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(54) Title: PEROVSKITE-BASED FUEL CELL ELECTRODE AND MEMBRANE

(57) Abstract: The present invention provides a material suitable for use in a solid oxide fuel cell, wherein the material is of an,
optionally doped, double perovskite oxide material having the general formula (I): (Ln.Xs) « (Z1.Z2) {O, (I) wherein Ln is selected
from Y, La and a Lanthanide series element, or a combination of these and X also represents an element occupying the A site of a
perovskite oxide and is selected from Sr, Ca and Ba, and Z'and Z? represent different elements occupying the B site of a perovskite
¥ oxide and are selected from Cr, Mn, Mg and Fe, and wherein a has a value from 0 to 1, preferably, 0.7 to 1.0, b has a value of from
S 1100, preferably 0.3 to 0, and each of ¢ and d has a value of from 0.25 to 0.75, provided that a + b has a value of 1, and ¢ + d,
has a value of 1, and wherein e has a value of from 0.8 to 1, wherein f has a value of from 0.8 to 1, and g has a value of from 2.5
to 3.2. Also provided are SOFCs having an electrode or functional layer of a material or containing a material of the invention, as
well as mixed ionic/electronic conducting membranes suitable for use in a syngas reactor or oxygen separator, comprising a layer of
a double perovskite material of the invention, and a method of oxidising a fuel in an SOFC having an anode of a double perovskite

material of the invention.
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PEROVSKITE-BASED FUEL CELL ELECTRODE AND MEMBRANE

The present invention relates to fuel cell electrodes, and
more particularly to electrodes suitable for use in solid

oxide fuel cells (SQOFCs).

There is a great need for and interest in more efficient
means of converting chemical energy into electrical energy,
which has created great interest in fuel cells. The
practical commercial development of these has, though, been
held back by numerous practical problems. The SOFC is a
particularly attractive system, which can utilize hydrocarbon
fuels such as methane with internal reforming of the fuel,
and achieve relatively high efficiencies. Significant

problems remain, though, in relation to inter alia the design

of the anode used.

Many different materials have been tried in the search for
improved anode performance, including materialé such as
Ni/YSZ (YSZ = Y,03/Zr0O;) which has relatively good performance
but suffers from the substantial disadﬁantage of relatively
short working life due to the formation of carbon deposits
when using hydrocarbon fuels, susceptibility to poisoning
with sulphur which is frequently encountered in hydrocarbon
fuels and an intolerance to repeated reduction/oxidation
cycling, as was encountered in small systems such as CHP
units or APUs for automotive applications. It has also been
proposed to use LaCrO3 (P. Vernoux et al J. Electrochem. Soc.
145 3487-3492 (1998)), and more recently it has been proposed
to utilize LaCrO; which has been doped with various elements
in order to improve its performance (J. Liu et al
Electrochemical and Solid-State Letters 5 Al22-A125 (2002)).
Nevertheless even such doped LaCr0O; has relatively limited

electrochemical performance and effective working life.
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It is an object of the present invention to avoid or minimize

one or more of the above mentioned disadvantages.

" It has now, by consideration of a novel approach, been found

that by using a double perovskite material based on LaCrOs
instead of a doped LaCrO;, it is possible to achieve
electrical and catalytic properties comparable with prior art
anode materials such as Ni based anodes (that is with over-
potential losses which can be less than 100 mV at current
densities of 400 mAcm™?) without the need for using metallic
current conducting components, normally nickel and without
significant carbon formation and deposition when using
hydrocarbon fuels. Unlike previously tried doped LaCrOsz in
which a small number of the La and/or Cr atoms in LaCrOs,
typically 5 to 10%, or at most 20 %, are replaced by
different atoms, resulting in a doped form of a “single”
perovskite, in a double perovskite material the B sites of
the perovskite crystal lattice structure, normally occupied
substantially wholly by Cr, are occupied by similar amounts
of two different elements. It should be emphasised that the
term double perovskite is used here to emphasise double
occupation B-site, and not necessarily to imply any
structural order that manifests itself as two different

structural B-sites existing in the lattice.

Thus in one aspect the present invention provides a novel
material suitable for use in a solid oxide fuel cell,
especially in an anode thereof, wherein the material is of

an, optionally doped, double perovskite oxide material- having

the general formula I:

(LnaXp) e (2'cZ%) £0g (1)
wherein In is selected from Y, La and a Lanthanide series

element, or a combination of these and X also represents an
element occupying the A site of a perovskite oxide and is

selected from Sr, Ca and Ba, and 7' and 7?2 represent different
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elements occupying the B site of a perovskite oxide and are
selected from Cr, Mn, Mg and Fe, and wherein a has a value
from 0 to 1, preferably, 0.7 to 1.0, b has a value of from 1
to 0, preferably 0.3 to 0, and each of ¢ and d has a value of
from 0.25 to 0.75, provided that a + b has a value of 1, and
¢ + d, has a value of 1, and wherein e has a value of from

0.8 to 1, wherein f has a value of from 0.8 to 1, and g has a

value of from 2.5 to 3.2.

Thus it will be appreciated that although the z! and 72,
elements are preferably present in substantially equivalent
amounts, they can nevertheless depart to some extent from
exactly equivalent amounts. Also it is possible for the A
site in the perovskite material (occupied by Ln and X),

and/or the B site in the perovskite material (occupied by 7t
and 7%), to be somewhat depleted (e < 1 and £ < 1) without
disrupting the crystal structure thereof and significantly
degrading the properties of the anode. Similarly, although g
normally has a value of 3, some crystal defects in relation
to the O sites are also acceptable. More particularly some O
site deficiency (g < 3) is acceptable and indeed may be
useful in that it allows for O atom mobility between
different O sites within the crystal lattice of the material.,
A limited degree of excess O atoms (g > 3) is also acceptable

in at least some circumstances.

The novel double perovskite materials provided by the present
invention can be used in the production of anodes for use in
SOFCs and which have significantly improved electrochemical
berformance, electrical and catalytic properties when
compared with anodes of previously known materials, when used
with methane fuel, whilst avoiding the particular problems
and disadvantages of previously proposed electrodes such as
Ni-YS%Z. More particularly it has been found that they are

chemically redox stable, which may significantly decrease the
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volume instability during redox cycling that causes

degradation.

Whilst the novel materials of the present invention are
particularly valuable for use as anodes in SOFCs, they also
have other applications in SOFCs including as one or more of:
anode functional layer, cathode functional layer, cathode,

and interconnector.

As used herein “functional layer” indicates a thin
electroactive layer provided between the electrode current
collector (anode or cathode) and the electrolyte; or possibly
between the anode or cathode current collector and another
functional layer, for the purposes of protecting the
electrode itself from degradation(typically due to
interfacial reaction), and/or enhancing catalytic activity
and/or enhancing the performance characteristics (e.g.
reducing polarisation resistance). Typically such a
functional layer could have a thickness of from 1 to SOﬁm,
preferably 20 to 30pum. The functional layer may moreover be
substantially solid or have more or less greater porosity,
for example, up to 70% porosity, preferably from 30 to 60%

porosity, conveniently from 40 to 50% porosity.

The term interconnector indicates a component used for

-connecting together the electrodes of neighbouring cells in

an assembly of a plurality of cells connected together in

series. In this case the materials are preferably made with
high density (i.e. low porosity, preferably not more than 1 %
porosity, advantageously zero continuous porosity) in order

to make them substantially gas—impermeable.

As indicated above, materials of the present invention can,
surprisingly, be used as both anodes and cathodes. This

makes it possible to produce a cell with the same anode and
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cathode electrodes whereby it is possible to operate the cell
using either electrode as cathode and anode, and even to
reverse operation of the cell when required, for example, in
a reversible fuel cell application (in which energy can be
stored temporarily by applying a voltage to the electrodes),
by changing the cell connections so that the anode becomes

the cathode and vice versa.

Preferably 7! and Z? represent Cr and Mn, respectively.
p Yy

Advantageously X represents Sr.

Although it is a particular feature of the novel materials
provided by the present invention, that they have a
distinctly different nature and composition from the
previously known doped single perovskite materials, the
double perovskite materials used in accordance with the
present invention may nevertheless also be doped to some
extent i.e. any one or more of the A and B sites which would
otherwise be occupied by Ln, X, 7zt and 22, may be replaced to
a limited degree by one or more suitable dopant elements in

order to improve still further electrical and/or catalytic

properties.

Suitable dopants at the B sites i.e. replacing either or both

of some Z' and some Z? sites, for improving electrical

“conductivity include V, Fe, Cu, Co, Ti, Nb, Mo, Ru and Ni,

whilst suitable dopants for improving catalytic activity
include Pd, Ce, Ni, Ru and Mg. In general the dopant should
not occupy more than 20% of the B sites of the double
perovskite oxide. Where there is used a dopant, this is
preferably present at a level of not more than 20%,

preferably from 5 to 20%.

The novel materials of the present invention may be used with

various different electrolytes. In particular they have been
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found to be compatible and suitable for use with yttria
stabilised zirconia (YSZ) electrolyte which exhibits good
thermal and chemical stability. As used herein the
expression “double perovskite” indicates a material in which
the B sites in the crystal lattice structure of said material
are populated by comparable substantial amounts of two |
different elements, with not less than 25%, preferably not
less than 30% of the B sites populated by said two different
elements. Thus, although the invention encompasses materials
in which one of the elements can occupy as many as 75% of the
B sites, and the other as few as 25%, substantial amounts of
each one (at least 25%, preferably at least 30%) are present,
and the relative amounts (3:1 or less) are comparable -
unlike in a doped material in which the elements are in a

relative ratio of at least 4:1 and often 10:1 or more.

It should also be noted that the B sites could also be
occupied by a third element (Z3) present in an amount of at
least 30%, which is comparable to that of the first two
elements. Whilst such a material could be described as a
triple perovskite, it should be understood:to be also
encompassed within the “double perovskites” of the present
invention. Again the term “triple” reflects composition at

the B-site rather than a specific type of structural

ordering.

Preferred materials provided by the present invention are
those in which in general formula I, each of c and d has a
value of at least 0.4. Desirably, in general formula I, a

has a value of from 0.7 to 0.9, most preferably from 0.72 to

0.85.

Particularly preferred 7! and Z? species are Cr and Mn,

whilst a particularly preferred X species is Sr.
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The novel materials of the present invention may be prepared
by any suitable method known in the art. In general two or
more compounds consisting essentially of the required
metallic elements in suitable proportions, in the form of
suitable oxides or salts with nitric acids, are brought
together into intimate admixture with heat treatment. One
convenient method comprises a solid state reaction in which
dry oxides and/or carbonates (or other salts such as
acetates, oxalates etc) of the metal elements are mixed
together and fired at a'high temperature, typically of the
order of 1000 to 1400°C. Another convenient method comprises
combustion synthesis in which a solution of salts such as
nitrates of the required metal elements in suitable
proportions, in aqueous ethylene glycol, from which solution
water is progressively removed to yield a gel which can be
burnt to provide a char. Firing of the char at high
temperature, typically above 1100°C, then yields the double-

perovskite form of the material.

In order to make the material suitable for use as a fuel cell
electrode, it is necessary for it to be in a relatively
porous form which presents a relatively large surface area
for chemical interactions to take place at. Preferably the
electrode should have a porosity value of at least 20%,
preferably from 30 to 60% advantageously from 40 to 50%,
typically around 50%. In general suitably porous forms of
the novel double perovskite material may be obtained by the
addition of pore-forming agents (PFAs). The PFAs could be
one or more of carbon and organic materials, such as PVB
(polyvinyl butyral), PEG (polyethylene glycol), terpineol,
ethyl cellulose etc.

The novel materials of the present invention may be used in

various forms and configurations of SOFCs. Thus they may be
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used as anode and/or cathode, and/or functional layer, in

planar or tubular SOFC or SOFC rolls.

The novel materials of the invention are substantially
compatible with various electrolytes used in SOFCs, including
in particular doped ceria and especially perovskites such as

Sr- and Mg-doped LaGaOs etc, as well as undoped ceria.

In another aspect the present invention provides a SOFC
having an electrode or functional layer of a novel material

according to the present invention.

In a preferred aspect the present invention provides a SOFC

having an anode of a novel material according to the present

invention.

SOFCs using or containing an anode of the present invention
may be used to oxidise any fuel appropriate for fuel cell use
either directly or after at least partial reformation. Such
fuels include hydrogen; hydrogen; a hydrocarbon fuel compound
such as methane, ethane, propane, or butane; a hydrocarbon
based fuel compound such as methanol or ethanol; and a non-
hydrocarbon hydride fuel compound such as ammonia, hydrogen
sulphide; as well as mixtures of such compounds such as LPG,

gasoline, diesel, biogas, biofuel, kerosene, or JP8

Thus in another aspect the present invention provides a

method of oxidising a fuel in an SOFC, comprising the steps

of:
a) providing an SOFC having an anode of the novel material of

the present invention; and

b) applying a voltage to said SOFC so as to oxidize said

fuel.
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It is also possible in at least some cases to use the new
double perovskite materials provided by the present
invention, in fuel cell cathodes, and accordingly the present
invention also extends to a fuel cell cathode comprising a
substantially porous body of a double perovskite according
to the present invention. This provides the opportunity to
use the same material as both cathode and anode in a SOFC

with clear advantages with regard to compatibility issues.

In another aspect the invention provides a novel material
suitable for use in an anode in a solid oxide fuel cell,
wherein the material is of an, optionally doped, double
perovskite oxide material having the general formula I:
(LnaXp) e (27c2%) O3 (I)

wherein In is selected from Y, La and a Lanthanide series
element, or a combination of these and X represents an
optional second element occupying the A site of a perovskite
oxide and is selected from Sr, Ca and Ba, and %' and 72
represent different elements occupying the B site of a
perovskite oxide and are selected from Cr, Mn and Fe, and
wherein a has a value from 0.7 to 1.0, b has a value of from
0.3 to 0, and each of ¢ and d has a value of from 0.25 to
0.75, provided that a + b has a value of 1, and ¢ + d, has a

value of not less than 0.8, and wherein e has a value of from

0.8 to 1.

The novel double perovskite materials of the present
invention may also be used in mixed-conducting ceramic
membranes as a syngas reactor membrane or as a protective
layer on the natural gas side of a syngas reactor membrane
layer of another material (which typically comprises a dense
layer of lanthanum strontium-iron-cobalt oxide) or a related
composition. Such ceramic membranes are useful for partial

oxidation of natural gas into synthesis gas, often referred
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to as syngas. Syngas can be used to make liquid diesel and
other transportation fuels, as well as chemicals for the
petrochemical, rubber, plastics, and fertilizer industries.
Hydrogen can also be separated from the gas and used as an
energy source or by a refinery to produce cleaner, higher-
performance gasoline. The unique approach of the MIEC (mixed
ionic/electronic conducting) membrane technology allows the
integration of oxygen separation, steam- and COp- reforming,
and partial oxidation of methane into a single process. By
eliminating the need for a separate oxygen-production plant,
the technology substantially reduces the energy and capital
cost associated with conventional syngas production. The MIEC
membrane technology can also help to reduce NOy emissions by
using nitrogen oxides as an oxygen source. In addition, the
energy contained in the oxygen-depleted air stream can be

recovered through the generation of power and steam.

Thus in a further aspect the present invention provides a
mixed ionic/electronic conducting membrane comprising a layer
of a novel double perovskite material according to the
present invention. Typically said layer comprises a
protective layer on at least one side of a mixed
ionic/electronic conducting ceramic membrane, and especially

one suitable for use in a syngas reactor. Such a protective
layer would generally have a thickness of from 1 to 200 pm,

preferably from 20 to70um. Where the membrane consists
essentially of a novel double perovskite material according

to the present invention, the membrane would generally have a

thickness of from 10 to 500 um, preferably from 20 tolOOpm.
Such mixed ionic/electronic conducting membranes are also
suitable for use in separating oxygen from air for various
purposes, e.g. for the production of (substantially pure)
oxygen gas, or for use directly in reactions with other
materials (e.g. with methane in syngas production). It will

be appreciated that in such membrane applications, the
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perovskite material should be made with high density (i.e.
low porosity, preferably not more than 1 % porosity,

advantageously zero continuous porosity) in order to make
them substantially gas—impermeable. Such membranes may be

self supporting or supported on a porous metal or ceramic or

metal/ceramic composite, suppbrt.

Further preferred features and advantages of the invention
will appear from the following detailed examples given by way
of illustration, and drawings in which:

Figs. 1, 3 and 4 are graphs showing measurement of various
electrical properties obtained using anodes of the invention;
Fig. 2 is a schematic drawing of the principal parts of an
electrochemical cell of the invention in sectional elevation;
and

Fig. 2A is an underside plan view of the cell of Fig.2; and

Fig. 5 is a schematic sectional view of an SOFC.

Example 1 - Preparation of Double Perovskite Material

La,O; (4.8873g), SrCO; (1.4763g), Crz03 (1.5199g) and MnO;
(1.7388g) in powder form were mixed together in an agate
mortar. The mixed powders were transferred into a zirconia
container, with addition some acetone or ethanol and ball-
milled for 15 minutes twice, and then left for 10 hours in a

fume cupboard to evaporate the organic component.

The dried powders were then subjected to a series of high
temperature firing and intermediate grinding cycles using a
muffle furnace, as follows:

12 hours at 1400°C

1

2. 20 mins grinding
3 12 hours at 1400°C
4

repeat 2&3 once
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The above procedure yielded 9g of a double perovskite in the
form of a powder having the composition Lag,755rp.25CT0.5Mng.503

(LSCM). This phase exhibits a rhombohedral unit cell, a =

5.4562 (3)A, o=60.440 (9)°

Example 2 - Preparation of Double Perovskite Material

Lay03 (4.8873g), SrCOsz (1.4763g) and MnCO3; (2.299g) were
dissolved in dilute nitric acid (40 mls 4 N) and heated to
80°C with stirring until a solution is obtained. Then
8.0028g Cr(NOs3)39H,0 was dissolved into the solution. 25ml
pure ethyl glycol was then added into the mixed nitrate
solution and stirred at 80°C for 2 hours. The obtained gel
was transferred into a porcelain container and heated on a
hot plate until firing into char. The char was further
heated at 1100 to 1400°C to obtain the perovskite oxide

having the composition Lag.755r0.25Cre.5Mno.503.

Example 3 - Manufacture of Anode

The double perovskite material of Example 1 (0.45g) was mixed
with 0.05g carbon (graphite) and 5ml ethanol. The mixture
was ground in an agate mortar or ball-milled for 30 minutes
to form a slurry. The slurry was painted or screen-printed
onto an 8mol%Y,0; stabilised zirconia (YSZ) 2 cm diameter
disc with 2 mm thickness. The anode supported on the YSZ
electrolyte was then fired from room temperature heating up
at 5°C/min up to 1100°C, held at 1100°C for 4 hours, and then
cooled down to room temperature at 5°C/min. The thickness of
the anode so obtained is about 30-100pum with an area of lcm?.
A small amount of gold paste was partially coated onto the
anode (ca. 50% coverage) and fired at 900°C for 30 minutes
using a 5°C/min heating up and cooling down rate in the range
from 300°C to 900°C, to ensure better electronic contact for
testing purposes. Platinum paste (Engelhard Clal 6082) was
painted onto the opposite side of the YSZ pellet and fired at



WO 2004/013925 PCT/GB2003/003344

10

15

20

25

30

35

-13-

900°C for 30 minutes with 5°C/min heating up and cooling down
rates above 300°C to provide a counter electrode (or cathode)

and reference electrode, approximately 50pm thick.

Example 4 - Use of Anode

The anode obtained in Example 3 was mounted in a solid oxide
fuel cell configured in the form of a 0.2mm thick layer of
YS7Z electrolyte. Lag.sSro.2MnO3 (LSM) was coated onto the other
side of the YSZ sheet to provide a cathode. The slurry
composition used in the production of the cathode was 0.45g
Lag.gSrp.2Mn0O3, 0.05g graphite and 5ml ethanol. A thin layer
platinum paste (see Example 3) was coated onto the LSM and
fired at 900°C for 30 minutes with 5°C/min heating up and

cooling down rates above 300°C to provide a cathode current

collector.

Figure 1 shows the performance of the cell using the double
perovskite oxide Lag.755re.25Cre.sMno.s03 anode of Example 3, when
supplied with various different fuels: wet Hp, wet 5%H; or
wet and pure CHy, at 900°C. While the open circuit voltages
(OCVs) for wet 5%H, and wet H; were close to the value
predicted by the Nerst equation, 0.95 and 1.09V at 900°C, the
OCV for wet and unhumidified cylinder CH; was 0.87 and 086V
respectively, which is slightly lower than that for wet 5%H;.
The maximum power densities were higher for wet H, than wet
5%H,, with values of 0.34W cm™® and 0.17W cm™® respectively.
The maximum power density for wet methane was about 0.1W cm™

at 0.53V, which is slightly lower than that for wet 5%H,.

Example 5 — Properties of Anode

The properties of the anode of Example 3 were examined by
means of a three-electrode configuration test cell
illustrated schematically in Figs. 2 and 2A, which show a
disc shaped electrolyte 1 with an annular anode 2 on one face

3 and an annular cathode 4 and a central disc-form reference
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electrode 5 on the opposite face 6. The electrolyte was
sintered 8mol%Y,03 stabilized Zr0, (YSZ) pellet with 2mm

thickness and 20mm diameter. An anode with a thickness of

about 50um was deposited onto the YSZ electrolyte using an
ethanol-based slurry and firing typically at 1000 to 1300°C.
Pt paste (as previously described) was painted onto the other
side of YSZ as counter or cathode, and reference electrodes.
The anode over-potential with wet H, is shown in Fig. 3. It
was found that the anode resistance decreases under
polarization which is closer to the real operation conditions
than OCV. The polarization resistance is less than 0.3Q/cm?
at a current density 300mA/cm?. With further optimization,
this performance could readily be improved even more. Fig. 3
shows the potential and current change at 925°C under
operation using wet CHq as fuel at 0.4V bias. No significant
performance degradation was observed during four hours
operation although a trace amount of carbon was observed
after the fuel cell performance in wet CH; and cooling down

in the same atmosphere.

Example 6 - Preparation and use of Modified Anode

In some cells, a thin film interface of Ceq.sGdg.20, (CGO),
prepared by a sol-gel process, was applied between the YSZ
electrode and the anode. Anode polarisation resistance was
further decreased with such a thin layer (5 pum)of CGO
deposited between the YSZ electrolyte and LSCM anode as shown
in Fig. 4. The polarization resistances in wet 5%H, and wet
H, were about 0.62Q cm™ and 0.25Q cm™?, respectively. The
anode polarization in wet Hz at 925°C is comparable to that

of the conventional Ni-YSZ cermet anode at 1000°C.

Example 7 - Preparation and use of Functional Layer
Another possible application of the novel perovskite material

of Example 1, involves using this material as a thin
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functional layer, approximately 20-50 microns thick, which is
electrochemically active, on top of a conducting support such
as a nickel zirconia cermet or on a porous steel current
collector support, and in either case below a dense (<2%

porosity) YSZ electrolyte.

In one practical application, a double perovskite LSCM
material prepared according to Example 1 is used in a
composite multi-layered anode structure with a pure nickel
current collector layer, an LSCM outer functional layer, and
a series of progressively graded Ni-LSCM cermet intermediate
layers, as follows:

Layer Thickness % Composition

Nickel / LSCM

Current Collector 500um 100 / 0
Intermediate 10pm 80 / 20
Intermediate 10pm 50 / 50
Intermediate 10pm 20 / 80
Functional 30um 0 / 100

Example 8 - Preparation and use of Interconnector

Mix the stoichiometric ratios (as in Example 1) of LayOs;,
SrC0O;, Cr,03 and Mny0; together, add some acetone, ball-mill
in a zirconia container with zirconia balls for 30 minutes.
Fire at 1200°C for 20 hours twice with ball-milling with
acetone for 30 minutes. after each firing, then dry press into
30mm diameter pellets, and finally fire at 1500°C for 36
hours. This provides a pellet with relative density of
approximately 94% (ife. 6% porosity). Typically lanthanum
strontium chromite would require 1600°C heat treat treatment

to achieve similar densification.

Fig. 5 shows schematically an SOFC generator 7 of the the
invention for generating electricity from fuel gas. The

generator 7 comprises a tubular SOFC element 8 mounted in a
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chamber 9 and having an outer tubular anode 10 and an inner
tubular cathode 11 with an electrolyte 12 therebetween, the
anode, cathode and electrolyte being of the same materials as
those in the example illustrated in Fig.2. An air inlet tube
13 is provided for introducing pre-heated air 14 into the
interior 15 of the SOFC element 8, and a fuel gas supply pipe
16 provided for feeding pre-heated fuel gas 17 into the
chamber 9 around the anode 10. Electrical connections 18 are
connected to the cathode 11 and anode 10 for connection of
the generator 7 to an electrical load in use of the
generator. Exhaust gases 19 comprising spent air, unused
fuel, and oxidation products, are vented from the chamber 9
by an exhaust pipe 20, although it is generally preferred
that spent air 21 is exhausted separately from the unused

fuel gas, via a separate exhaust conduit 22.



WO 2004/013925 PCT/GB2003/003344

10

15

20

25

30

-17-

CLAIMS
1. A material suitable for use in a solid oxide fuel cell,
wherein the material is of an, optionally doped, double
perovskite oxide material having the general formula I:
(LnaXp) e (2'c2%) £0g (I)
wherein Ln is selected from Y, La and a Lanthanide series
element, or a combination of these and X also represents an
element occupying the A site of a perovskite oxide and is
selected from Sr, Ca and Ba, and z! and 22 represent different
elements occupying the B site of a perovskite oxide and are
selected from Cr, Mn, Mg and Fe, and wherein a has a value
from 0 to 1, preferably, 0.7 to l.O,Ab has a value of from 1
to 0, preferably 0.3 to 0, and each of ¢ and d has a value of
from 0.25 to 0.75, provided that a + b has a value of 1, and
¢ + d, has a value of 1, and wherein e has a value of from
0.8 to 1, wherein f has a value of from 0.8 to 1, and g has a

value of from 2.5 to 3.2.

2. A material as claimed in claim 1 wherein %' and Z2

represent Cr and Mn, respectively.

3. A material as claimed in claim 1 or claim 2 wherein X

represents Sr.

4. A material as claimed in any one of claims 1 to 3 wherein
is provided a B site dopant selected from V, Fe, Cu, Co, Ru,

Ni, Pd, Ce, Ti, Nb, Mo and Mg.

5. A material as claimed in claim 4 wherein the dopant is

present at a level of not more than 20%.

6. A material as claimed in claim 5 wherein the dopant is

present at a level of from 5 to 20%.
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7. A material as claimed in any one of claims 1 to 6 wherein
in general formula I each of ¢ and d has a value of at least

0.4.

8. A material as claimed in any one of claims 1 to 6 wherein

at least 30% of the B sites are occupied by a third element

Z3

9. A material as claimed in any one of claims 1 to 8 wherein,

in general formula I, a has a value.of from 0.7 to 0.9.

10. A material as claimed in claim 9 wherein, in general

formula I, a has a value of from 0.72 to 0.85.

11. A material as claimed in any one of claims 1 to 10 which

has a porosity of at least 20%.

12. A material as claimed in claim 11, which has a porosity

of from 40 to 50%.

13. An SOFC having an electrode or functional layer of a

material or containing a material as claimed in any one of

claims 1 to 12.

14. An SOFC having an anode of a material as claimed in any

one of claims 1 to 12.

15. A mixed ionic/electronic conducting membrane comprising a

layer of a double perovskite material according to claim 1.

16. A membrane as claimed in claim 15 wherein said layer of
double perovskite material comprises a protective layer on at

least one side of a mixed ionic/electronic conducting ceramic

membrane.
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17. A mixed ionic/electronic conducting membrane suitable for
use in a syngas reactor, which membrane comprises a layer of

a double perovskite material according to claim 1.

18. A syngas reactor having a mixed ionic/electronic
conducting reactor membrane, which membrane comprises a layer

of a double perovskite material according to claim 1.

19. A mixed ionic/electronic conducting membrane suitable for
use in an oxygen separator, which membrane comprises a layer

of a double perovskite material according to claim 1.

20. A method of oxidising a fuel in an SOFC, comprising the
steps of:

a) providing an SOFC having an anode of the material as
claimed in any ones of the claims 1 to 12; and

b) applying a voltage to said SOFC so as to oxidize said

fuel.

21. A method as claimed in claim 20 wherein is used a fuel
selected from hydrogen; a hydrocarbon fuel compound; a
hydrocarbon based fuel compound; and a non-hydrocarbon

hydride fuel compound, or a said fuel after at least partial

reformation thereof.
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