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In this review article, new systems being investigated for application in solid oxide fuel cells are
discussed. For the electrode materials, materials with the perovskite or related structures continue to
dominate the field, due to the need for high electronic conductivity. Research in this field is being
directed toward compositions allowing high ionic conductivity in addition to their electronic
contribution. In contrast, research on new electrolyte materials has shown a diverse range of
structure-types, with an apparent tendency toward structures containing cations in lower coordina-
tion environments, particularly tetrahedral. In both the electrode and electrolyte area, materials
allowing the incorporation of oxygen excess into interstitial sites have shown promising results,
warranting further investigations of materials that will allow this type of defect chemistry.

1. Introduction

With the growing concerns regarding increasing green-

house gas emissions and diminishing fuel reserves,

research on fuel cell technologies has risen to high pro-

minence both from the academic and industrial commu-

nities. Fuel cells are electrochemical power generation

devices, which offer higher efficiencies than conventional

power production based on combustion processes. They

have a wide range of potential applications ranging from

providing power for portable devices (e.g., mobile

phones, laptop computers) and transport applications,

to both small and large scale stationary power applica-

tions. In terms of the latter, solid oxide fuel cells offer the

greatest prospects for commercialization, with a number

of companies in this area developing systems for the

market. Solid oxide fuel cells (SOFCs) are all solid state

systems consisting of three main components, an electro-

lyte (which conducts oxide ions or protons), a cathode,

and an anode. They operate at elevated temperature

(500-1000 �C) to ensure adequate ionic conduction in

the electrolyte, and electrical output is obtainedwhen fuel

is provided to the anode side of the cell, with air (oxygen)

provided to the cathode. The high temperature operation

offers both benefits and disadvantages, compared to

other lower temperature fuel cells (e.g., polymer). In

terms of the benefits, it allows the use of a wide range of

fuels (from hydrogen to hydrocarbons), along with

cheaper (nonprecious metal) materials for the electrodes.

However, the key disadvantages are in terms of the

difficulty in maintaining sealing of the cells (particularly

for temperatures >700 �C), long-term stability of the

individual materials, and compatibility (both chemical

and thermal) between electrolyte and electrodes.As a result,

there has been huge interest in the development of new

materials with improved performance for potential use in

future SOFCs, and this review will highlight some of the

most interesting new systems. In the rest of this introduc-

tion, an outline of the conventional materials that have

attracted interest for potential use in SOFCs will be pre-

sented, with sections 2-4 discussing the new materials.
1.1. Conventional Electrolytes. Those materials with

applicability as electrolytes in a fuel cell must have a wide

range of characteristics, including high ionic conductivity
(oxide ion or proton), high ionic transport numbers

(negligible electronic conductivity) in a wide range of

oxygen partial pressures, chemical stability at high temp-

eratures under partially reducing/oxidizing conditions,

and good sinterability for their fabrication as gastight

membranes with very thin thicknesses.1 In traditional

oxide ion conductors, the ionic transport mechanism is

mediated by the presence of oxygen vacancies, and the

materials most widely studied are fluorite- or perovskite-

related, which allow the formation of these extrinsic

anion vacancies by aliovalent doping.2

Stabilized zirconia, which has the fluorite structure
(Figure 1), was first used in a fuel cell3 in 1937, although
it had previously been employed as the electrolyte in the
Nerst-lamp. In modern fuel cells, the tetragonal/cubic
form is stabilized by producing a solid solution with
trivalent rare earths ZrO2-Ln2O3 or divalent alkaline
earth metals ZrO2-AO. The most widely used are those
stabilized with yttrium (YSZ) or scandium4 (SSZ).
The conductivities of these solid solutions increase with
the degree of substitution to an optimum for 8% Y2O3

and 11% Sc2O3,
5 and this maximum conductivity is

reached at a degree of substitution close to the minimum
that stabilizes the cubic fluorite phase.6,7 The high-
est ionic conductivities are found by doping with scan-
dium,8 although such systems have higher cost than the
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corresponding Y2O3 doped systems. Consequently, YSZ
has become the electrolyte most widely used in SOFCs. It
has excellent properties as an electrolyte, although one
major drawback is that high working temperatures
(800-1000 �C, depending on the thickness of the electro-
lyte) are needed to obtain sufficient ionic conductivity,
with the consequent problems with high temperature
sealing and of compatibility with the rest of the materials
used in the fuel cell.
The drawback of high working temperatures can be

partially overcome by replacing YSZ with a stabilized
ceria, which has higher conductivities thanYSZ, allowing
for lower temperature operation (500-700 �C).9-11 Sta-
bilized ceria is normally doped with gadolinia (CGO) or
samaria (SDC) for the creation of the oxygen vacancies
required to deliver high oxide ion conductivities.12-14 The
optimumdoping levels are in this case close to 10-11%of
rare earth oxide.15 The main drawback of stabilized ceria
is the partial reduction of Ce4þ to Ce3þ under the high
temperature reducing conditions present in a fuel cell,
which leads to electronic n-type conductivity and thus a
decrease in the performance of the cell. However, the
reduction of cerium has been shown to be almost negli-
gible at temperatures below 600 �C, and so stabilized ceria
is a suitable candidate for intermediate temperature fuel
cells (500-600 �C), with the commercialization of such
cells being investigated.
Recently, a very interesting observation has been made

by Kim et al., who have observed power generation in
water concentration cells at room temperature using YSZ
or SDC electrolytes when they are nanostructured.16,17

This result is based on the previous discovery of ionic
conductivity at low temperature in YSZ when the grain
size is≈15nm18 and, although the power density obtained is
at present very low and needs further optimization, it
opens up a very exciting prospect of study inside the field
of nanoionics.19-22

Bismuth based fluorite systems have also attracted
considerable attention, although potential SOFC appli-
cations in these cases are limited. Nevertheless, it is useful
to mention them here to highlight the problems that can

be faced when developing a SOFC electrolyte. The high
temperature phase δ-Bi2O3 shows the highest oxide ion
conductivity reported for a solid electrolyte due to
its intrinsic oxygen vacancies, with one in four anion
sites vacant.23,24 The transition to the fcc δ-Bi2O3 occurs
between 705 and 730 �C. This variation in temperature
depends mainly on the purity of the samples, their ther-
mal prehistory, and their oxygen stoichiometry.25 The
stabilization26 of this high temperature phase to room
temperature has been made by doping with rare earth
elements27-29,31,32 obtaining conductivity values of 1.3 �
10-2 S cm-1 at 500 �C. Some studies claim that these
Ln2O3-stabilized fcc phases aremetastable33 and need the
use of double stabilizers, for example codopingwith other
metals such as Nb and W.34-38 For example, (Bi2O3)0.735
(Er2O3)0.21(WO3)0.055 shows a conductivity of 0.05 S cm-1

at 550 �C33 while (BiO1.5)0.88(DyO1.5)0.08(WO3)0.04 has a
conductivity of 0.043 cm-1 at 500 �C. This codoping also
increases the stability of the material with time.39 These
high conductivities should offer this material huge poten-
tial as an SOFC electrolyte; however, in reality these
materials have major drawbacks, including partial reduc-
tion under low oxygen partial pressures, bismuth volat-
ibility at relatively low temperatures, high thermal expan-
sion coefficients, and poor mechanical properties.40,41

Consequently, they are of limited use as SOFC electro-
lytes, and this highlights the problems faced when devel-
oping new materials; i.e., it is not just the high ionic
conductivity that is needed.
In terms of other fluorite-related materials, there have

been some studies into materials with the pyrochlore
structure A2B2O7,

42,43 which can be considered as a
superstructure of a defective fluorite (A,B)O2 with one
anionic vacancy per formula unit. The main difference
with the ideal fluorite is the additional ordering in
the cation and anion sublattices present in the pyrochlore
structure. The partial loss of this ordering is a key point
for ensuring the high ionic conductivity of these materi-
als. One of the systems most widely studied is Gd2-
(Ti1-xZrx)2O7,

44,45 which shows a large increase in
conductivity with increasing x due to structural disorder.
Gd2-yLnyZr2O7 solid solutions (Ln=Sm,Nd, and La) are
also good ionic conductors.46 Significant proton conduc-
tivity has been reported for some pyrochlore systems,
especially for La2Zr2O7-based systems, where proton
incorporation is promoted by doping with lower valent
cations on the A- or B-sites.47 Higher proton conductiv-
ities are found for zirconates doped on the A-site, i.e. the
proton conductivity of (La1.95Ca0.05)Zr2O7-δ is 6.8� 10-4 S
cm-1 at 600 �C; three times larger than that of the system
doped on the B site, suggesting differences in the proton
concentrations.48-51 However, the total ionic conductiv-
ities found for these materials are still below the values
obtained for YSZ and CGO, and so, their applicability in
solid oxide fuel cells remains limited.
Perovskite materials (Figure 2) have also been the

subject of a great deal of research for SOFC electrolyte
applications. High oxide ion conductivity was reported in
1994 simultaneously by Goodenough52 and Ishihara53 in

Figure 1. Fluorite structure adopted by ZrO2 and CeO2 (large spheres=
Zr/Ce, small spheres=O).
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substituted lanthanum gallate systems of composition
La1-xSrxGayMg1-yO3-δ (LSGM). The conductivity of
the lanthanum gallate system is increased by codoping on
both the La andGa site to produce the requisite oxide ion
vacancies. Although Mg2þ is the main dopant on the Ga
site, with typically y=0.15-0.2, small codoping with Co,
Fe, and Ni54,55 seems to have beneficial effects on the
conducting properties. For example, the introduction of
small amounts of Co (La0.8Sr0.2Ga0.8Mg0.115Co0.085O3)
increases the oxide ion conductivity, especially at low
temperatures (0.1 S cm-1 at 650 �C), without causing
problems of increasing the p-type electronic conduction
significantly.56,57 With conductivities similar to those
of SSZ allowing lower operation temperatures, these
perovskite have a lot of potential for SOFC applications,
although their main drawbacks are the volatility of Ga at
high temperature under reducing conditions and the
reactivity with Ni, present in the most commonly used
anodes. However, they do have the advantage of a better
stability, with regards to their ionic transport number, at
low pO2 than stabilized ceria.
While doped LaGaO3 is an excellent oxide ion con-

ductor, other perovskite materials originally conceived as
oxide ion conductors have been confirmed to be good
proton conductors as well.58,59 In general, water dissolves
in the acceptor-doped oxides filling the oxygen vacancies
according to eq 1.

H2O þ VO
•• þ OOT2OHO

• ð1Þ

However, although the most favorable site for the
interstitial proton is linked to a lattice oxygen creating a
hydroxide anion, the hydrogen transport is mediated by

free protonmigration (Grotthusmechanism) and not by a
vehicle mechanism of hydroxide ion transport.60-62 The
most widely studied perovskite proton conducting sys-
tems are cerates63,64 and zirconates65 in the form Ba(Zr/
Ce)1-xYxO3-x/2. The cerates are the systems with higher
proton conductivity, but show problems of stability
versus CO2. Doped barium zirconate has the advantage
of having higher chemical stability but presents some
problems of poor sinterability and poorly conducting
grain boundaries.66 There have, however, been some
recent advances in respect of these problems. Zn doping
(<5%) in these systems has been shown to be successful
in allowing densification (>95% theoretical) at tempera-
tures of 1200 �C, which is about 200 �C lower than
withoutZn doping.67,68 In addition, these Zndoped dense
membranes were shown to display relatively good stabi-
lity in CO2 atmospheres.
High proton conductivity has also been reported for

complex perovskites of the type A2(B
0B 00)O6 and A3-

(B0B2
00)O9, where A is a divalent cation, B0 is a divalent or

trivalent cation respectively and B00 is a pentavalent
metal, usually Nb or Ta.69,70 To attain this high conduc-
tivity, it is necessary to produce oxide ion vacancies,
which is achieved by increasing the concentration of the
B0 ions at the expense of the B00 ions. Some examples
include A3Ca1þxNb2-xO9-3x/2,

71 Sr3CaZr0.5Ta1.5O8.75,
72

or Sr2Sc1þxNb1-xO6-x.
Brownmillerite-type Ba2In2O5 has also attracted con-

siderable interest. This phase can be classed as an oxygen
defective perovskite, where at room temperature the
oxygen vacancies are ordered, resulting in alternating
layers of octahedral and tetrahedral indium.73,74 This
phase then undergoes an order/disorder transition to a
tetragonal perovskite above 900 �C that gives a drastic
increase in its oxide ion conductivity (0.1 S cm-1 at 900 �C).
Several doping strategies have been suggested for low-
ering the temperature of this transition or even suppres-
sing it, for example substitutions on the In site by W,75

Ti,76 Ga,77,78 V,Mo,79 or on the Ba site by La80,81 or Sr.82

Doping on the In site with a more stable trivalent metal
also improves the stability against CO2 and reduces the
problem of volatilization of In2O3.

83 Proton conductivity
has also been reported in these materials.84,85

Overall in terms of these conventional electrolytes, the
ZrO2 and CeO2 based electrolytes have dominated in
industrial devices, although LaGaO3 and BaCeO3 based
systems show significant promise.
1.2. Conventional Anodes. In a solid oxide fuel cell, the

oxidation of the fuel (hydrogen or hydrocarbons) takes
place at the anode. The materials used for the fabrication
of this electrode therefore need to accomplish a series of
requirements of electrocatalytic activity for this reaction
and stability in severely reducing environments, together
with high electronic conductivity and compatibility with
the rest of the materials of the SOFC system. Tradition-
ally, the most widely used anodes for SOFCs consist of a
metallic component dispersed into a matrix of the elec-
trolyte material. These cermets are designed to accom-
plish the requirements of high electronic conductivity,

Figure 2. Perovskite structure adopted by LaGaO3 (octahedra=GaO6,
large spheres=La).
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electrocatalysis, and appropriate microstructure, while
minimizing problems due to coking and sulfur poisoning
reactions. As a result of its electrochemical activity in
hydrogen oxidation and hydrocarbon reforming, nickel is
the preferredmetal in these cermets.86 Itsmixture with the
electrolyte material favors the thermomechanical match-
ing with the electrolyte, while at the same time avoiding
the formation of Ni agglomerates that would reduce the
surface area and hence the amount of triple phase bound-
aries necessary for the catalytic processes.
In the YSZ based SOFC, the anode is usually aNi/YSZ

composite87 with 40-60% Ni. These materials are nor-
mally produced fromNiO/YSZmixtures that are reduced
in situ to obtain Ni metal. However, Ni based anodes do
have some drawbacks, such as their reactivity with some
La containing electrolytes,88 as well as more critically
their low tolerance to sulfur (present in significant quan-
tities in natural gas) and the deposition of carbon (coking)
when hydrocarbons are used as the fuel and the steam
levels are low.89,90 The stability and performance of the
anode toward hydrocarbon fuels can be improved when
CGO is used instead of YSZ, the ceria providing addi-
tional catalytic activity.91 In addition, the activity of the
Ni-based cermets for hydrogen oxidation also increases
when ceria is used as a matrix in the order Ni/YSZ<Ni/
CeO2 < Ni/SDC < Ni/PrOx.92 Copper has also been
proposed as an alternative to Ni,93-95 although CeO2 is
typically added to provide the requisite catalytic activity.
However, a recent study has shown the destabilization
ofYSZ in the presence of copper compounds, which leads
to the formation of monoclinic zirconia.96 Finally, an-
other important drawback of the use of these cermets as
anodes is their poor redox stability due to the change in
volume that they show when exposed to oxidation pro-
cesses, which leads to the degradation of the cell and
decrease in performance.97

1.3. Conventional Cathodes. Apart from the general
stability and compatibility requirements of any fuel cell
material, those used in the cathode electrode need to have
high electronic conductivity under oxidizing conditions
and a good catalytic activity toward promoting oxygen
dissociation.Most of the traditionally used cathodes have
the perovskite structure, e.g. doped LaMnO3 and
LaCoO3,

98 and typically, they are employed as a compo-
site with the electrolyte. A detailed compilation of perov-
skite materials for cathode applications can be found in a
comprehensive review by Skinner.99 In lanthanum man-
ganate LaMnO3, the high p-type electronic conductivity
arises from the presence of mixed valence Mn (Mn3þ and
Mn4þ), which is enhanced by doping with alkaline earths,
especially Sr.100,101 La1-xSrxMnO3 (LSM) has very good
electronic conductivity at high temperature, but possesses
poor oxide ion conductivity. In addition, it reacts with
YSZ electrolytes at high operating temperatures forming
an insulating interface that decreases the performance of
the cell, especially when large Sr/La ratios are used. The
analogous cobalt phase La1-xSrxCoO3 (LSC)102 im-
proves the cathode performance, especially when CGO
is used as the electrolyte,103,104 by increasing the catalytic

activity and oxide ion conductivity. However, this ma-
terial also reacts with YSZ electrolytes, and its thermal
expansion coefficient (TEC) (≈23 � 10-6 K-1) is much
higher than that of YSZ and other typical SOFC electro-
lytes. The use of composites with the electrolyte can,
however, help to partially overcome this mismatch. Zhao
et al.105 have recently reported the preparation of com-
posites of LSC with Sm0.2Ce0.8O1.9, with good perfor-
mance and high resistance to thermal cycles and thermal
shock observed. Further investigation on the stability of
these cobaltate systems and their use at low temperatures
has pointed to other compositions as promising, e.g.
Gd1-xSrxCoO3 and Sm1-xSrxCoO3.

106,107 Doping with
Fe on the Co site in La1-xSrxCo1-yFeyO3-δ (LSCF) has
also attracted interest, leading to a better thermal expan-
sion coefficient match, and improved stability at high
temperature.108,109

2. New Cathode Materials

In the search for newSOFC cathodematerials, the need
for high electronic conductivity, along with ideally high
ionic conductivity has meant that perovskite and related
(e.g., Ruddlesden-Popper) systems have dominated the
research.
2.1. Ruddlesden-Popper-type Materials. Ruddlesden-

Popper-type materials have emerged in recent years as
promising alternatives to the traditional perovskites for use
as cathodes in SOFCs. These systems have the general
formula Anþ1MnO3nþ1 (A=rare earth/alkaline earth; M=
transition metal) and consist of perovskite layers separated
by rock salt layers, the value of n determining the perovskite
layer “thickness”. They show a diverse defect chemistry,
allowing both hypo- and hyperstoichiometry in terms of
their oxygen content, which makes them very attractive for
the fine-tuning of their electrical properties. In particular,
oxygen hyperstoichiometry can be achieved through the
incorporationof excess oxide ions into interstitial siteswithin
the rock salt layers. The most widely studied systems are the
n=1phases,whichpossess thewell-knownK2NiF4 structure
(Figure 3)110-115 with the greatest emphasis on the
La2NiO4þδ composition. Despite promising cathode elec-
trochemical properties, they still present some problems in
terms of compatibility with the electrolyte. For example,
Sayers et al.116 have studied their applicability in the inter-
mediate temperature range by analyzing the compatibility of
La2NiO4þδ with CGO and LSGM as electrolytes. The
results showed significant reactivity of La2NiO4þδ with
CGO after heating at 900 �C, and thus, its application with
this electrolyte may require the use of a protective layer
between electrolyte and electrode. In contrast, no signs of
reaction were found between La2NiO4þδ and LSGM,
although other studies have suggested some reactivity.117

Tests of La2NiO4þδ electrodes in symmetrical cells with
CGO electrolyte gave an area specific resistivity (ASR) of
3.4Ω cm-2 at 640 �C,with similar results alsoobservedwhen
YSZ is used as the electrolyte.118 La2NiO4þδ has also been
found to reactwith someof the newer electrolytes,whichwill
be discussed in the next section.
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There have been a wide range of fundamental studies
into this material with the influence of the thickness of the
La2NiO4þδ layers having been studied by various
authors,119,120 in addition to the effect of multilayer
ceramics combining dense and porous components.121

From a chemical point of view, however, the most inter-
esting studies have concerned the optimization of this
system through La and/orNi site substitution. Regarding
the Ni site substitutions, the cations most commonly
examined have been Co,122 Fe,123,124 and Cu. Recently,
Aguadero et al.125 have evaluated the performance of
materials from the series La2Ni1-xCuxO4þδ on both YSZ
and LSGM electrolytes, finding the lowest ASR values
with LSGM as electrolyte. Cu-substituted samples were
reported to exhibit lower ASR than undoped La2NiO4þδ,
with the best performance observed for intermediate
compositions (x = 0.4). Zhao et al.126 have examined
the introduction of high levels of Co along with codoping
with Sr, La2-xSrxCo0.8Ni0.2O4þδ (x=0, 0.4, 0.8, 1.2, 1.6).
Cathode composites of these materials with Ce0.9G-
d0.1O1.95 were produced, with the best performance ob-
served for x=0.8. LaSrFeO4þδ materials127 have also
been examined and reported to show similar electroche-
mical performance to that of nickel based systems.
The partial substitution of La by Sr in La2NiO4þδ has

also been widely studied, with recent steady-state oxygen
permeation measurements for La1.9Sr0.1NiO4þδ

128 in
comparison to La2NiO4þδ

129 showing that the former
has a higher activation energy for the oxygen self-diffu-
sion coefficient (DO) and similar activation energy for the

surface-exchange coefficient. The lower values of DO in
La1.9Sr0.1NiO4þδ can be correlated with the lower con-
centration of oxygen interstitials (δ), showing the impor-
tance of these.
Further doping studies have examined varying the rare

earth cation, and Mauvy et al. have reported lower
cathodic ASR values for praseodymium nickelate,
Pr2NiO4þδ.

130 The effect of doping on the Ni site
in Pr2NiO4þδ was studied by Miyoshi et al.,131 who
reported that the oxygen permeation rate was improved
by doping with Cu and Mg. Neodymium nickelates have
also been investigated, with reports suggesting that these
show improved chemical stability versus CGO132 and
YSZ,130 since no reaction was found when using
Nd2-xSrxNiO4 and Nd1.95NiO4þδ, respectively, as elec-
trodes.
As noted at the start of this section, one of the most

interesting features of these systems is their ability not
only to accommodate oxide ion vacancies, as for perov-
skite cathodes, but also to allow the introduction of oxide
ions into interstitial sites. An important feature is there-
fore an understanding of the influence of composition on
the ionic transport mechanism. The diffusion path of
oxide ions in (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4þδ has
been reported from a high-temperature neutron powder
diffraction study.133 The results showed that the oxygen
atom at the O2 site (0 0 z) exhibits highly anisotropic
thermal motion (U11=U22 > U33), which leads to the
migration of oxide ions to the nearest-neighbor intersti-
tial O3 positions, forming curved O2-O3 diffusion paths
in a 2D arrangement. This anisotropy is also corrobo-
rated by Burriel et al.,134 who determined the anisotropic
oxygen tracer diffusion and surface exchange coefficients
in epitaxial thin films. They showed that both coefficients
are two to 3 orders of magnitude lower along the c-axis
than in the ab plane. Atomistic computer simulations
carried out by Cleave et al.135 have also predicted this
anisotropy, with calculated activation energies of 0.35 eV
for the vacancy migration in the ab plane compared to
0.77 eV along the c-axis. In addition, this work predicted
the interstitial migration in the ab plane to have an energy
barrier of 0.86 eV, suggesting a vacancy conduction
mechanism be favored. An in situ high temperature
neutron powder diffraction study has also been carried
out on La2Ni0.6Cu0.4O4þδ

136 to explain the change in
the conduction regime from semiconductor-like below
400 �C to high-temperature metallic behavior. The
authors correlated this change in regime with an abrupt
contraction in the axial Ni-O2 bond lengths at 400 �C,
causing the shrinkage of the perovskite layer along the c
direction.
Apart fromtheK2NiF4-typematerials,higher-order (n>1)

Ruddlesden-Popper phases have also been studied as
cathodes for SOFCs. Amow and Skinner113 prepared
Lanþ1NinO3nþ1 (n=2 and 3) phases, which were obtained
as the anion deficient La3Ni2O7-δ and La4Ni3O10-δ,
respectively; the higher Ni oxidation state (n=1, 2þ; n=
2, 2.5þ; n=3, 2.67þ) in the stoichiometric phase for these
higher order systems meaning that oxide ion vacancies

Figure 3. K2NiF4 structure adopted by La2NiO4 (octahedra=NiO6,
large spheres=La).
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rather than interstitials predominate to lower this
valence.137-139 Despite these different defect character-
istics, these materials showed improved thermal stability,
electrical conductivity, and electrode performance over
that of La2NiO4þδ. The synthesis of these materials was
later improved by a single-step heat treatment of nano-
sized metal hydroxide cocrystallized precursors.140

2.2. Layered Double Perovskites. Despite the growing
interest in Ruddlesden-Popper type systems, perovskite
materials continue to attract the most attention as cath-
odes, with significant interest in the double perovskites,
AA0B2O6-δ, where A

0 is normally Ba, A is a lanthanide,
and B is a first row transition metal. The most widely
studied compositions correspond to the LnBaCo2O5þδ

formula, with Ln = Pr, Nd, Sm, Gd.141-144 The key
feature of these materials is that A and A0 are ordered
in alternate layers, and two features make them attractive
for application as cathode materials: their high electronic
conductivity above the metal-insulator transition tem-
perature (around 350 �C) and their excellent oxide ion
conductivity.145,146 The oxide ion mobility appears to
increase with increasing ionic radius of the Ln3þ cation,
since the large lanthanides increase the nominal oxidation
state of the cobalt ions and hence the oxygen content.147

Thus, PrBaCo2O5þδ shows very good oxygen transport
properties along with very fast oxygen surface exchange
kinetics.148,149However, although the oxygen permeation
flux for PrBaCo2O5þδ is higher than that of GdBa-
Co2O5þδ (8.0 � 10-8 mol cm-2 s-1 compared to 2.6 �
10-8 mol cm-2 s-1 at 800 �C), the activation energy is also
much higher (134.9-49.1 kJmol-1), and as a result, when
the temperature decreases below 675 �C, the oxygen
permeation flux of PrBaCo2O5þδ is smaller than that of
GdBaCo2O5þδ.

150

Taranc�on et al.151 have reported very promising results
for GdBaCo2O5þδ

152 tested in symmetrical cells with
La0.8Sr0.2Ga0.8Mg0.2O3-δ and Ce0.9Gd0.1O1.95 electro-
lytes, obtaining ASR as low as 0.25 Ω cm2 at 625 �C.
However, high reactivity was found with YSZ at tem-
peratures as low as 700 �C. Pe~na-Martinez153 have com-
pared GdBaCo2O5þδ and the related perovskite
Ba0.5Sr0.5Co0.8Fe0.2O3-δ as cathodes on La0.9A0.1-
Ga0.8Mg0.2O2.85 (A= Sr, Ba) electrolytes, finding that
the performance of both cathode materials was better
when Sr was used in the electrolyte, with lower ASR
values for Ba0.5Sr0.5Co0.8Fe0.2O3-δ in the 600-800 �C
temperature range. This latter phase will be discussed in
more detail in the next section.
When the lanthanide used is Pr, ASR values as low as

0.4 Ω cm2 were measured at 600 �C in air, based on
symmetric cell tests.154 A thin-film SDC electrolyte fuel
cell with a PrBaCo2O5þδ cathode delivered good peak
powerdensities of 620 and165mWcm-2 at 600and450 �C,
respectively. Promising results have also been reported
for analogous materials with Sm as the rare earth cation.
A SmBaCo2O5þδ cathode on SDC and LSGM electro-
lytes gave polarization resistances of 0.098 and 0.054 Ω
cm2, respectively, at 750 �C,155 with maximum power
densities for a single cell reaching 641 and 777 mW cm-2,

respectively, at 800 �C. The low temperature synthesis of
this SmBaCo2O5þδ material has been reported by Sun
et al.,156 who successfully synthesized it by the citric
acid-nitrate gel combustion process at temperatures as
low as 900 �C for 4 h, using undissolved and relatively
inexpensive Co3O4 as a starting material. Through such
low temperature synthesis routes, control of particle size
and hence cathode morphology can be achieved, hence
offering further advances.
Apart from the layered cobaltates, layered cuprates

LnBaCuMO5þδ (M=Fe, Co) have also been studied as
potential cathode materials for intermediate temperature
SOFCs. Zhou et al.157 have studied the applicability of
LaBaCuFeO5þx and LaBaCuCoO5þx as cathodes in
combination with SDC electrolytes. They reported ASR
values of 0.21 and 0.11 Ω cm2, respectively, at 700 �C.
However, the chemical and long-term stability of these
compounds still needs to be evaluated.
2.3. Other PerovskiteMaterials. Ba0.5Sr0.5Co0.8Fe0.2O3-δ

(BSCF) has become a very promising cathode material to
allow lower temperature operation. This was first reported as
a potential IT-SOFC cathode material for samarium doped
ceria electrolytes by Shao,158,159 and a recent review by Zhou
et al.160 highlights the existing interest on the understanding
and development of this cathode system. Baumann et al.161

have recently tested the electrochemical properties of BSCF
with thin film microelectrode configuration, finding extre-
mely low surface exchange resistances, 50 times smaller that
that obtained for (La,Sr)(Fe,Co)O3-δ materials. In agree-
ment with this result,Wang et al.162 havemeasured the oxide
ion diffusion coefficient by means of SIMS finding high
values, significantly larger than that for (La,Sr)(Fe,Co)O3-δ

perovskites.Further improvements in theconductionproper-
ties have been reported for rare earth substitutions, i.e.
(Ba0.5Sr0.5)1-xLnxCo0.8Fe0.2O3-δ with Ln=Sm,163 Nd,164

or La.165 Although very high performances have been
achieved with this cathode (1.3 W cm-2 at 600 �C with
GDC as electrolyte and a Ni-GDC cermet anode),166 it also
has some drawbacks. As with most of the Ba containing
cathodes, it undergoes some surface carbonation in the
presence of CO2, to the detriment of the surface oxygen
exchange coefficient and thusperformanceof the cell.167,168 It
also has some instability at low temperatures,169 with decom-
position occurring when thematerial is kept for long times at
temperatures below 900 �C.170

Lanthanum nickel ferrite, LaNi1-xFexO3 (LNF), has
also been considered as an attractive material for use as a
cathode, especially because of its high electronic conduc-
tivity, which reaches 580 S cm-1 at 800 �C for x=0.4.171

Its thermal expansion coefficient is also suitable to match
that of the YSZ, which favors the thermomechanical
stability of the system. Another advantage of these
LNF cathodes is their resistance against Cr poisoning,
which can potentially diffuse from the cell interconnect
material.172 However, recent studies have claimed pro-
blems with its reactivity with YSZ and CGO forming
poorly conducting phases at the electrolyte/cathode inter-
face.173,174 Doping with strontium on the lanthanum site,
La1-ySryFe1-xNixO3-δ, has been reported to increase the
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ionic conductivity by the introduction of oxygen vacan-
cies in the system but has the detrimental effect of
increasing the thermal expansion coefficient. Cu doping
in these systems has also been investigated, and fuel cells
containing LaNi0.2Fe0.8-xCuxO3 cathodes have been fab-
ricated by Li et al.175 The materials were prepared by the
coprecipitation method, and single phase samples were
obtained for x < 0.15. These fuel cells gave good peak
powerdensities of 635 and763mWcm-2 at 580and650 �C,
respectively.
2.4. Pyrochlore Materials. Ru based electrodes have

been suggested as promising candidates for low tempera-
ture SOFCs, due to their excellent catalytic activity
toward oxygen reduction. In this respect, pyrochlore
ruthenates, A2Ru2O7 (A=Bi, Pb), have been studied as
cathode materials, yielding low ASR values, although
they do show stability problems. The chemical reactivity
and long-term stability of these systems have been im-
proved by preparing the solid solution Bi2-xMxRu2O7-δ

(M=Sr, Pb)176 with low x values (Sr, x=0.1, 0.25; Pb, x=
0.5). In addition, the use of composites seems to improve
the performance of these pyrochlore materials. Camar-
atta et al.177 have studied composite electrodes consisting
of Bi2Ru2O7 and Er0.4Bi1.6O3, and by varying the weight
percent of each phase in the composite and improving the
microstructure, they obtained an area specific resistance
of 0.03 Ω cm2 at 700 �C. However, the high cost of these

materials is still a major obstacle for their commercial
development.
2.5. Other Cathode Materials. The mixed ionic/elec-

tronic conductor CeNbO4þδ has recently been proposed
as a potential cathodematerial. CeNbO4þδ has themono-
clinic fergusonite178 structure at low temperatures, trans-
forming to a tetragonal scheelite structure (Figure 4) at
750 �C.179 As for the K2NiF4 materials discussed earlier,
it has the ability to accommodate oxide ions in inter-
stitial sites, and this ability to adopt different oxygen
hyperstoichiometries (0 e δ g 0.33) is particularly in-
teresting.180 The oxygen excess is achieved through
partial oxidation of cerium, which also creates electron
holes.181,182 The applicability of this material as a cath-
ode, however, depends at present on the need for further
improvement in its electronic conductivity.
The spinel Cu1.25Mn1.75O4 (CMO) has also been recently

proposed183 as a potential cathode for use with YSZ
electrolytes. A cathode consisting of 50% CMO impreg-
nated YSZ had a polarization resistance of 0.3Ω cm-2 at
750 �C.

3. New Oxide Ion Conducting Electrolytes

As detailed in section 1, there has been considerable
interest in fluorite and perovskite oxide ion conductors,

which have tended to dominate the SOFC field. As a

result of the large amount of research on such electrolyte

systems, thematerials have essentially reached the state of

the art that is possible. Consequently, in recent years,

there has been a growing trend toward the investigation of

alternative structure-types, for the prospect of future

major advances. All these structure-types have been

known for a considerable time but only through recent

studies have they been shown to display high ionic con-
duction, highlighting the need for further rational inves-

tigation of the wide number of structure types known for

identification of the next generation electrolytes.
3.1. La2Mo2O9. La2Mo2O9, first reported by Lacorre

et al., shows very high conductivities (0.06 S cm-1 at 800 �C),
exceeding that of YSZ at elevated temperatures.184 In
their early work, Lacorre et al. showed that at low
temperatures, the structure was likely monoclinic, and
the oxide ion conductivity relatively low. At a tempera-
ture of ≈580 �C, a phase transition to a cubic cell was
observed with an accompanying large jump in conductiv-
ity (nearly 2 orders of magnitude), reminiscent of that
observed for the brownmillerite phase Ba2In2O5. The
monoclinic symmetry of the low temperature (R) form
has since been confirmed byEvans et al.185 This structural
work showed that the material possesses a complex unit
cell, containing variable coordination for Mo. PDF ana-
lysis of neutron diffraction data has indicated that the
local structure is the same in both the low temperature (R)
form and high temperature (β) form, indicating that the
phase transition is related to a change from a static to a
dynamic arrangement of oxide ion defects.186 It is the
presence ofMowith different coordination numbers, that
is thought to be vital in ensuring the high conductivity,

Figure 4. Structure of tetragonal CeNbO4 (tetrahedra=NbO4, large
spheres=Ce).
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with recent modeling work suggesting that the oxide ions
move in a cooperative fashion.187

One of the problemswith the undoped system is the fact
that the conductivity only becomes practical for applica-
tions in the high temperature (β) form. Consequently,
there has been a lot of interest in doping studies to
stabilize the β form to lower temperatures. This work
has shown that most substitutions on either the La (e.g.,
other rare earths, alkaline earths, alkali metals, Bi) orMo
(e.g.,W,V, S,Cr,Nb,Ta) sites will stabilize the cubicβ form,
and enhance the low temperature conductivity.184,188-197

In addition, F doping has also been shown to decrease the
temperature of the order-disorder transition.198 In terms
of optimumdopants, most work has concentrated on rare
earth and W doping. In particular, W doping helps to
increase the stability of these systems in strongly reducing
conditions, which is a significant concern for potential
applications of these La2Mo2O9 electrolytes. However
high W levels also lead to a significant reduction in
conductivity. In terms of a compromise between stability
and conductivity, the composition La1.7Gd0.3Mo0.8-
W1.2O9 has been reported to be most promising.190 In
addition, recently Nb doping has been shown to result in
very high conductivities, higher than in the parent high
temperature (β) form (0.11 S cm-1 at 800 �C for
La2Mo1.94Nb0.06O8.97).

191

The very high oxide ion conductivity of these systems
have been confirmed by isotope exchange depth profile
techniques, where higher oxide ion diffusion coefficients
(1.4� 10-6 cm2 s-1 at 800 �C) than fluoritematerials have
been determined.199 Despite these high oxide ion con-
ductivities, this system is not without its problems, one
being the stability in reducing conditions as highlighted
above. In addition, Mo volatility is a concern at the high
temperatures required to achieve dense membranes. Con-
sequently, low temperature synthesis routes (e.g., spray
pyrolysis, sol gel, combustion) to nanoparticulate materi-
als have been examined, which have been successful in
achieving dense membranes (>95% theoretical) at tem-
peratures up to 300 �C lower than for powders prepared
from conventional solid state reaction.200,201 Another
problem is the high reactivity with conventional SOFC
cathodematerials, attributedmainly toMo diffusion into
the cathode,202 although the material has been shown to
be stable in contact with NiO/Ni.203 In addition, the
material is also stable in conjunction with CeO2 based
electrolytes, and so, these have been explored as protec-
tive layers on the cathode side to avoid migration of Mo
into the cathode.204 However, such protective layers
cannot overcome the problems of high thermal expansion
displayed by this material (15-20 � 10-6 K-1) in com-
parison to conventional fuel cell electrodes.202

Recently, there have been some interesting effects seen
with regard to particle size and the production of thin
films. Zhuang et al. have reported that the conductivity
increases inLa2Mo2-xWxO9 (0exe 0.2)with decreasing
grain size in thin films.205 Thus, a conductivity of 0.07
S cm-1 was obtained at 600 �C for a sample with an
average grain size of 90 nm.

Overall these materials are very promising oxide ion
conductors, although the stability and thermal expansion
mismatch problems outlined above are currently limiting
SOFC applications.
3.2. Apatite-typeMaterials.Materials with the apatite

structure have been widely researched internationally,
although this work has traditionally mainly focused on
their application as bioceramics, waste encapsulation
materials, and as host structures for rare earth lumines-
cence properties. Research into apatite materials as
potential solid oxide fuel cell electrolytes was initiated
by reports of very high oxide ion conductivity in lantha-
nide silicates with the apatite structure by Nakayama
et al.206,207 Subsequently, the germanium containing
analogues were also identified as excellent oxide ion
conductors.208 Since these initial studies, work on these
systems has grown significantly, although there is still a
certain amount of confusion/controversy regarding
their conduction mechanism, particularly for the silicate
systems. Apatite-type oxides have an ideal general for-
mula of A10(MO4)6O2, where A=alkaline earths, rare
earths, M=Si, Ge, P. Their structure may be described
as comprising of isolatedMO4 tetrahedra arranged so as
to form distinct oxide ion andA cation channels running
parallel to the c axis. More recently, White et al. have
proposed an alternative description in terms of an
(A)4(MO4)6 framework, with the remaining A6O2 units
accommodated in the “cavities” within the framework
(Figure 5).209 Both descriptions have their merits, with
the latter White description being particularly useful in
accounting for some of the crystallographic subtleties of
these materials.

Figure 5. Apatite structure in terms of a (A)4(MO4)6 framework
(consisting of AO6 trigonal metaprisms linked to MO4 tetrahedra), with
the remaining A6O2 units accommodated in the “cavities” within the
framework.
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In terms of oxide ion conducting apatites, the best
properties are observed for samples containing the lar
ger rare earths (La, Pr, Nd) and M=Si, Ge, with no
reports of high oxide ion conduction in M=P apatite
materials.210-222,222-227 In terms of the defects required
for the high oxide ion conductivities, initially it was
assumed that, as for the traditional fluorite and perov-
skite-type electrolytes, oxide ion vacancies were crucial,
with a vacancy conduction mechanism proposed. How-
ever, subsequent work has identified the importance of
interstitial oxide ions in these materials, the poor con-
ductivities of apatites withM=Pbeing attributed to their
inability to accommodate interstitial oxide ions.210,219,228

Thus, it has been shown that doping to introduce oxide
ion excess, i.e. La8þxA2-x(MO4)6O2þx/2 (A=Ca, Sr, Ba;
M=Si, Ge), results in increasing oxide ion conductivity
with values>1� 10-3 S cm-1 at 500 �C for samples with
high oxide excess (x > 0.5).219 In addition to samples
containing oxygen excess showing high oxide ion con-
ductivity, there have also been reports of samples contain-
ing cation vacancies, but nominally stoichiometric in
terms of oxygen, showing high conductivity, e.g. La9.33-
(SiO4)6O2. It has been proposed that the presence of
cation vacancies causes local displacements which en-
hances Frenkel defect formation, and thus the conducting
interstitial oxide ions are provided by intrinsic defects
rather than extrinsic.210,219

The location of the interstitial sites within the structure
in the silicate apatites, and the conduction mechanism for
these silicates has attracted a considerable amount of
discussion outside the scope of this review (for further
details of themechanisms proposed, see, for example, refs
219 and 228-232).However, an interesting observation is
that conductivity measurements on single crystals have
shown that although the conduction is anisotropic, being
larger along the c direction, there is still substantial
conduction perpendicular to the c direction (e.g., σc=
1.3� 10-2 S cm-1, σab= 1.2�10-3 S cm-1 at 500 �C for
Pr9.33(SiO4)6O2

233), and it has been proposed that “SN2”
type “exchange” processes are responsible for this latter
conduction.219 This is significant, as other structure-
types, which have not been studied due to lack of per-
ceived conduction pathways, may also display significant
ionic conduction via similar processes, when suitably
doped. In addition, the very high conductivities observed
for single crystal samples along the c direction suggest
that studies into orientated thin films are warranted.
Although there have been numerous reports in the

literature of the synthesis of the composition La10-
(SiO4)6O3 (the x = 2 endmember of the La8þxA2-x-
(SiO4)6O2þx/2 series), corresponding to an interstitial
oxide ion content per formula unit of 1.0, such samples
invariably contain La2SiO5, and so in terms of single
phase samples, the maximum oxygen excess possible for
the silicate series is closer to 0.5 per formula unit, e.g.
La9A(SiO4)6O2.5 (A=Ca, Sr, Ba), La9.67(SiO4)6O2.5.

219

As noted earlier, the highest conductivities are observed
for these samples with the highest oxygen excess. How-
ever, another strategy to improve the conductivity of

these systems has been to dope on the Si site with lower
valent cations, e.g. Mg, Ga, Al, Zn.221,227,234-237 Mg
doping on the Si site has been shown to be particularly
beneficial, with conductivities as high as 0.074 S cm-1 (at
800 �C) reported for La9.8(SiO4)5.7(MgO4)0.3O2.4.

238

In contrast to the controversy regarding the location of
the interstitial sites in the silicate systems, there appears to
be greater concensus for the germanate apatites, with the
interstitial oxide ions being reported to be adjacent to the
GeO4 tetrahedra, essentially resulting in the formation of
five coordinate Ge.209,224,239,240 As for the silicates, high
conductivities are favored for samples containing high
oxygen excess and/or the presence of cation vacancies.
For these germanates, higher oxygen excess is achievable
than for the corresponding silicates (up to 1.0 per formula
unit). However, in this case, a further complexity arises in
that on increasing the oxygen content, for the series
La9.33þx(GeO4)6O2þ3x/2 and La8þxA2-x(GeO4)6O2þx/2,
there is a change in symmetry from hexagonal to tricli-
nic.219 This results in a lower conductivity at low temp-
eratures for such triclinic samples, e.g. La10(GeO4)6O3,
attributed to additional defect trapping in the lower
symmetry cell. This problem can be overcome through
Y doping, e.g. La8Y2(GeO4)6O3, which leads to hexago-
nal symmetry along with high conductivities.219,240,241

As for the silicate apatites, Al doping on the Ge site
has been reported to enhance the conductivity, with the
highest conductivity in the literature reported for the
composition, La9.5(GeO4)5.5(AlO4)0.5O2 (0.16 S cm-1 at
800 �C).211

The apatite germanates tend to have higher activation
energies than the corresponding silicates (≈1.0 eV versus
0.5-0.8 eV), and hence, the former show higher conduc-
tivities at elevated temperatures (>800 �C), while the
silicates have higher conductivities at lower tempera-
tures.219

The work above therefore highlights the high oxide ion
conductivities observed for these systems raising signifi-
cant interest in terms of applications as SOFC electro-
lytes. In addition to their high conductivities, these
apatites have compatible thermal expansion coefficients
with current electrodematerials, while the silicate apatites
are also cheap systems in terms of raw materials (the
germanates suffer from the high cost of GeO2, although
the flexibility of these apatite germanates to accommo-
date a range of dopants without a significant detrimental
effect on the conductivity means that cheaper low purity
GeO2 could be employed). They can be readily produced
by both conventional solid state and sol gelmethods, with
reports that ambient temperature synthesis through high
energy ball milling is also possible.242 As a result of the
cost of GeO2, work involving full cell systems has focused
on the silicates. So far, power outputs have been relatively
low, e.g. Yoshioka et al. have reported a maximum out-
put of 120 mW cm-2 at 800 �C for a fuel cell with a Mg
doped La9.8(SiO4)5.7(MgO4)0.3O2.4 electrolyte, a lantha-
num cobaltate cathode and a Ni/Ceria anode.238 This,
however, represented a significant improvement over
earlier work with the use of Pt electrodes, suggesting that
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further improvements can be made through electrode
optimization and, hence, identifying the need for more
work in optimizing electrodes for use with apatite elec-
trolytes. In this respect, there have been comparatively
few studies of the compatibility of these apatite systems
with fuel cell electrodes.243-245 McFarlane et al. exam-
ined the reactivity of a range of fuel cell cathodes with
La9.33(SiO4)6O2 at 1350 �C, which showed no secondary
phases, but some interdiffusion of the transition metals
(Fe, Co, Mn) into the apatite phase.243 Kharton and
co-workers have also tested different cathodes on apatite
La10(SiO4)5(AlO4)O2.5 electrolytes. They examined a
range of perovskite manganates and Ruddlesen-Popper
nickelates finding that the Ni based cathodes showed
better performance, with the manganates (SrMn0.6Nb0.4O3-δ,
Sr0.7Ce0.3Mn0.9Cr0.1O3-δ, and Gd0.6Ca0.4Mn0.9Ni0.1-
O3-δ) showing significant cation interdiffusion between
electrode and electrolyte.245 In addition, there are some
concerns regarding the potential poisoning of the elec-
trode materials due to the presence of Si in these systems,
with reported problems with surface diffusion of silica
from a La10(SiO4)5(AlO4)O2.5 electrolyte leading to a
blocking of the electrode-electrolyte interface
The potential use of these apatite systems in SOFCs

with NH3 as a fuel has also been studied, with the results
suggesting problems with this fuel at elevated tempera-
tures (g800 �C) due to significant nitridation: the O/N
exchange process (2N3- replacing 3O2-) reducing the
interstitial oxide ion content.246 Silica volatility has also
been reported on extended heat treatment at elevated
temperatures (>800 �C) in NH3 and H2, suggesting
that fuel cell operation be limited to below this tempera-
ture.245,246 Overall, these apatite systems show substan-
tial promise, although there is a need for further

compatibility studies on alternative compositions, for
example theMg doped silicates, as well as further full cell
tests to determine their true potential.
3.3. Other Oxide Ion Conductors. Another material in

which the accommodation of interstitial oxide ions has
been shown to be possible is the layered tetrahedral
network melilite structure (Figure 6). Rosseinsky and
co-workers have reported high oxide ion conductivity
(σ = 0.02-0.1 S cm-1 between 600 and 900 �C for
La1þxSr1-xGa3O7þx/2 (x = 0.54)) in such systems.247

The interstitial oxide ions are accommodated by the
ability of Ga to raise its coordination network, and the
flexibility of the structure allowing local relaxation
around the interstitial oxide ion defect. Indeed, this
observation aswell as the work on apatite systems suggest
that further doping studies to introduce interstitial oxide
ions should be tried for other structure-types in the search
for additional interstitial oxide ion conductors
(traditionally doping studies have focused solely on the
potential introduction of oxide ion vacancies).
In terms of other gallate systems, the cuspidine-type

materials, Ln4(Ga2O7)O2 (Ln = rare earth), have also
shown respectable conductivities. The structures of these
systems consist of chains of edge-sharing LnO7/LnO8

polyhedra interconnected through the Ga2O7 units. By
suitable doping with a higher valent cation, e.g. Ln4-
(Ga2-xMxO7þx/2)O2 (M=Ti, Ge),248-251 it is possible
to incorporate extra oxygen, which converts the isolated
M2O7 groups into chains of distorted trigonal bipyra-
mids, as observed for La4(Ti2O8)O2. The highest con-
ductivities (≈1�10-3 S cm-1 at 800 �C) were reported for
Nd4(Ga1.2Ge0.8O7.4)O2. For the Ti doped samples, lower
conductivities are observed, although these systems also
show evidence for proton conductivity below 700 �C in
wet atmospheres. An interesting feature of thesematerials
is their conduction mechanism, which for oxide ion
migration has been predicted by computer modeling
studies to proceed via a cooperative vacancy migration
process involving significant rotational motion.252 Despite
the interesting features of these cuspidine systems, their
conductivities are rather too low for SOFC electrolyte
applications, although the modeling studies have pre-
dicted that a low energy interstitial migration mechanism
may be possible for the fully Ti doped endmember, La4-
(Ti2O8)O2, if suitable doping to introduce oxide ion excess
could be achieved.
3.4. New Proton Conductors.Materials that show high

oxide ion conductivity can also display proton conduc-
tion in wet atmospheres, as highlighted above for the Ti
doped cuspidine systems. This occurs due to water in-
corporation into the vacant oxide ion sites (eq 1). The
perovskite systems, BaZr1-xMxO3-x/2 andBaCe1-xMxO3-x/2

(M=trivalent cation) continue to dominate the research
on proton conductors, as outlined in the Introduction.
In terms of newer chemical systems, there appears to be

a growing trend toward structure types containing tetra-
hedral moieities. Thus, initially there was significant
interest in lanthanide phosphate systems, with alkaline
earth dopedLaPO4 showing respectable proton conductivity

Figure 6. Melilite structure adopted by LaSrGa3O7 (tetrahedra=GaO4

units (dark=Ga1 site, light=Ga2 site), large dark spheres=La/Sr). The
Ga2 sites are believed to raise their coordination sphere to allow the
incorporation of additional interstitial oxide ions.
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(≈ 3�10-4 S cm-1 at 900 �C).253,254 Subsequently higher
conductivities were reported by Norby et al. for the
alkaline earth doped LaMO4 (M=Nb, Ta).255 An un-
usual feature of both these systems is that the conductivity
enhancement is observed for very low doping levels (≈1
at %). Indeed higher dopant levels have not so far been
achieved in these systems. The conductivities of these
LaMO4 systems are lower than the perovskites (≈10-3 S
cm-1 at 800 �C), but they show much higher stabilities in
CO2 containing atmospheres. For the phosphate systems,
NMR has suggested that the oxide ion vacancies are
accommodated by the formation of P2O7

4- units, which
when hydrated produce HPO4

2- units.253 Similarly,
recent modeling work on LaNbO4 has suggested the
formation of Nb3O11

7- defect clusters to accommodate
the oxide ion vacancies.256

In terms of moving toward electrolyte applications of
these systems, methods for producing dense membranes
have been examined, and the synthesis of fine particle size
samples of La1-xAxNbO4 (x=0, 0.005, 0.02; A=Ca, Sr,
Ba) via a spray pyrolysis route has been shown to be
successful in producing dense (>97% theoretical) pellets
at 1200 �C, lowered by a further 150 �Cbyhot pressing (25
MPa).257 In addition, the chemical compatibilitywith fuel
cell electrodes has been examined. This work has shown
good compatibility with Ni anodes and perovskite cath-
odes, although reaction was observed with La2NiO4þδ

cathodes.258

Similar proton conductivities have also been observed
in the gallate systems, La1-xBa1þxGaO4-x/2 and La1-x-
(Sr/Ba)2þxGaO5-x/2 (0e xe 0.2), containing tetrahedral
GaO4, although the latter systems suffer from stability
problems.259 The La1-xBa1þxGaO4-x/2 system has there-
fore been examined further and small improvements in
the proton conductivity were achieved by partial substi-
tution of Pr for La (σ ≈ 3� 10-4 S cm-1 at 500 �C for
La0.7Pr0.2Ba1.1GaO3.95

260). In this system, oxide ion va-
cancies are accommodated by the formation of Ga2O7

units, which are then broken up on water incorpora-
tion.261 The related Al containing analogue has also been
examined, although slightly lower conductivities were
observed.260

Overall in the proton conductor area, the perovskite
systems continue to dominate, but the CO2 stability of the
LaMO4 systems gives them promise.

4. Anode Materials

As noted in the Introduction, the most widely utilized
anode material is a Ni/electrolyte cermet, although there
is growing interest in cermets with Cu. These anodes offer
excellent performance particularly with H2 as the fuel.
However, they are not without their problems. In parti-
cular, with hydrocarbon fuels, catalytic cracking by Ni
can lead to carbon build up and hence poisoning of the
anode, especially if the steam concentration in the fuel
stream is low. In addition, the presence of S within the
fuel, present in significant levels in natural gas, will also
lead to poisoning through the formation of NiSx. There

has therefore been a lot of interest in the development of
anodes that are not susceptible to coking or sulfur poi-
soning. Consequently, there is a great deal of interest in
alternative anodes, and in this respect, there has been a
large focus on mixed metal oxide anode systems.
The research on mixed metal oxide anodes has been

driven by the belief that they will be less susceptible to
coking or S poisoning. In terms of suchmixedmetal oxide
systems, the need for high electronic conductivity in
the anode has focused attention particularly on perov-
skite materials. A key concern with respect to the utiliza-
tion of mixed metal oxide anodes is the reducibility of the
anode, leading potentially to complete reduction to the
metal and hence decomposition. Hence, such anodes
should contain transition metals that are stable against
such complete reduction under solid oxide fuel cell oper-
ating conditions. As a result, early work in this area
focused on titanate and titanate-niobate systems, due
to the intrinsic stability of such materials at high temp-
eratures in reducing conditions. SrTiO3 itself is relatively
difficult to reduce, and hence, low conductivities are
observed even at high temperatures in reducing condi-
tions. However, through suitable doping, enhancements
in the conductivity can be achieved. For these titanates, a
rich wealth of defect chemistry is accessible, with samples
containing cation vacancies, anion vacancies, and anion
excess being investigated.
Initial work focused on doping with either Nb (for Ti)

or La (for Sr), with charge balance by the introduction of
cation vacancies, i.e. Sr1-x/2Ti1-xNbxO3 and Sr1-3x/2Lax-
TiO3.

262,263 These cation deficient samples showed re-
spectable conductivities (≈10 S cm-1) at elevated tem-
peratures under reducing conditions and were stable
under both oxidizing and reducing conditions. Hence,
they could be prepared in air and then reduced in the
anode environment. This is an important feature, as it
means that it is easily possible to regenerate the properties
of the anode if there is a leak in the fuel cell. However,
despite these good properties, they suffer from poor oxide
ion conductivity, which can be attributed to the low levels
of oxide ion vacancies. Consequently, other systems were
investigated, and it was shown that by doping with Nb to
higher levels, related tungsten bronze phases, (Sr/Ba)0.6-
Ti0.2Nb0.8O3, could be prepared, which appeared to show
more promising behavior than the corresponding perov-
skites.264 However, these still suffered from poor oxide
ion conductivity, and similar problems were observed for
other tungsten bronze phases, (Ba, Sr, Ca, La)0.6Mx-
Nb1-xO3 (M=Ni, Mg, Mn, Fe, Cr, In, Sn).265 Further
doping studies in both perovskite and tungsten bronze
systems to improve the ionic conductivity by introducing
oxide ion vacancies have been unsuccessful.266,267

Subsequently oxygen rich perovskites, Sr1-xLaxTiO3þδ,
have attracted significant attention. These materials con-
sist of perovskite slabs separated by crystallographic
shears, which allow the accommodation of the excess
oxygen. They may be classed as an homologous series,
with the general formula La4Srn-4TinO3nþ2, with most of
the research focusing on the n=12 member of this series.
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The presence of excess oxygen makes these materials
readily reducible, and conductivities as high as 60
S cm-1 have been reported at elevated temperatures
under reducing conditions.268 Despite some promise, this
system also suffers from relatively poor oxide ion kinetics,
and hence, doping studies have been attempted to improve
this characteristic. In particular, the partial substitution
of Ti by Mn/Ga/Sc has been examined, since these
dopants are capable of accommodating lower coordina-
tion numbers, and so potentially enhancing oxide ion
conductivity.269-273 These doping strategies tended to
reduce the electronic conductivity slightly butwere shown
to enhance the fuel cell anode performance, expecially
with CH4 fuel. Particularly promising performance was
observed for the La4Sr8Ti11Mn0.5Ga0.5O38-δ/YSZ com-
posite anode. With this anode, polarization resistances
(e.g., 0.12Ω cm2 in wet H2 at 950 �C) which were 15 times
lower than the undoped system were obtained.271 How-
ever, there is still the need to improve the electronic
conduction of these titanate anodes further, as their
lateral conductivity is rather low when employed as a
composite anode with the electrolyte.
Higher electronic conductivities have been observed in

titanate perovskites by prereducing at higher tempera-
tures. Thus, for example, the conductivity of Sr0.86Y0.08-
TiO3-δ prereduced at 1400 �C has been reported to be
increased to 82 S cm-1 at 800 �C.274 Similarly, even higher
conductivities have been reported by Karczewski et al. by
prereducing in NH3 rather than H2, with the enhance-
ment attributed to N incorporation.275 A conductivity of
600 S cm-1 was observed for Sr0.92Y0.08Ti0.92Nb0.08O3-δ

prereduced at 1500 �C in NH3. However, such high
temperature in situ reduction is not practical for anode
supported SOFC applications, since it would lead to
reactivity between cell components and densification of
electrode layers. Hence, such an approach could only be
employed for electrolyte supported systems.
Another way to raise the electronic conductivity is the

introduction of other transition metals, e.g. Cr and Mn,
showing variable oxidation states, but with sufficient
stability under reducing conditions. La1-xAxCrO3 mate-
rials have been typically investigated for applications as
SOFC interconnect materials due to their reasonable
electronic conductivity and stability at elevated tempera-
tures under both oxidizing and reducing conditions. As a
consequence of these properties, the potential of these
systems as anode materials has also been investigated,
although the performance of the pure perovskite chro-
mates was shown to be rather poor. Through partial
substitution of Cr by other transition metal ions, e.g.
Mn, Fe, V, Ni, improvements in performance were
observed.276-280

In this respect, an important initial advance was the
report by Irvine and Tao of promising anode perfor-
mance for the mixed Cr/Mn system, (La/Sr)1-xCr0.5-
Mn0.5O3-δ (0 e x e 0.1).278,281 This material is stable at
elevated temperature in both oxidizing and reducing
conditions, with the conductivity shown to be essentially
p-type,beinghigher inoxidizingconditions (σ=20-35Scm-1

in oxidizing conditions, and 1-3 S cm-1 in reducing
conditions). This anodematerial was shown to give stable
operation in methane with low steam concentrations in
the fuel stream. Oxide ion diffusion coefficients deter-
mined through SIMS techniques gave values of 3� 10-8

and 4�10-10 cm2 s-1 at 1000 �C in reducing and oxidizing
conditions respectively.282 Thus, whereas the electronic
conductivity decreases slightly with decreasing p(O2),
there is a significant increase in the oxide ion conductivity
due to the introduction of oxide ion vacancies. The
increasing ionic conductivity in reducing conditions has
also been confirmed by detailed studies by Kharton
et al.283 However, as with the perovskite titanate systems,
the oxide ion conductivity is still relatively low. In addi-
tion, the catalytic activity is also relatively low. In order to
improve the performance of these anodes, composite
systems containing the electrolyte and a metal (Ni, Cu)
have been prepared. Liu et al. have shown that the
addition of a small amount of Ni (4%) to a (La/Sr)1-x-
(Cr/Mn)O3-δ/CGO composite leads to a significantly
improved performance with hydrocarbon fuels.284 The
Ni introduces additional catalytic performance, while the
low levels used appear to avoid problems of C formation.
Other additives to improve catalytic performance have
included CeO2 and Pd, with both reported to improve
performance with CH4 fuel, without the observation of C
deposition.285,286 In addition, recently improved perfor-
mance in CH4 has been reported for the Ce doped system,
La0.65Ce0.1Sr0.25Cr0.5Mn0.5O3.

287 These Cr/Mn systems
have also been shown to display improved stability in the
presence of S compared to Ni/YSZ anodes, although
Chen et al. did observe the presence of S containing
impurities after stability testing for 120 h in wet 99.5%
CH4/0.5% H2S.

286

Dopants other thanMn have also been investigated for
La1-xAxCrO3 materials. Ni doping has been shown to
improve anode performance. Thus, Sauvet et al. have
reported La1-xSrxCr1-yNiyO3-δ as potential anode sys-
tems, with the highest catalytic activity observed for the
composition with x = 0.3 and y = 0.05.277 Similarly,
Pr0.7Sr0.3Cr0.9Ni0.1O3-δ has been reported as a redox
stable anode, with conductivities of 27 and 1.4 S cm-1

at 900 �C in air and 5%H2, respectively.
288 One question

mark over these Ni doped systems has been, however,
whether the improved performance is partly due to Ni
precipitating from the material on reduction. Partial
substitution of Cr by V and Ru has also been exploited
to improve the catalytic activity.276

Vanadate perovskites, e.g. Sr1-xLaxVO3, have also
attracted some attention, due to their very high electronic
conductivities.289,290 However, these phases are unstable
in higher p(O2), while a further problem is the high
volume change on reduction, which limits any tolerance
to reoxidation. More promising potential has been ob-
served for the Mo doped vanadate, CaV0.5Mo0.5O3-δ,
which transforms to a scheelite-type structure on oxida-
tion, with the thermal expansion coefficients of both the
reduced and oxidized phases being similar both to each
other and other SOFCcomponents.291 Very high electronic
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conductivities (>525 S cm-1) were observed for the
reduced phase.
Indeed, Mo containing perovskites have become pro-

mising candidates for S tolerant anodes, following im-
portant work in this area by Huang et al.292-294 This
group investigated the double perovskites Sr2Mg1-x-
MnxMoO6-δ as potential anode materials (Figure 7).
The phases were shown to be stable in both oxidizing
and reducing conditions, with oxide ion vacancies intro-
duced on reduction (typically δ ≈ 0.05),295 which can be
accommodated by the presence of B site cations with the
ability to vary their coordination number. These systems
therefore offer high electronic conductivity coupled with
oxide ion conductivity. All the compositions showed
good anode performance, although those higher in Mg
content were shown to have the best performance. In
addition, these systems showed good stability in both H2

and CH4 fuels, along with a good tolerance to S. One
potential problem is Mo diffusion into the electrolyte,
although this can be overcome by the use of a ceria-based
buffer layer between anode and electrolyte. Further im-
provements in performance have been reported on La
doping,296 although such phases have also been reported
to be unstable under oxidizing conditions.297 In addition,
similar good anode performances have been reported for
Sr2CoMoO6, although there have been contradictory
reports for Sr2NiMoO6.

294,298 Overall these molybdates
show significant promise, with high power densities ob-
served for fuel cells employing these as anodes, warrant-
ing further detailed studies.
In terms of nonperovskite related anodes, TiO2 doped

YSZ/ScSZ have been examined, although the relatively
low (<20%) Ti solubility in the lattice resulted in electro-
nic conductivities that were far too low for suitable anode
applications (≈0.1 S cm-1 at 900 �C).299,300 Similarly

there has been limitedwork on pyrochlore-typematerials,
Ln2Ti2O7. However, as for the perovskite titanates, very
high temperature prereduction is required to achieve the
requisite high electronic conductivity.301

5. Conclusions

The need for improved energy efficiency has driven
solid oxide fuel cells to the forefront of research into
efficient electricity production. Traditionally, research
into new materials has been rather narrowly focused,
with an emphasis on fluorite and perovskite systems.
Whereas these two structure-types continue to dominate
the literature in this field, there is growing interest in
alternative structure types. In this review, we have shown
that such research into alternative systems is particularly
prevalent in the electrolyte area. In this area, there has
been an emergence of materials displaying high oxide ion
conduction due to the presence of interstitial oxide ion
defects. Such systems have also found promise in the
electrode areas, where oxygen excess materials with the
K2NiF4 structure have attracted considerable interest as
cathodes, while oxygen excess perovskite titanates have
shown promise as anodes. For all these areas, the identi-
fication of the “perfect” material remains fraught with
difficulty, due to the wide range of requirements for
SOFC materials, whether anode, cathode, or electrolyte.
Consequently, materials selection requires substantial
compromise between the individual requirements, and
so, the true potential of these new materials will only
become apparent with further detailed full cell testing and
optimization.
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