structure as YSZ, and these oxides
ecome mixed oxide-ion/electronic conductors (MIECs) in the
educing atmosphere at the anode [62]. Moreover, the Ce4+/Ce3+

edox couple has a low enough energy to be catalytically active
or CO and hydrocarbon oxidation [63–65]. Therefore, Ni/RDC
ermets are preferred if syngas is used as the fuel. Hirabayashi
t al. [66] suggested that the surface of the perovskite electrolyte

aCe0.76Y0.20Pr0.04O3−δ may become the anode on reduction
f the ceria under reducing gas conditions. This material is a
roton conductor rather than an oxide-ion conductor at low tem-
eratures; it loses water to become an MIEC with only mobile

s
m
a
L

Fig. 2. Simplified phase diagram of the LaO1.5–CeO2–NiO system.

xide-ions at TOP. H2 and, without carbon formation, hydrocar-
ons with more than one carbon/molecule gave a moderate cell
erformance at 800 ◦C; the catalytic activity for CH4 was poor
n the surface of this oxide. The availability of O2− ions over
he ceria surface enhances reactions (2) and (4), and Ni/RDC
nodes have been reported to be effective in preventing coke
uild-up with CH4 fuels [67,68]. For example, Gd-doped ceria
GDC), like Ce0.6Gd0.4O1.8, is recognized to have the ability
o suppress coke build-up; Marina et al. [68] and Livermore
t al. [69] have reported a high activity to methane oxidation
ithout carbon deposition with a Ni/GDC cermet anode. The
erformance of the Ni/RDC anodes can be further improved
y dispersing uniformly trace amounts of noble-metal cata-
ysts like Ru or Pd, especially at lower operating temperatures
70,71].

Chemical reaction at the anode/electrolyte interface can
ead to interface phases that block O2−-ion transport from the
lectrolyte to the anode. For example, GDC and YSZ react
uring sintering at 1200 ◦C to form a Gd-rich phase with O2−-
on conductivity two orders of magnitude lower than that of
SZ at 800 ◦C [72,73]. In this case, a thin buffer layer of
e0.43Zr0.43Gd0.10Y0.04O1.93 between the anode and the elec-

rolyte blocks the chemical reaction [74]. However, the Ni
f a Ni/GDC anode was also found to inhibit reactivity bet-
een the YSZ and the ceria [73]. The perovskite electrolyte
a0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM) reacts with NiO and with
m-doped ceria (SDC) of a Ni/SDC anode to form LaNiO3,
aSrGa3O7, and LaSrGaO4, all of which block O2−-ion trans-
ort. The solution in this case was to introduce a La0.6Ce0.4O1.7
LDC) buffer layer having a La activity equal to that of the LSGM
75–79]. The phase relationships in the LaO1.5–CeO2–NiO
ystem are illustrated in Fig. 2, which were confirmed experi-

entally [76]. No reaction products were found between CeO2

nd NiO. With a 200-�m-thick LSGM as the electrolyte and
DC as the buffer layer, a porous composite anode of Ni and
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Fig. 3. Cell voltage, power density as a function of current density at various
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emperatures. The cell consists of air, Pt + SCF/LSGM/LDC/LDC + Ni, dry H2

ith 200-�m-thick LSGM electrolyte, SrCo0.8Fe0.2O3 (SCF) cathode coated
ith sputtered Pt.

a-doped ceria exhibited a power density as high as 1.4 W cm−2

t 800 ◦C in H2, as shown in Fig. 3 [77].
GDC works well as an electrolyte for an intermediate-

emperature SOFC [80,81]. Ce0.9Gd0.1O1.95 has an oxide-ion
onductivity of 10−2 S cm−1 at 500 ◦C, and the Gd3+ ion is the
referred dopant compared to Sm3+ and Y3+ at this temperature
81]. Zha et al. [82] have co-pressed a Ni/GDC anode supporting
20-�m-thick GDC electrolyte; the Ni of the anode was intro-
uced by a solution-impregnation technique. A SOFC fabricated
ith this technique reached, at 600 ◦C with humidified H2, CH4,

nd C3H8, peak power densities of 0.60, 0.52, and 0.43 W cm−2,
espectively.

. MIECs

Since carbon formation on Ni is a problem and since the
DCs are MIECs having some catalytic activity for oxidation
f hydrocarbons, Gorte and co-workers [83–87] have replaced
he Ni by impregnating ceria with Cu. In these anodes, Cu only
rovides electronic conductivity; the ceria, which becomes an
IEC in the reducing atmosphere at the anode, acts as the oxi-

ation catalyst. Reaction (5′) does not occur on Cu, and the
vailability of O2− on the surface of the ceria enhances reactions
2) and (7) over reaction (5) so as to suppress coke formation.

Cu/CeO2/YSZ composite anode has shown activity for direct
lectrochemical oxidation of a variety of dry hydrocarbon gases
ithout degradation from carbon deposition. Compared with
i/YSZ, a Cu/CeO2/YSZ anode exhibits a substantially bet-

er performance with carbonaceous fuels, especially with CO
nd syngas fuel [83,88]. However, in these anodes the YSZ
nd RDC portions must make good contact for O2− transport
cross the interface [89]. To improve the catalytic activity of the

u-impregnated composite anodes, McIntosh et al. [90] have

ystematically investigated the effect of dispersing Pt, Pd, and
h into the pores with the Cu. Pmax for operation on CH4 was

ncreased by a factor 10 over that obtained on a Cu/CeO2/YSZ

c
o
o
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node without a noble metal. Putna et al. [91] have demonstrated
hat addition of Rh to a Cu/SDC anode improved significantly
he cell performance in CH4. Alternatively, the catalytic activity
as been enhanced by replacing Cu with an alloy, e.g. Cu–Ni
92]. An FexCo0.5−xNi0.5/Sm0.2Ce0.8O1.9 cermet anode showed
very low interfacial resistance to give a cell with a high Pmax

93].
Importantly, the ceria-based anodes with Cu exhibit a high

olerance to sulfur poisoning. A Cu/CeO2/YSZ anode operating
n H2 fuel at 800 ◦C showed no degradation on introducing H2S
p to 450 ppm [94].

Baidya et al. [95] have shown that Ce0.84Ti0.15Pt0.01O2−δ

rystallizes in the fluorite structure, has an enhanced reducibility
ompared to CeO2, and shows a high catalytic activity for partial
xidation of hydrocarbons. This material, with or without Pt, has
et to be tested as the anode of a SOFC.

Since the RDCs are tolerant to sulfur and the ability of an
DC to replenish O2− ions to its surface prevents coke build-
p, the next logical step is to explore for other oxides that
re MIECs in the reducing atmosphere at the anode and are
atalytically more active than ceria for the oxidation of hydrocar-
ons. The perovskite structure readily accepts oxygen vacancies,
nd mixed-valent transition-metal perovskites are electronic
onductors. Therefore, the AMO3−δ perovskites containing a
ransition-metal M atom in the octahedral sites and a combina-
ion of rare-earth and alkaline-earth metals in the larger A sites is
n attractive option. However, there are at least five constraints
n this option:

. Retention of electronic conductivity requires that the active
redox couple on the M atom remain only partially reduced in
the atmosphere at the anode, i.e. that the perovskite remains
mixed-valent.

. The active redox couple must have a low enough energy to
accept electrons from H2 or hydrocarbon fuel in order to
induce its dissociative chemisorption on the oxide surface.

. Catalytic activity requires an easy release of oxidized pro-
ducts from the surface as well as rapid replenishment of O2−
ions to the surface.

. The oxygen vacancies that allow for O2−-ion conduction
must not be ordered at TOP.

. The thermal expansion must be compatible with that of the
electrolyte.

he first two requirements narrow the acceptable energy range
f the active redox couple. The third constraint requires that
he cations, particularly the M atoms, have comparable energies
n sixfold and fivefold or fourfold oxygen coordination. The
ourth constraint may not be too stringent for TOP ≥ 700 ◦C pro-
ided the first is maintained, but retention of a mixed valence
n the M atoms under operating conditions may require special
tmosphere control to avoid a large thermal expansion due to
eduction/oxidation on thermal cycling.
La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM) is an excellent O -ion
onductor; both Ga3+ and Mg2+ are stable in either tetrahedral or
ctahedral coordination as also is Mn2+. Therefore, substitution
f Mg by Mn in LSGMn has been explored as a possible anode
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96–100] since Mn2+ is stable in a reducing atmosphere. Howe-
er, the Mn3+ concentration appears to be too small in the anode
tmosphere for a competitive performance. This problem is less
evere in the perovskite system (La1−xSrx)0.9Cr0.5Mn0.5O3−δ

xplored by Tao and Irvine [101–103]. For a cell with a 0.3-
m-thick YSZ electrolyte supported by this anode and a porous
a0.8Sr0.2MnO3 cathode, the maximum power densities were
.47 W cm−2 and 0.2 W cm−2 for wet H2 and CH4 at 900 ◦C,
espectively [102]. Wan et al. [104] have shown that the addition
f impregnated Cu and Pt to increase, respectively, the electronic
onductivity and the catalytic activity raises these Pmax values.
owever, these oxides aged and are poisoned by small amounts
f sulfur in the fuel.

Aguilar et al. [105] have shown that H2S is oxidized by the
ixed-valent La1−xSrxVO3−δ (LSV) perovskite in the reaction

Os
2− + H2S = SO2 + H2O (10)

hich makes a SOFC with an LSV anode tolerant to 10% H2S in
2, but the Pmax at 1000 ◦C was not competitive. Reaction (10)

ppears to be selectively preferred over reaction with H2. Zha
t al. [106] have shown that the pyrochlore Gd2Ti1.4Mo0.6O7−δ

an also operate on 10% H2S in H2 without poisoning by sulfur;
eaction (10) is also operative on this MIEC.

Among the numerous other perovskite systems that have
een explored, those containing Ti continue to attract atten-
ion because Ti remains mixed-valent Ti4+/Ti3+ in the reducing
tmosphere at the anode and this redox couple is stable enough
n an oxide to accept electrons from a hydrocarbon or H2 in

chemisorption dissociation reaction. Moreover, the Ti4+ ion
ccepts square-pyramidal oxygen coordination to allow removal
f oxygen from the surface. But in order to sustain the fuel-
xidation reaction, the perovskite must also be a good oxide-ion
onductor. Whereas most MIEC perovskites support oxide-ion
onduction via oxygen vacancies, the La1−xSrxTiO3+δ perovs-
ites are oxygen-rich; they accommodate the extra oxygen
y introducing LaO (0 0 1) planes inserted between perovskite
locks. As a result, there are few mobile oxygen vacancies in
he perovskite blocks. Nevertheless, these titanates have a high
lectronic conductivity, are stable in reducing conditions, and
esist sulfur poisoning [107–110]. For δ < 1.167, these exten-
ed defects become disordered and truncated, the perovskite
s more easily reduced, and the oxide-ion conductivity, σO,
ncreases. Nevertheless, σO remains too low to sustain a high
ate of catalytic fuel oxidation because the Ti atoms prefer
ctahedral coordination in the bulk. To alleviate this situation,
uiz-Morales et al. [111] introduced Mn and Ga; the Mn2+

nd Ga3+ ions are stable in octahedral and tetrahedral oxy-
en coordination, which can facilitate oxygen-vacancy transfer.
ingle-phase La4Sr8Ti11Mn0.5Ga0.5O37.5 was prepared in air.
n the reducing atmosphere at the anode, the Mn3+ is redu-
ed to Mn2+ and some Ti4+ are reduced to Ti3+ to give good
lectronic conductivity on the Ti subarray. Moreover, oxygen

acancies are introduced into the perovskite blocks to give a
igh enough σO to sustain the catalytic fuel reduction reac-
ion at a reasonable rate by replenishment of the O2− ions
n the surface. This material demonstrates impressive fuel-cell

n
b
l
P
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erformance on wet hydrogen and is active for methane oxi-
ation with open-circuit voltages in excess of 1.2 V at high
emperatures. Fu et al. [112] have reported a similar perfor-

ance with La0.4Sr0.6Ti1−xMnxO3−δ. Vashook et al. [113] have
uggested overlaying a film of La0.1Ca0.9Ti0.9Ru0.1O3−δ on a
a0.1Ca0.9TiO3−δ anode to improve the catalytic activity.

The rate of the catalytic reaction at the surface of an anode
ay not be limited by the rate of diffusion of O2− ions to the

urface, but by the rate of chemisorption. Therefore, numerous
tudies have been directed to identification of catalytic additives
o the surface. The need for a further acceleration of electocata-
ysis for the oxidation of CH4 is made apparent by the lower Pmax
alues with CH4 versus H2 as fuel. Ruthenium is an excellent
atalyst for methane steam reforming. However, its use is limited
y cost and by evaporation of RuOx at high TOP. Nevertheless,
auvet et al. [114] have emphasized that the insertion of Ru into
perovskite can stabilize against RuOx evaporation.

The double perovskite Sr2FeMoO6 is a ferromagnetic metal;
össbauer data [115] show it has a mixed Fe3+/Fe2+ valence

nd NMR [116] that it has a mixed Mo(VI)/Mo(V) valence,
hich means that the Mo(VI)/Mo(V) redox band overlaps the
e3+/Fe2+ couple. Therefore, since the Fe3+/Fe2+ couple is at
high enough energy that even in a reducing atmosphere it is

ot possible to reduce all the Fe3+ ions completely to Fe2+ in
e1−δO, the Mo(VI)/Mo(V) redox couple can be expected to
emain mixed-valent in the reducing atmosphere at the anode.

oreover, the ability of Mo(VI) and Mo(V) to form molybdyl
ons allows a sixfold-coordinated Mo(VI) to accept an electron
hile losing an oxide ligand; this ability is the basis of the cataly-

ic activity of the (PMo12O40)3− Keggin ion to partially oxidize
crolein to acrylic acid [117]. However, removal of an O2− ion
rom the surface of Sr2FeMoO6 is accompanied by stabiliza-
ion of the Fe3+/Fe2+ couple, and any additional lowering of the
xygen coordination at the iron atoms makes them susceptible to
omplete reduction to metallic iron. Therefore, if the oxide-ion
onductivity of the MIEC is not great enough to keep the surface
eplenished with O2− ions, metallic iron forms over time at the
urface of the anode to degrade performance. On the other hand,
f it is possible to replace the Fe by an M2+ cation that has a com-
arable preference for octahedral and tetrahedral coordination,
he σO of the double perovskite will be enhanced and the loss of
urface oxygen would not cause reduction of the M2+ ion to the
etal. Since a mixed-valent Mo(VI)/Mo(V) redox band provides

ood electronic conductivity even where this band does not over-
ap a redox couple on the counter cations, replacement of Fe by

= Mn1−xMgx is a promising choice. The electronic conducti-
ity of ceramic bars of Sr2Mg1−xMnxMoO6−δ (SMMO) had a
O ≈ 10 S cm−1 at 800 ◦C in H2 and CH4; and the system gives
n excellent anode performance in both H2 and CH4 as well as
oderate sulfur tolerance [118,119].
Fig. 4 shows cell voltage and power density as a func-

ion of current density at different temperatures for single
ells with typical anodes of Sr2MgMoO6−δ in H2, H2 contai-

ing 5% H2S, and CH4. In these experiments a thin LDC
uffer layer on 300-�m-thick LSGM was used as electro-
yte; SrCo0.8Fe0.2O3−δ was the cathode. For Sr2MgMoO6−δ, a
max = 0.84 W cm−2 at 800 ◦C and 0.45 W cm−2 at 700 ◦C in H2
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Fig. 4. Cell voltage, power density as a function of current density for single
fuel cells with anodes of Sr2MgMoO6−δ in different fuels H2, H2/H2S, CH4.
The open symbols represent the cell voltages while the closed symbols represent
the power densities.

Fig. 5. The maximum power density (Pmax) at 800 ◦C vs. cycle number as
well as testing time for single fuel cells with various Sr2Mg1−xMnxMoO6−δ

anodes. (A) Sr2MgMoO6−δ (x = 0) obtained in dry, wet H2, H2/H2S, CH4;
(B) other anodes in dry H2; (C) other anodes in dry H2/H2S. The data of
(La0.75Sr0.25)0.9Cr0.5Mn0.5O3−δ (LSCM), Sr2Mg0.9Cr0.1MoO6−δ anodes are
also displayed for comparison.
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ig. 6. The variation with time of the cell voltage, power density, cathode,
node overpotentials for Sr2MgMoO6−δ in H2 containing 50 ppm H2S at 800 ◦C.
urrent density was fixed at 0.92 A cm−2.

ignals that a commercially viable power density can be achie-
ed with a thinner electrolyte. In dry and wet (3% H2O) CH4, a
max ≈ 0.44 W cm−2 and 0.34 W cm−2, respectively, as well as

ts sulfur tolerance promises to enable the use of natural gas as
uel.

Fig. 5 shows Pmax at 800 ◦C versus cycle number for
ingle cells with different anodes. Whether in dry or wet fuel,
r2MgMoO6−δ performed stably over 50 power cycles, and the
urves for H2 and H2/H2S essentially overlapped, indicative of
he excellent tolerance for sulfur even for H2 containing 50 ppm

2S, see Fig. 6.
Our recent results [120] show that the La-substituted double

erovskite Sr2−xLaxMgMoO6−δ with 0.6 ≤ x ≤ 0.8 has better
erformance as the anode of a SOFC. With LSGM as electro-
yte and SrCo0.8Fe0.2O3−δ as cathode, the Sr1.2La0.8MgMoO6−δ

node exhibits a Pmax as high as 0.55 W cm−2 in wet CH4 at
00 ◦C. It also works well in wet C2H6 and C3H8 fuels. Our
xperiment shows that the Mo(V)/Mo(IV) redox couple and
g/Mo ordering play important roles in the electrochemical

erformance.

. Conclusions

Present-day Ni/RDC cermets developed for a SOFC opera-
ing on syngas have been developed to where they are technically
iable, but the fabrication costs are a problem. The use of natural
as as a fuel would make the technology much more competitive,
ut carbon formation on the anode and sulfur poisoning appear
o rule out the use of Ni as a catalyst. This situation has forced the
ommunity to explore for electronically conductive oxides that
re also O2−-ion conductors (MIECs) in the anode atmosphere
nd catalytically active for fuel oxidation. The several conditions
hat must be met for these materials to provide the performance
eeded have been outlined, and some recent promising materials

ave been identified. Nevertheless, power densities with natu-
al gas appear to be about half those with H2, and the catalytic
ctivity of these promising oxides may need to be supplemented
y the impregnation of the oxides with catalysts for CH4 oxi-
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ation, a step that would increase the cost. However, the recent
dvances in catalytic MIEC anodes provide hope that the SOFC
ay become a commercially competitive option in the future
ix of energy-conversion alternatives.
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