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ELECTROCHEMICAL ENERGY CONVERSION DEVICES AND CELLS,
AND POSITIVE ELECTRODE-SIDE MATERIALS FOR THEM

PRIORITY

This application claims priority from Australian Provisional Patent Applications
2014900069 and 2014900070 each filed on 9 January 2014 (the priority applications), and
the entire content and disclosure of each of those provisional patent applications is

icorporated herein by reference.
TECHNICAL FIELD

The present invention relates to electrochemical energy conversion devices as well as to
solid oxide electrochemical cells for them, and iz particularly concerned with reducing

degradation in the electrochemical performance of the cells and devices.
BACKGROUND ART

Electrochemical energy conversion devices include fuel cell systems as well as hydrogen

generators and other electrolysers, such as for co-electrolysing water and CO,.

Fuel cells convert gaseous fuels (such as hydrogen, natural gas and gasified coal) via an
electrochemical process directly wto electricity. A fuel cell continuously produces power
when supplied with fuel and oxidant, normally air. A typical fuel cell consists of an
electrolyte (ionic conductor, H', 0%, COs ete.) in contact with two electrodes (mainly
electronic conductors). On shorting the cell through an external load, fuel oxidises at the
negative electrode resulting in the release of electrons which flow through the external load
and reduce oxygen at the positive electrode. The charge flow in the external circuit is
balanced by ionic current flows within the electrolyte. Thus, at the positive electrode
oxygen from the air or other oxidant is dissoctated and converted to oxygen ions which
migrate through the electrolvte material and react with the fuel at the negative
electrode/electrolyte interface. The voltage from a single cell under load conditions is in
the vicinity of 0.6 to 1.0 V DC, and current densities in the range of 100 to 1000 mAcm™

can be achieved. In addition to the electricity, water is a product of the fuel cell reaction.

Hyvdrogen generators and other elgctrolysers may be considered as fuel cell systems
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operating in reverse. Thus, a hvdrogen generator produces hydrogen and oxygen when

electricity and water are applied to the electrochemical cell.

A fuel cell system capable of producing electricity may be designed to run in reverse in
order to produce hydrogen, for example producing electricity during the day and hydrogen
at night, with the hydrogen optionally being stored for use the next day to produce more
electricity. However, it may be advantageous from the efficiency perspective to design
separate fuel cell systems and hydrogen generators, While the invention 1s concerned with
electrochemical energy conversion devices generally, for convenience only it will be
described hereinafier primarily with reference to electricity generating fuel cell systems

and cells for them.

Several ditferent types of fuel cells have been proposed. Amaongst these, solid oxide fuel
cell systems (SOFC) are regarded as the most efficient and wversatile power generation
system, in particular for dispersed power generation, with low pollution, high efficiency,
high power density and fuel flexibility, and the invention s particularly concerned with
solid oxide electrochemical energy conversion cells and with devices using them.
Numerous SOFC configurations are under development, including tubular, monelithic and
planar designs, and are now in production. The planar or flat plate design is perhaps the
most widely investigated and now in commercial use, and the invention is particularly
concerned in one aspect with electrochemical energy conversion devices comprising a
stack of such solid oxide electrochemical cells. However, in another aspect, the invention
also extends to solid oxide electrochemical energy conversion cells generally, that is it is

concerned with tubular cells and monolithic cells, as well as with planar cells.

For convenience only, the invention will be further described solely with respect to planar
or flat plate design solid oxide electrochemical energy conversion cells, and devices using
them. In these devices, individual planar SOFCs comprising electrolvte/electrode
laminates alternate with gas separators, called interconnects when the gas separators
convey electricity from one SOFC to the next, to form multi-cell units or stacks. Gas flow
paths are provided between the gas separators and respective electrodes of the SOFCs, tor
example by providing gas flow channels in the gas separators, and the gas separators

maintain separation between the gases on each side. Apart from having good mechanical
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and thermal properties, as well as good electrical properties i the case of interconnects
and good electrochemical properties in the case of the fuel cells themselves, the individual
tuel cell device components must be stable in demanding fuel cell operating environments.
SOFCs operate in the vicinity of 600°C-1000°C and, for devices using them to be
economical, typical lifetimes of 5-6 years or more of continuous operation are desired.
Thus, long term stability of the various device components 1s essential.  Only a few
materials fulfil all the requirements. In general, the high operating temperature of the
SOF(Cs, the multi-component nature of the devices and the required life expectancy of
several years severely restricts the choice of matenials for the fuel cells, gas separators and

other components such as seals, spacer plates and the like.

A variety of different materials have been proposed for SOFC gas separators, including
ceramic, cermet and alloys. For electrically conductive gas separators, that is interconnects,
metallic materials have the advantage generally of high electrical and thermal
conductivities and of being easier to fabricate. However, stability i a fuel cell
environment, that is high temperatures in both reducing and oxidising atmospheres, limits
the number of available metals that can be used in interconnects. Most high temperature
oxidation resistant alloys have some kind of built-in protection mechanism, usually
forming oxidation resistant surface lavers. Metallic materials commonly proposed for high
temperature applications include, usually as alloys, Cr, Al and Si, all of which form
protective layers. For the material to be useful as an interconnect in SOFC devices, any
protective layer which may be formed by the material in use must be at least a reasonable
electronic conductor. However, oxides of Al and Si are poor conductors. Therefore,
alloys which appear most suitable for use as metallic interconnects in SOFCs, whether in

cermet or alloy form, contain Cr in varying quantities.

Cr containing alloys form a layer of Cry0; at the external surface which provides oxidation
resistance to the alloy. The formation of a Cr:Q; layer for most electrical applications is
not a problem as it has acceptable electrical conductivity. However, for SOFC applications,
a major problem is the high vapour pressure and therefore evaporation of oxides and
oxyhydroxides of Cr {Cr*") on the positive electrode side of the fuel cell at the high
operating temperatures. At high temperatures, oxides and oxyhydroxides of Cr (C1®*) are

stable only 1n the gas phase and have been found to react with positive electrode materials
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leading to the formation of new phases such as chromates, which destroy the electrode
material and make it electrically resistive, as well as to deposits of Cra(}; on the electrolyte.
These reactions very quickly reduce electrode activity to the oxygen reduction reaction at
and adjacent the positive electrode/electrolyte interface, and thereby considerably degrade

the electrochemical performance of the cell.

It has been attempted to alleviate this problem of degraded electrochemical performance
by coating the positive electrode side of the interconnect with a perovskite barner layer
such as strontium-doped lanthanum manganite (LaMnQ;) (LSM), which may also be the
material of the positive electrode, but while short term performance was maintained there

continued to be an unacceptable long term degradation in performance.

The problem of degradation dug to evaporation of oxides and oxyhydroxides of Cr from
chromium-containing materials on the positive electrode side of the fuel cell was greatly
relieved by the tnvention described in the applicant's WOD6/28855, that 1s forming a self-
repairing coating on the positive electrode side of a chromiun-containing interconnect, the
coating comprising an oxide surface layer comprising at least one metal M selected from
the group Mn, Fe, Co and Ni and a M, Cr spinel layer intermediate the chromium-
containing substrate ot the interconnect and the oxide surface layer. Such a coating may
also be formed on other chromium-~-containing heat resistant steel surfaces that are on the
positive electrode side of the plant. However, it remains a challenge to ensure the coating
remains fully dense to prevent the release of the chromium species in the demanding fuel

cell operating conditions.

Other solutions have also heen proposed for alleviating the degradation in fuel cell
petformance due to evaporation of oxides and oxyhydroxides of Cr on the positive
electrode side of the fuel cell. For example, a low {or no} chromium steel 15 proposed in
the applicant's WO00/75389, in which an alumina coating is formed on oxidation of the
surface rather than chromium oxide. However, due to the low electrical conductivity of
alumina, this heat resistant steel composition is not suitable for gas separators that are

intended to act as interconnects conducting electricity from one side to the other.

In a further effort to limit the problem of degradation due to evaporation of oxides and

oxvhydroxides of Cr on the positive electrode side of the fuel cell, it has been proposed to
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itroduce another layer (referred to hereinafter as "shield layer™) on the positive electrode

layer to absorb chromium before it reaches the positive electrode layer.

Positive electrode materials for SOFCs are generally perovskites or oxides having
perovskite-type structures (refined to herein as "perovskites™), such as lanthanim strontium
manganite or LSM (La;.SrMnQs;), lanthanum  strontium  cobaltite or LSCo
{(La;.xSrCo0sy),  lanthanom  stronttum ferrite or LSF (LaSrFeOs.),
LaiStloaFeOss (LSCF), LaNiyFer Oz (LNF), and BaiStloFeOs5 (BSCE)
where 0 < 8 < 1 depending on the dopant. Other examples include Sm St L0055 {SSC),
La,Sri MnCo14Os5 (LSMC),  Pr.SrFeOss (PSF),  SnleiFeyNi 05y (SCEN),
SrCeiibeLoy0us PrleLoFe0us and Prle . CoMn,Oss I the strontium-
containing perovskites, for example, the strontium is provided as a doping agent that is

bound into the perovskite structure.

The aforementioned shield matenals proposed to date have been perovskites, for example
having a sinular compasition to the positive electrode layer but more reactive with
chromium than the positive electrode material in order to absorb it before it reaches and
reacts with the positive electrode layver. In one example where the positive electrode
material is LM, the shield layer material is LSCo (La;Sr00;5.;), but other materials are

possible.

Some barrier materials are proposed in the paper by Thomas Franco ef af "Diffusion coud
Protecting Barrier Layers in a Substrate Supported SOFC Coneept”, E-Proceedings of the
Tith European Fuel Cell Forum, Lucemeg (2006), POB02-051, This paper also sets out

additional details on the reactions occurring,

Even with these advancements, it 15 found that degradation of fuel cell performance
remains a problem. This has led to extensive further investigations by the applicant as to

the canses, from which additional positive electrode material poisons have been identified,

As a result of these investigations the applicant has found that sulphur poisons the positive
electrode of an SOFC in much the same way as chiromium, by forming sulphate crystals
with components of the electrode material, such as strontium, and possibly destroying the
chemical structure of the electrode material. It has been found that the sulphur may be

derived from the oxidant supply (generally air), usually in the form of 8O», or from
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elsewhere in the system, for example, in the glass seals used to seal the SOFCs and gas
separators together or elsewhere upstream of the positive electrode-side chamber, where

the sulphor may be present as an inipurity and appear as SO or 303,

The further investigations have also shown that boron can act in the same way ag
chromium and sulphur to poison the positive electrode matertal in the conditions of use.
Boron may be present in the system as a compound of the glass seals, but may also be

present in other components of the fuel cell system exposed to the oxtdant.

It is believed that other elements present in the system components, or in the oxidant
supply, whether as impurities or otherwise, may also be reacting with components of the
positive electrode material and potsoning the material. Possible examples of these

elements include silicon.

It is clear that it would be highly desirable to alleviate reactions with the positive electrode

material by poisons in the system in use of an electrochemical energy conversion cell.

The applicant's investigations into the causes of fuel cell performance degradation has
revealed that in addition to poisoning of the positive electrode material, the negative

electrode side also suffers from performance degradation.

Alleviating reactions with the negative electrode material by potsons in the system in use
of an electrochemical energy conversion cell, and more generally alleviating cell
performance degradation on the negative electrode side, is an aim of the invention
described and claimed in a co-peading PCT patent application filed by the applicant
concurrently herewith and claiming priority from the priority applications, entitled
"Electrochemical Fnergy Conversion Devices and Cells, amd Negutive Flectrode-Side
Materials for them” (the contents of which are incorporated herein by reference), but will

be described turther herein.

SOFC negative electrode maternials are generally nickel based, most commonly Ni/YSZ
cermets. Other nickel cermets being used as negative electrode materials include Ni/GDC
{Ni/gadolinium doped ceria), Ni/SDC (Ni/samarium doped cenia), Ni/SeSZ (Ni/scandia
stabilised zirconia) and Ni/ScCeSZ (Ni/scandia ceria stabilised zirconia). Pt, Rh and Ru

have all been used in place of nickel in cermet negative electrode materials, but these
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metals are considerably more expensive than nickel and therefore much less common.

It is well known that sulphur reacts with nickel in negative electrode materials under SOFC
operating conditions to degrade the performance of the electrode, and for this reason
sulphur is commonly removed from SOFC fuel sources. However, the applicant's further
investigations have led to a belief that, even if sulphur is removed from the fuel source,
sulphur continues to degrade the negative electrode material. This is believed to be as a
result of residual sulphur in the fuel or as a result of sulphur from elsewhere in the system,
for example in the glass seals used to seal the SOFCs and gas separator or elsewhere
upstream of the negative electrode, where the sulphur may be present as an impurity.
Some of the reasons for degradation of the negative electrode material performance due to
sulphur are believed to be: at very low sulphur levels, for example as low as 1 ppm in the
gas streant, the electrode material can degrade due to surface adsorption of the sulphur on
the nickel; at higher levels of sulphur, Ni-S alloys are formed; and at even higher levels of

sulphur, nickel sulphides form.

The effect on SOFC anodic performance of hydrogen and hydrocarbon fuels contaminated
with up to 50 ppm wet H;S was investigated by Limin Lin ¢f @, in the paper “Suipfur
Tolerance Improvement of Ni-YSZ Anode by Alkaline Earth Metal Oxide Ba() for Sotid
Oxide Fuel Cells”, Electrochemistry Communications 19 (2012) 63-66. In the paper it is
reported that BaQ infiltrated throughout the functional anode laver at a level of about §
wit% was found to enhance the sulphur tolerance ability of the Ni-YSZ anode over the test
petiod of 27 hours. It was concluded that water played a very crucial role in this, and that

this may result from the good water disseciative absorption ability of BaO.

The applicant's further investigations on the negative electrode side have also identified
that boron and phosphorus spectes from seals and other compouents of the device may be
entering the atmosphere in the negative electrode-side chamber and leading to performance
degradation in some way, In the case of boron at least this appears to be by promoting
grain growth in the nickel or other metal of the electrode material. The phosphorus species

may be reacting with the nickel and poisoning it.

Other species that have been found to be detrimental to the negative electrode-side

performance, possibly as a result of reacting with and thereby poisoning the nickel, are



19

15

WO 2015/103673 PCT/AU2015/050005

chlorine, siloxane and selemum. These may be present on the negative electrode side as

impurities, for example, in the fuel gas or the glass used for the seals.

Another problem identified on the negative electrode side is the uninfended ongoing
sintering of nickel in porous layers in the negative electrode-side chamber, particutarly but
not only in the negative electrode-side structure of the electrochemical cell, including the
negative electrode material. This sintering leads to a loss of surface area in the porous
layer or layers and a decrease of the trniple phase boundary area of the electrode layer,

resulting in degradation in electrochemical performance.

It is clear that it would be highly desirable to alleviate long-term degradation of cell
performance on the negative electrode side in use of an electrochemical energy conversion

cell.
SUMMARY OF THE INVENTION

According to a first aspect of the present invention there is provided an electrochemical
energy conversion device comprising a stack of solid oxide electrochemical cells
alternating with gas separators, wherein each electrochemical cell comprises a layer of
solid oxide electrolyte, a negative electrode-side structure on one side of the electrolyte
layer and comprising one or more porous layers including a functional laver of negative
electrode material having an interface with the one side of the electrolyte layer, and a
positive electrode-side structure on the opposite side of the electrolyte layer and
comprising one or more porous layers including a laver of positive electrode material
having an interface with the opposite side of the electrolyte laver, wherein said
electrochemical cell and a first of the gas separators on the negative electrode side of the
electrochemical cell at least partly form therebetween a negative elecirode-side chamber
and said electrochemical cell and a second of the gas separators on the positive electrode
side of the electrocherical cell at least partly form therebetween a positive electrode-side
chamber, and wherein scavenger material selected from one or both of free alkali metal
oxygen-containing compounds and free alkaline earth metal oxygen-containing
compounds is provided in or on one or more of the positive electrode-side structure, the
second gas separator and any other structure of the electrochemical energy conversion

device forming the positive electrode-side chamber, the scavenger material being
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accessible to poisons in the atmosphere in the positive electrode-side chamber during use
of the electrochemical energy conversion device and being more reactive with the poisons
than is the positive electrode material, and wherein if the scavenger material is provided in
the layer of positive electrode material there is no scavenging material present at the

intertace of that layer with the electrolvte.

By the present invention, the free, that is chemically unbound, scavenger material prevents
or alleviates the reactions of posttive electrode material poisons with the positive electrode
material. The poisons include chromium species, sulphur species and boron species, but
other species may also be reacting with the positive electrode material, or at the
electrode/electrolyte interface, and/or otherwise detrimentally affecting the performance of
the cell in use. The poisons may be derived from the atmosphere, such as oxidant in the
case of a fuel cell or steam in the case of a generator, or from system components in or
external to the positive electrode-side chamber. The free alkaline metal oxygen-containing
compounds and/or alkaline earth metal oxygen-containing compounds, usually in the form
of oxides but not necessarily, have a higher chemical activity or affimty for the poisons
relative to the chemically bound components of the positive electrode material and
therefore react preferentially with the poisons to prevent or alleviate the poisons reaching
at least the electrode/electrolyte interface, preferably to prevent or alleviate the poisons

reaching or reacting with the positive electrode material i the electrode layer at all.

It is possible that the free scavenger material is also acting in other ways to limit access of
the poisons to the positive electrode material in some embodiments, such as by blocking
the release of positive electrode material poisons from the second gas separator and/or
other structure of the device, for example forming the positive electrode-side chamber, but
reaction of the scavenger material with the poisons in preference to those poisons reacting
with the positive electrode material is believed to be the primary function of the free alkali
metal oxygen-containing compounds and/or free alkaline earth metal oxygen-containing
compounds in alleviating degradation of the electrochemical performance on the positive

electrode side of the cell.

It will be understood that the scavenger matenial may be provided in or on any one or more
of at least part of the second gas separator exposed to the positive electrode-side chamber

and any structure of the electrochemical energy conversion device forming the chamber
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other than the positive electrode-side structure of the electrochemical cell and the second
gas separator, such as spacer plates, cell support plates, conductor layers and/or compliant
layvers, but in embodiments the scavenger material is provided in or on the positive

electrade-side structure of the electrochernical cell.

Accordingly, in a second aspect of the invention there is provided an electrochemical
energy conversion cell comprising a layer of solid oxide electrolyte, a negative electrode-
side structure on one side of the electrolyte layer and comprising one or more porous layers
including a functional layer of negative electrode material having an interface with the one
side of the electrolyte layer, and a positive electrode-side structare on the opposite side of
the electrolyte layer and comprising one or more porous layers including a layer of positive
electrode material having an interface with the opposite side of the electrolyte layer,
wherein scavenger material selected from one or both of free alkali metal oxygen-
containing compounds and free alkaline earth metal oxvgen-containing compounds is
provided in or on the positive electrode-side structure, the scavenger material being
accessible to poisons in atmosphere contacting the positive electrode-side structure during
use of the electrochemical energy conversion cell and being more reactive with the poisons
than is the positive electrode material, and wherein if the scavenger material is provided in
the layer of positive electrode material there is no scavenger material present at the

interface of that layer with the electrolyte layer.

The electrochemical energy conversion cell may take any form, such as planar, tubular or
monolithic, and the invention extends to electrochemical energy conversion devices

incorporating any of them.

The electrolyte layer may be a dense layer of any ceramic matetial that conducts oxygen
ions. Known iohic conductors that have been proposed as solid oxide electrochemical
energy conversion cell electrolyte materials include vytiria-stabilised zirconia, often
zirconia doped with 3 or 8 mol% ytiria (3YSZ or 8YSZ), scandia-stabilised zirconia,
zirconia doped with 9 mol% $¢0z (98¢8Z), and gadolinium-doped ceria (GDC). The

most comimon of these is YSZ.

Some electrolyte layers may comprise sub-layers, for example a laver of primary

electrolvie material and a swrface layer of ionically conductive ceramic material. In one
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embodiment, destructive reactions can occur between YSZ electrolyte matertal and some
positive electrode materials such as LSCF. It has been proposed to alleviate these by
providing a barrier layer of 1onically conductive YSZ-ceria on the electrolyte material. In
one embodiment the ceria may be doped with samarium. One method of forming such a

barrier layer is described in the applicant's WQ2010/040182.

It will be appreciated by those skilled in the art that the phrases “during use of the device”
and “during use of the cell” and equivalents encompass not only use of the device or cell to
produce electricity or act as an electrolyser, but also during pre-sintering of the cell and

during heating up of the device.

In embodiments, the scavenger material selected from one or both of free alkali metal
oxygen-containing compounds and free alkaline earth metal oxygen-containing
compounds (hereinafter sometimes referred to as “chemically unbound material” or
“unbound material™) may be provided in a scavenger coating, which may be a surface
coating (that 1s exposed at the surface), on one or more of the positive electrode-side
structure, the second gas separator and any other structure forming the positive electrode-
side chamber, including any inlet to or outlet from the chamber. The scavenger coating
may be applied as a continuous or discontinuous layer having, for example a thickness
between 0.01 and 250 pm, preferably between 0.01 and 30 um. Although 0.01 um has
been identified as a minimum thickness, no specific minimum thickness has been
determined below which the coating becomes ineffective. However, thinner coatings
become increasingly difficult to produce. A thickuess of 250 um is believed to provide
sufficient scavenging matetial for many years of use of the electrochemical energy
conversion device or cell, with a thickness of 50 pum providing sufficient scavenging
protection for the likely working life of the device or cell of up to 10 vears. Greater
thicknesses are possible, but in current designs are considered unnecessary. The maximum
thickness of the coating may also be dependent on the design of the negative electrode-side

chamber:

The scavenger coating may be continuous and dense on surfaces through which there is
intended to be no gas transport and no electrical contaet, for example a non-electrically

connecting gas separator and/or one or more other plates or components forming the
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positive electrode-side chamber. If the surface to which the coating is applied is intended
to have gases passing through it to or from the chamber, the scavenger coating would be
discontinuous, for example, porous and/or segmented. Thus, when formed on the
outermost layer of the positive electrode-side structure of the electrochemical cell,
generally a highly porous, electrically conducting, contact laver formed of perovskite
material such as LSCo, LSCF ot LSF, the scavenger coating would desirably be porous to
permit gas flow through it. It may also or alternatively be segmented. If the porous
coating is formed on the contact face of a second gas separator in the form of an
interconnect, it would desirably be segmented so that it is not present at the contact points
of the mterconnect with the positive electrode-side structure or other conductive material.
In some embodiments the interconnect has chaunnels, for example in the form of grooves,
formed in the contact surface for the transmission of gases to and/or from the positive
electrode~side structure, in which case the coating material may only be provided in the
channels. Any coating of scavenger material on the contact surface must be sufficiently

discontinuous to not unacceptably limit the electrical contact.

The interconnect may have an electrically conductive contact layer on it, formed for
example of a perovskite material such as L8Co, LSCF or LSF. The interconnect contact
laver is designed to ensure good thermal and electrical contact with the positive electrode-
side structure, but may be porous. I the coating of scavenger material is also provided, it

may be beneath the contact layer of the interconnect or on it

The second gas separator, whether used as an interconnect or not, may have a barrier layer
(also referred to herein as a barrier coating or protective coating) on it to alleviate the
release of poisons from the substrate material. Such a barrier layer is particularly
advantageous where the gas separator is formed of chromum-containing material such as
heat-resistant steel. The barner coating may be a laver of the type described above for the
shield layer of the positive electrode side of the electrochemical cell, so a perovskite such
as LSCo. Alternatively, or in addition, it may be of the type deseribed in WO96/28855
that binds with chromium material released by the substrate. Such a barrier coating
comprises an oxide surface layer comprising at least one metal M selected from the group
Mn, Fe, Co and Ni and a M, Cr spinel layer intermediate the substrate and the oxide

surface layer. In this case, the coating of scavenger material may be formed on the barrier
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layer, It is believed that in addition to reacting with poisons such as chrominm from the
positive electrode-side chamber gas atmosphere, such a scavenger coating on the barrier
layver may help to prevent the release of chromium species by physically blocking cracks,
pores or other passageways for the chromium species through the barrier layer and reacting

with such chromium species coming through the barrier layer,

The scavenger coating may consist only of the scavenger material, for example free
alkaline earth metal oxide or free alkali metal oxide, possibly with some residual precursor

oxygen-containing compounds of the metal or metals such as nitrate or carbonate.

The scavenger coating may be forimed by spray coating or otherwise coating a solution of
ove or both of free alkali metal oxvgen-containing compound(s) and free alkaline earth
metal oxygen-containing compound(s), or precursor material for it,  Generally, the
scavenger material will be free oxide, which due to its reactivity can only be applied in
precursor form. The compound(s) or precursor may be selected from salts such as nitrites,
nitrates, carbonates, acetates and oxalates or from hydroxides. The solution may be
applied in plural passes in order to achieve the desired thickness but a single pass may be
adequate. A minimum single sprayed coating thickness is 0.01 um. Once applied to the
selected surface, the solution is dued, for example in an oven, at a drying temperature
dependent upon the material. For strontium nitrate the drying temperature may be in the
range 50-80°C.

The solution may comprise the oxygen-containing compound (which may be a precursor)
and water, optionally with a dispersant such as 2-amino-2-methyl-1-propynol. The
dispersant is only required if there is a risk of the salt recrystallising in the solution and
may be added at a level sufficient to prevent recrystallisation, usually after the solution has
been formed. The water present in the coating solution will evaporate when the solufion 1s
dried. The oxygen-containing compound may be added to the water at the maximum level
that is readily dissolvable, which will vary for different compounds, The minimum level
may be dependent upon the desired number of applications, such as spray coatings. For
stromtium nitrate, the preferred concentration is between 10 and 45 wt%, for example about
30 wit%, in water. Lower concentrations such as in the range 10 to 30 wi% tend to result in

finer particles in the sprayed coating, leading to greater reactivity of the unbound material.
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After drying, the scavenger coating is fired to burn off any dispersant and to convert any
precursor scavenger material partially or totally to oxide. The minimum temperature at
which this may be done is dependent on the materials, but for example is about 450°C for

nitrates. A higher temperature would be required for carbonates, for example.

The firing may be performed during the manufacture of the component, after the coating
has been applied, but is conveniently performed in the electrochemical energy conversion
device, during pre-firing at a temperature in some embodiments in the range of 700°C to
900°C, for example 850°C. A lower temperature, down to about 600°C could be used for
low temperature cells. A higher temperature could be used if the seal material in the

device, usually glass, does not melt.

In a variation of the scavenger coating where the scavenger material or precursor of it is
not soluble in water, the coating may be screen printed or otherwise applied, for example
by spraying, as a slurry of particulate scavenger material, or precursor, and binder which is
then fired. Suitable binders include those used for screen printing or tape casting the cell
layers. In embodiments, particle sizes are int the range of about 0.01 to 25 um, for example
in the range 0.01 o 10 ym. Firing may be perfarmed as described above for the coating
solutions. Thus, the minimum temperature is dependent upon the type of scavenger

material. For carbonates the temperature might be in the range 600°C or higher.

Alternatively, or in addition to the scavenger coating, the scavenging material may be
present in any of one or more layers of the positive electrode-side structure, one or more
layers of the second gas separator and one or more layers of any other structure of the
electrochemical energy conversion device, where each of those layers is accessible to
atmosphere in the positive electrode-side chamber. While the scavenging material may be
localised in the respective layer, it is preferably dispersed in it, at least throughout the

portion of the layer exposed to the atmosphere in the positive electrode-side chamber.

Although in this embodiment the scavenging material is provided in any of the one or more
layers exposed to atmosphere in the positive electrode-side chamber, the scavenging
material remains free, that is unbound to the chemical structure of the respective layer. It

15 therefore more reactive than the bound components of the layer.
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The positive electrode-side structure of the electrolytic cell will invariably comprise a layer
of positive electrode material adjacent the electrolyte layer and sometimes referred to
herein as the functional layer of positive electrode material. The positive electrode
material will generally be a perovskite, or a mixture of two or more, of the type listed
above. The scavenging material may be provided in this, but advantageously there is none.
Providing no scavenging material in the layer of positive electrode material avoids any risk
that the scavenging material will detrimentally impact on oxidant gas access through the
porous electrode layer to the triple phase boundary of the gas with the electrolyte and
electrode materials.  Such detrimental impact could be by the scavenging material
physically blocking gas channels through the porous electrode layer adjacent the
electrolyte layer and thereby restricting gas passage to or from the electrochemical reaction
sites and/or by scavenging material physically stting on the reaction sites, making those

reaction sites inactive.

If scavenging material is provided in the layer of positive electrode material, it may be
dispersed evenly through the thickness of the layer of positive electrode material except at
the interface of the electrolyte and electrode materials. Providing no scavenging material
at the positive electrode/electrolyte interface is important for alleviating risk of the
scavenging material detrimentally impacting on the reaction sites at the interface available
to the oxidant gas {in fuel cell mode) or for converting oxygen ions to oxygen {in
electrolyser mode) as described above. This may be done by grading the amount of
scavenging material through the thickness of the layer, from a maximum at the surface
remote from the electrolyte layer to zero af the interface. Alternatively, if the scavenging
material is provided in the layer of posifive electrode material, it may be provided only in a
porfton of the thickness of the layer remote from the interface. If the positive electrode
material is electrically conductive but not ionically conductive, for example LSM alone,
the tiiple phase boundary area, that is the zone containing the reaction or active catalysing
sites, will be limited to the interface of the electrolyte and positive electrade layers so the
portion of the thickness of the layer of positive electrode material in which scavenging
material is provided could be immediately adjacent the interface. However, for positive
electrode materials that are also tonically conductive, such as LSCo, LSCF and LSM/YSZ

composites, the triple phase boundary area may extend up to about 10 microns in to the
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positive electrode layer from the interface, advantageously that portion is at least 5 microus,
preferably at least 10 microns, more preferably at least 15 microns, from the interface. In
that partion of the thickness of the positive electrode layer, the amount of scavenging

material may be even or graded.

The functional layer of positive electrode material will generally have a thickness in the
range of 1 to 100 um, and in some embodiments the thickness will be in the range of 20 to
30 pm, Its porosity may be in the range of about 0.1 to 65%. The very low bottom end of
the range is for functional layers of positive electrode material that are formed by
processes like sputtering. In these instances the functional laver of positive electrode
material is very thin but relatively dense. In many embodiments the porosity will be in the

range 30 to 40%.

The positive electrode-side structure may include oue or more porous layers oo the layer of
positive electrode material.  These layers must be porous to permit access of the
atmosphere in the positive electrode-side chamber to the layer of positive electrode
material. The porosity in each of these layers may be about the same as that of the layer of
positive electrode material, but preterably it is greater to ensure veady access of the

atmosphere to the layer of positive electrode material.

If more than one porous layer is provided on the laver of positive electrode material, the
porosity of all those lavers may be the same, or, for example, it may increase for each layer
more remote from the layer of positive electrode material. The scavenging material may
be provided in one or more of these layers, or in none of them, Ifit is provided, it may be
in each layer or in only one or some of plural layers. In each porous layer on the layer of
positive electrode material in which 1t 18 provided, it may be localised or evenly dispersed
through the thickness of the layer. Alternatively, it may be graded through the thickness of
the layer, increasing in amount away from the layer of posttive electrode material, or
present in only a portion of the thickness of the layer, for example a portion most remote

from the layer of positive electrode material.

Generally, the one or more porous layers on the layer of positive electrode material will be
formed of a perovskite material. Advantageously, the scavenging material in any one of

those porous layers is more reactive with the poisons in the atmosphere in the positive
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electrode-side chamber than is the base material of the laver (that 1s, exclusive of the
scavenging material in that layer). Thus, the poisons may also be reactive with the base
layer material, in moch the same way as they are with the positive electrode material, and
the scavenging material may alleviate those reactions and the possible destruction of the

laver as a resuli of those reactions,

An outermost porous layer of the positive electrode-side structure (excluding any
scavenger coating) may be a contact laver, as described above, designed 1n the case of the
gas separator being an interconnect to establish electrical contact between the cell and
interconnect. It may have a thickness in the range of, for example, 50 — 250 um and have a
porosity in the range of, for example, 10% to 85%. The thickness will generally depend
upon the cell and device design, but too thick a contact layer may lead to integrity
problems and cracking of the layer. Too thin a contact layer may lead to too small a
capacity to carry scavenger material 1n it. In one emibodiment the thickness may be in the

range of 75 to 150 pum.

The contact layer may have even porosity throughout its thickness or increasing porosity
away from the layer of positive electrode material. One or more further contact layers may
be provided between the outermost contact layer and the layer of positive electrode
material, preferably each such further contact layer having less porosity in the
aforementioned range than the next adjacent contact layer on its side remote from the laver
of positive electrode material. Each such further contact layer may have even porosity
throughout its thickness or tncreasing porosity from a side closest to the layer of positive

electrode material.

Another porous layer that may be provided as part of the positive electrode-side atructure
is the aforementioned shield layer. The shield layer will generally be disposed between the
layer of positive electrode matertal and any contact layer. It may be formed of LSCo, but
other possible perovskites include LSCF, LSF and any other potential positive electrode
material. As noted above, the purpose of known shield layers is to react with chromium in
the atmosphere of the positive electrode-side chamber to prevent or reduce the likelihood
of it reaching and reacting with the positive electrode material. It does this by the

chromium reacting with the dopant in the perovskite shield layer (for example strontium in
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LSCo), but the strontium is chemically bound into the perovskite structure and has
therefore been found in the context of the invention to be relatively unreactive. In
hindsight, the shield layer will have also been reacting 1n its limited way with other
positive electrode material poisons now identified by the applicant. On the other hand, it
scavenger material is provided in the shield layer in accordance with the invention, as a
free oxygen-containing compound or compounds, so not chemically bound, it 1s capable of
being far more reactive with all poisons on the positive electrode side than bound

components of the perovskite material,

As also noted above, the base material of the shield laver is advantageously more reactive
with chromium species, and preferably with other positive electrode material poisons, than
is the base positive electrode material. By "base material” is meant the particular material

exclusive of any scavenger material as defined in it.

The thickness of the shield layer may be in the range of about 0.1 to 50 um. In some

embodiments its thickness may be in the range of about 10 to 30 um.

Yet another porous layer that may be provided as part of the positive electrode-side
structure is a substrate or support tayer. The substrate layer will be disposed on the side of
the functional layer of positive electrode material opposite to the layer of electrolyte
material. If no shield layer is provided, the subsirate laver will be in contact with that side
of the functional layer of positive electrode matenial and any contact layer may be provided
adjacent and outwardly of the substrate layer. If a shield layer is provided, it may be

disposed between the functional layer of positive electrode material and the substrate layer,

The substrate layer may be formed of the same or similar perovskite material as the
functional layer of positive e¢lectrode material, but LSM 1s preferred in view of cost
advantages, and preferably has a greater porosity than the functional layer, for example in
the range of 35 — 65%, more usually up to 50%. The substrate layer may have a thickness
of, for example, 100 to 500 um, such as 150 10 250 ym. Too thin a substrate layer may not
give it sufficient strength to perform its support function, but too great a thickuess may
lead to excessive rigidity as well as greater resistance to gas transport and electrical
conductance. If the positive electrode-side substrate layer is provided, it will replace any

negative electrode-side substrate layer and the functional laver of positive electrode
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material may have a thickness towards the lower end of its thickness range, for example

about 10 pum.

The second gas separator may comprise any one or more of the aforementioned barrier
layer or layers and contact layer, and the scavenging material may be provided in one or

maore of them,

As with any scavenging material provided in the porous layers of the positive electrode-
side structure, the scavenging material in any one of the atorementioned layers of the
secottd gas separator exposed to atmosphere in the positive electrode-side chamber, may be
localised or evenly dispersed throughout the laver. Alternatively it may be graded through
the thickness of the layer, for example increasing in amount away from or towards the
substrate gas separator material, or present in only a portion of the thickness of the layer,
such as a portion most remote from the substrate gas separator material. Generally,
however, the graded or localised provision is not necessary and the scavenger material is

evenly dispersed in the respective layer.

One or more coating layers as described above, for example of perovskite material, may be
provided on other structure of the electrolytic energy conversion device forming the
positive electrode-side chamber, and scavenging material may be provided in accordance
with the invention in any one or more of those layers. Such other structure includes any
inlet plenum component (which may be part of the second gas separator), a cover plate, a
support plate and a compliant or conducting layer. Such a protective or other coating layer
is particularly advantageous when the component or components are formed of heat
resistant metal such as chromium-containing steel, and the layer may be dense or porous
according to its function. K may be formed of any of the laver materials of the positive

electrode-side chamber previously mentioned.

The aforementioned compliant fayer may be, for example, an electrically conductive
metallic mesh of a metal that does not oxidise in air at the cell operating temperature and
thereby becomes electrically resistive, such as silver. Other more expensive options
include platinum, gold and palladiom. One example of a silver mesh is described in the
applicant's W0O99/13522. The compliant layer is disposed between the electrolytic cell and

the gas separator, s purpose 15 to take up varations in thickness between the
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electrochemical cell and gas separator while being porous to atmosphere in the positive
electrode-side chamber. It may replace some or all of the contact layer(s). In a variation

the aforementioned scavenger coating may be applied to the metallic surface.

Generally, the layer or layers in which the scavenging material may be provided in
accordance with this aspect of the invention are applied by screen printing an appropriate
compaosition or ink onto a substrate or previously-deposited layer. This includes the
functional layer of positive electrode matenal, any shield layer of the positive electrode-
side structure, any contact layer of the positive electrode-side structure, any substrate layer
of the positive electrode-side structure, any barrier layer on the side of the second gas
separator exposed to atmosphere in the positive electrode-side chamber, any contact layer
on that side of the second gas separator, and any shield, barrier or other laver on any other
component of the electrochemical energy conversion device defining the positive
electrode-side chamber. Other methods, including pad printing and spraying, may be used

for applying each layer, but screen printing is preferred and will be deseribed further.

The inks for each layer are formed by mixing the particulate laver material, such as LSCF
in the case of the functional layer of positive electrode material, L8Co in the case of the
contact and shield layers and L8M in the case of any positive electrode-side substrate layer,
with binder and, in the case of the contact layers and substrate layer, a pore former.
Suitable binders include alcohol such as ethanol or propenol mixed with ester such as
hydroxypropyl cellulose ether. If the scavenging material or its precursor dissolves in
water, it may be added to the base slurry as a solution formed as described above in
relation to scavenger coatings. If the scavenging matertal or its precursor is not dissolvable
in water, it may be mixed into the slurry as a powder or mixed with the base layer powder
prior to formation of the slurry. Particle sizes for the scavenging material may be in the
range 0.01 1o 25 pm, preferably in the range 0,01 to 10 ym. The maximum particle size is
limited by the thickness of the layer or coating in which it is provided. Thus, for thicker
coatings the scavenger material particle size may be greater than 25 microns. However,
finer particle sized scavenger material will result in greater surface area, with a consequent
increase m activity. The particle size of the scavenger material may be smaller than that of

the layer material,



1

2

oo
¥

fd

0

th

0

WO 2015/103673 PCT/AU2015/050005

-2 -

In a variation, for porous layers containing the cation of the selected scavenger material,
such as many perovskites in the case of strontium-based scavenger materials, the scavenger
material could be provided in the layer or layer portion by providing an excess of the
material or its precurser, that it greater than the stoichiometric amount required to form the
base layer material, when the components are mixed. In the fired layer the stoichiometric
amount will be bound in to the base layer material while the excess will remain free or

unbound and avatlable for scavenging.

For the aforementioned spinel barrier layer on the second gas separator, scavenging
material may be provided in it by mixing the same solution or powder, depending upon
solubility, in the M powder mixture described in WO96/28855, the entire contents of
which are incorporated herein by reference. A mixture or slurry of the spinel powder and
scavenging material or precursor may be sprayed onto the second gas separator. In one
embodiment, thermal spraying may be used. I scavenger material is provided in the spinel
barrier layer some care may be required with the selection of the precursor to ensure there
is no detrimental impact on the spinel layer, For example, nitrate precursor may create

unacceptable porosity in the spinel layer as the nitrate is released during firing of the layer.

The scavenger material may be provided in any one porous layer, including the shield layer,
or in a protective coating or barrier layer at a level in the range of about 0.1 to 65 vol% of
the total solid content of the layer or coating. More preferably, the range is about 1 to
25 vol%. In order to have electrical continuity, the conducting phase should form at least
35 vol% of the layer or coating, leaving a maximum of 65 vol%s scavenger material. In
practical terms, 35 vol% of the conducting phase provides relatively low electrical
conductivity, and a smaller proportion of scavenger material is preferred.  While any
proportion of scavenger matenial up to 65 vol% is acceptable, for example any proportion
in the range 26 to 65 vol%, the more preferred maximum s 25 vol% to provide a balance
between good electrical conductivity and long term protection from the scavenger material,
While proportions of scavenger material as low as 0.1 vol% are believed to provide the
desired protection, the more preferred minimum of 1 vol% will provide longer-term
protection. In some embodiments, the proportion of scavenger material relative to the total
solid content of the layer or coating is advantageously from 2.8 wi%, for example greater

than 5 wi% or even 10 wit% or mofe.
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Preferred cations for the scavenger matenial are selecied front one or more of 8§, Ca™,
Ba™, Mg’ Na" and K.

As with the scavenging material described with reference to scavenger coatings, generally
the scaveriging material in one or more of the aforementioned lavers or coatings will
comprise free oxide. However, due to its reactivity such a scavenging material can only be
added to the layer material in precursor form, preferably selected from salts such as nitrites,
nitrates, carbonates, acetates and oxalates or from hvdroxides. After applying the layer
material with the precursor i it, the layer will be fired. The firing may be as described for
the scavenger coatings, resulting in the oxide being formed. Most of the aforementioned
free precursor materials will quickly convert to the oxide on firing, but some, such as
carbonate, may take longer and itself act as scavenging material. Other factors, such as

particle size, may also be relevant to the speed of conversion to the oxide.

In another aspect of the invention, chemically unbound material selected from one or both
of free alkali metal oxygen-containing compounds and free alkaline ecarth metal oxygen-
containing compounds may also, or alternatively, be provided in or on one or more of the
negative electrode-side structure, the first gas separator and any other structure of the
electrochemical energy conversion device forming the negative electrode-side chamber to
reduce degradation of electrochemical performance on the negative electrode side of the
electrochemical energy conversion device or cell during use of the device or cell, with the
provise that if the chemically unbound material is provided in the functional layer of
negative electrode material there is no chemically unbound matertal present at the interface
of that layer with the electrolyte. This aspect of the invention is defined and described in
the aforementioned co-pending patent application filed by the applicant concorrently
herewith, but will be described further herein, with reference to third and fourth aspects of
the invention. It will be appreciated that the third aspect may be used in conjunction with
the first aspect of the invention and that the fourth aspect may be used in conjunction with

the second aspect of the invention.

Thus, according to a third aspect of the present invention there is provided an
electrochemical energy conversion device comprising a stack of solid oxide

electrochemical cells alternating with gas separators, wherein each electrochemical cell
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comprises a laver of solid oxide electrolyvte, a negative electrode-side structure on one side
of the electrolyte layer and comprising one or more porous layers including a functional
layer of negative electrode material having an interface with the one side of the electrolyte
layer, and a positive electrode-side structure on the opposite side of the electrolyte layer
and comprising one or more porous favers including a layer of positive electrode material
having an interface with the opposite side of the electrolyte layer, wherein said
electrochemical cell and a first of the gas separators on the negative electrode side of the
electrochemical cell at least partly form therebetween a negative electrode-side chamber
and said electrochemical cell and a second of the gas separators on the positive electrode
side of the electrochemical cell at least partly form therebetween a positive electrode-side
chamber, and wherein chemically unbound matental selected trom one or both of free
alkali metal oxygen-containing compounds and free alkaline earth metal oxvgen-
containing compounds is provided in or on one or more of the negative electrode-side
structure, the first gas separator and any other structure of the electrochemical energy
conversion device forming the negative electrode-side chamber, the unbound material
acting to reduce degradation of electrochemical performance on the negative glectrode side
of the electrochemical energy conversion device during use of the device, and wherein if
the chemically unbound material is provided in the functional layer of negative electrode
material there is no chemically unbound material present at the interface with the

electrolyte layer.

It is not entirely clear to the inventors how the presence of the chemically unbound
material on the negative electrode side in accordance with this aspect of the invention, or
the fourth aspect below, is acting to reduce degradation of the ecell performance, but it is

clear that it does.

It is possible that the free or chemically unbound matertal acts as a scavenger to prevent or
alleviate the reactions of negative electrode material poisons with the negative elecirode
material, that 1s elements or species that react with the negative electrode material in some
way, of at the electrode/electrolyte interface, causing reaction products in use of the device
that degrade the electrochemical performance of the cell. For convenience, therefore, and
without limiting the scope of the third and fourth aspects of the invention, the chemically

unbound material used on the negative electrode side of the device or cell may be referred
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to herein as "scavenger material”. The poisons may include sulphur species, boron species
and phosphorus species, but other species such as chlorine, siloxane and selenium may also

be reacting with or otherwise affecting the negative electrode material, or at the

electrode/electrolyte interface, and detrimentally affecting the performance of the cell in
5 use. The poison effect may include adsorption into an element or component of the
electrode material, alloying with an element or component of the electrode material, and
forming salts (in the case of, for example, chlorine} with an element or compouent of the
electrode material. The poisons may alternatively, or in addition, be depositing at and
adjacent the interface and blocking the fuel reaction sites. The poisons niay be derived
160 from the atmosphere, such as fuel in the case of a fuel cell or steam in the case of a
generator, or from system components 1n or external to the negative electrode-side
chamber. The free alkaline nietal oxygen-containing compounds and/or free alkaline earth
metal oxygen-containing compounds, usually 1o the form of oxides but not necessarily,
have a higher chemical activity or affinity for the poisons relative to the negative electrode
15 material and therefore react preferentially with the poisons to prevent or alleviate the
poisons reaching at least the electrode/electrolyte interface, preferably to prevent or
alleviate the poisons reaching or reacting with the negative electrode material in the
functional layer at all. The element or component of the negative electrode material with
which the poisons would be expected to react are the nickel or other metal 1n a cermet

20 composition, but this may not always be the case,

It is possible that the chemically unbound material is also or alternatively acting in other
ways to limt access ot poisons to the negative electrode material in some embodiments,
such as by blocking the release of negative electrode material poisons from the first gas

separator and/or other structure of the device, for example forming the negative electrode-

b2
L% ]

side chamber.

It is also possible that the chemically unbound material is acting in some other way to
alleviate degradation of the electrochemical performance on the negative electrode side of
the cell, including increasing electrical conductivity on the negative electrode side. For
example, it is believed to be possible that the unbound matenial s 1n some way acting o

30 alleviate sintering of the metal in a metal/cermet negative electrode material.

It will be understood that the unbound material may be provided in or on any one or more
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of at least part of the first gas separator exposed to the negative electrode-side chamber and
any structure of the electrochemical energy conversion device forming the chamber other
than the negative electrode-side structure of the electrochemical cell and the first gas
separator, such as spacer plates, cell support plates, conductor layers and/or compliant
layers, but in embodiments the unbound material is provided in or on the negative

electrode-side structure of the electrochemical cell.

Accordingly, in a fourth aspect of the invention there is provided an electrochemical
energy conversion cell comprising a layer of solid oxide electrolyte, a negative electrode-
side structure on one side of the electrolyte laver and comprising one or more porous layers
including a functional layer of negative electrode material having an interface with the one
side of the electrolyte laver, and a positive electrade-side structure on the opposite side of
the electrolyte layer and comprising one or more porous lavers including a layer of positive
electrode material having an interface with the opposite side of the electrolvte layer,
wherein chemically unbound material selected from one or both of free alkali metal
oxygen-containing compounds and free alkaline earth metal oxvgen-containing
compounds is provided in or on the negative electrode-side structure and acts to reduce
degradation of eclectrochemical performance on the negative electrode side of the
electrochemical energy conversion cell doring use of the cell, and wherein if the
chemically unbound material is provided in the functional laver of negative electrode
material there is no chemically unbound material present at the interface of that layer with

the electrolyte layer.

As with the first and second aspects of the mvention, the clectrochemical energy
conversion cell may take any form, such as planar, tubular or monolithic, and the invention

extends 1o electrochemical energy conversion devices incorporating any of them.

In embodiments of the third and fourth aspects of the invention, the chemically unbound
material selected from one or both of free alkali metal oxygen-containing compounds and
free alkaline earth metal oxygen-containing compounds (hereinafter “chemically unbound
material” or “unbound magterial”™) may be provided in an unbound material coating, which
may be a surface coating (that is exposed at the surface), on one or more of the negative
electrode-side structure, the first gas separator and any other structure forming the negative

electrade-side chamber, including any inlet to or outlet from the chamber. The unbound
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material coating may be applied as a continnous or discontinuous layer having, for
example a thickness between .01 and 250 um, preferably between 0.01 and 50 um.
Although 0.01 pm has been identified as a minimum thickness, no specific minimum
thickness has been determined below which the coating becomes ineffective. However,
thiner coatings become increasingly difficult to produce. A thickness of 250 pm is
believed to provide sufficient active material for many vears of use of the electrochemical
energy conversion device or cell, with a thickness of 30 pm providing sufficient protection
on the negative electrode side for the likely working life of the device or cell of up to 10
vears. Greater thicknesses are possible, but in current designs are considered unnecussary.
The maxinom thickness of the coating may also be dependent on the design of the

negative electrode-side chamber.

The unbound material ceating may be continuous and dense on surfaces through which
there is intended to be no gas transport and no electrical contact, for example a non-
electrically connecting gas separator and/or one or more other plates or compovents
forming the negative electrode-side chamber. If the surface to which the coating is applied
is intended to have gases passing through it to or from the chamber, the coating would be
discontinuous, for example, porous and/or segmented. Thus, when formed on the
outermost layer of the wnegative electrode~-side structure of the electrochemical cell,
generally a highly porous, electrically conducting, contact layer formed of nickel or other
accepiable metal, for example a noble or other metal that does not poison the negative
electrode material, including the metal of a cermet negative electrode matenial, the
unbound material coating would desirably be porous to permit gas flow through it. It may
also or alternatively be segmented. If the porous coating is formed on the contact face of a
first gas separator in the form of an interconnect, it would desirably be segmented so that it
15 not present at the contact points of the interconnect with the negative electrode-side
structure or other conductive material. In some embodiments of the third and fourth
aspects of the invention the interconnect has channels, for example in the form of grooves,
formed in the contact surface for the transmission of gases to and/or from the negative
electrode-side structure, in which case the coating material may only be provided in the
channels. Any coating of unbound material on the contact surface must be sufficiently

discontinuous to not unacceptably limit the electrical contact.
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The interconnect may have an electrically conductive contact layer on the negative
electrode side, formed for example of nickel or other metal as above. The interconnect
contact layer may have a thickness of 50 to 200 um, for example 75 to 150 um, and is
designed to ensure good thermal and electrical contact with the negative electrode-side
structure, but is advantageously porous, If the coating of unbound material 15 also

provided, it may be beneath the contact layer of the interconnect or on it.

The tirst gas separator, when used as an interconnect, may have a dense nickel, or other
suitable conductive metal as above, coating on the negative electrode side to alleviate
electrical resistance between the separator substrate material, such as chrominm-containing
heat-resistant steel, and an adjacent layer of the separator or device, and the coating of
unbound material may be on this. The dense metal coating may have a thickness of, for
example, 10 to 100 um, such as 15 to 50 um. The dense metal coating may be formed by

spraying, for example thermal spraying.

Other layers may also or alternatively be provided on the negative electrode side of the
first gas separator. For example, at pages § and 6 of the aforementioned paper by Franco
et al, it 15 noted that both diffusion of mickel can occur from the anode into a ferritic steel
matrix substrate (that can convert the substrate into an austenitic structure leading to
mismatches in the coefficient of thermal expansion) and diffusion of iron and chromium
species from the interconnect substrate into the anode up to the anode/electrolvte interface.
The authors propose to alleviate this by a diffusion barrier layer or protective coating of
perovskite matenals, particularly doped LaCrO; perovskites. The unbound waterial

coating could be provided on such a diffusion barrier layer.

Other structure that may be between the first gas separator and the electrochemical cell in
the negative electrode-side chamber include separate conductor and/or compliant layers,
and these, or one or more of them, may also have the unbound material coating applied to
them, or to other coating layers on them. The aforementioned compliant layer may be, for
example, a metallic mesh such as of nickel or other suitable conductive metal as above.
Two examples of nickel meshes, or nickel coated meshes, are described in the applicant’s
WO98/57384 and WO99/13522, The purpose of a compliant layer is to take up variations

in thickness between the gas separator and the electrochemical cell while being porous to
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atmosphere 1 the negative electrode-side chamber, as well as to act as an electrical

conductor. [t may replace some or all of the contact layer(s).

The unbound material coating may consist only of the chemically unbound matenal, for
example free alkaline earth metal oxide or free alkali metal oxide, possibly with sonte
residual precursor oxygen-containing compounds of the metal or metals such as nitrate or

carbonate.

The unbound material coating may be formed by spray coating or otherwise coating a
solution of one or both of free alkali metal oxygen-containing compound(s) and free
alkaline earth metal oxygen-containing compound(s), or precursor material for it
Generally, the unbound material will be free oxide, which due to its reactivity can only be
applied in precursor form. The compound(s) or precursor may be selected from salts such
as mitrites, nitrates, carbonates, acetates and oxalates or from hydroxides. The solution
may be applied in plural passes in order to achieve the desired thickness but a single pass
may be adequate. A mimmum single sprayed coating thickness may be 0.01 um. Once
applied to the selected surface, the solution is dried, for example in an oven, at a drying
temperature dependent upon the material. For strontium nitrate the drying temperature

may be in the range 50-80°C.

The solution may comprise the oxygen-containing compound (which may be a precursor)
and water, optionally with a dispersant such as 2-amino-2-methyl-1-propynol,  The
dispersant 1s only required if there is a risk of the salt recrystallising in the solution and
may be added at a level sufficient to prevent recrystallisation, usually after the solution has
been formed. The water present in the coating solution will evaporate when the solution is
dried. The oxygen-containing compound may be added to the water at the maximum level
that is readuly dissolvable, which will vary for different compounds. The minirum level
may be dependent upon the desired number of applications, such as spray coatings. For
strontium mitrate, the preferred concentration 1s between 10 and 45 wi%, for example about
30 wit's, in water. Lower concentrations such as in the range 10 to 30 wt%6 tend to result in

finer particles in the sprayed coating, leading to greater reactivity of the unbound material.

After drying, the scavenger coating is fired to burn off any dispersant and to convert any

precursor scavenger material partially or totally to oxide. The mimimum temperature at
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which this may be done is dependent on the materials, but generally is about 456°C for

nitrate precursor materials.

The firing may be performed during the manufacture of the component, after the coating
has been applied, but is conveniently performed in the electrochemical energy conversion
device, during pre-sintering at a temperature in the range of, for example, 700°C to 900°C,

such as 850°C,

In a variation of the unbound material where the unbound material or precursor of it is not
soluble in water, the coating may be screen printed or otherwise applied, for example by
spraying, as a slurry of particulate unbound material, or precursor, and binder which is then
fired.  Suitable binders include those listed hereinatter for screen priating wks. In
embodiments, particle sizes are in the range ot about 0.01 to 25 um, for example in the

range 0,01 to 10 pm. Firing may be performed as described above for the coating solutions.

Alternatively, or in addition to the unbound material coating, the unbound material may be
present in any of one or more layers of the negative electrode-side structure, one or more
lavers of the first gas separator and one or more layers of any other structure of the
electrochemical energy conversion device, where each of those layers is accessible to
atmosphere 1 the negative electrode-side chamber. While the unbound material may be
localised in the respective layer, it is preferably dispersed in it, at least throughout the

portion of the layer exposed to the atmosphere in the negative electrode-side chamber.

Although in this embaodiment the unbound material 15 provided in any of the one or more
layers exposed to atmosphere in the negative elecirode-side chamber, the unbound material
remaing free, that is chemically unbound to the chemical structare of the respective layer.
It may therefore be more reactive than the layer material to poisons and/or more active at
preventing the release of poisons and/or at alleviating sintering of the negative electrode

material, as described above.

The negative electrode-side structure of the electrolytic cell will invariably comprise a
layer of functional negative electrode material with a degree of porosity, generally a nickel
cermet, possibly with a mixture of two or more ceramic phases, of the type listed gbove

adjacent the layer of electrolyte material. The unbound material may be provided in the
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functional electrode layer, but advantageously there is none. Providing no uobound
material in the functional layer of negative electrode material avolds any risk that the
unbound material will detrimentally impact on fuel gas access through the porous
functional electrode layer to the triple phase boundary of the gas with the electrolyte and
electrode materials. Such detrimental impact could be by the unbound matenal physically
blocking gas channels through the porous functional electrode layer and thereby restricting
gas passage to or from the electrochemical reaction sites and/or by unbound material

phvsically sitting on the reaction sites, making those reaction sites inactive.

If unbound matetial is provided in the functional layer of negative electrode material, it
may be dispersed evenly through the thickness of the layer of negative electrode material
except at the interface of the electrolyte and electrode materials. Providing no chemically
unbound material at the negative electrode/electrolyte interface is important for alleviating
risk of the unbound material detrimentally impacting on the reaction sites at the interface
available to the fuel gas (in fuel cell mode) or for converting hydrogen ions to hydrogen (in
electrolyser mode) as described above. This may be done by grading the amount of
unbound material through the thickness of the functional electrode layer, from a maximum
at the surface remote from the electrolyte layer to zero at the interface. Alternatively, if the
unbound material is provided in the tunctional layer of negative electrode material, it may
be provided only in a portion of the thickness of the laver remote from the interface. As
the triple phase boundary area, that is the zone containing the reaction or active catalysing
sites, extends up to about 10 microns in to the functional electrode layer from the interface,
advantageously that portion is at least § microns, preferably at least 10 microns, more
preferably at least 15 microns, from the interface. Tn that portion of the thickness of the

functional electrode layer, the amount of unbound matertal may be even or graded.

If the negative electrode layer is not designed as a supporting layer, it may have a small
thickness of, for example § to 50 um, such as 10 to 20 pm. ¥ in addition to being a

functional layver 1t is a supporting layer, a thickness up to 250 pm or more may be required.

The negative electrode-side structure may include one or more porous lavers on the layer
of functional negative electrode material, These layers must be porous to permit access of

the atmosphere in the negative electrode-side chamber to the laver of negative electrode
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material. The porosity in each of these lavers may be about the same as that of the layer of
negative electrode material, but preferably it is greater to ensure ready access of the

atmosphere to the layer of negative electrode material.

If more than one porous layer is provided on the layer of negative electrode material, the
porosity of all those layers may be the same, or, for example, it may increase for each laver
more remote from the layer of negative electrode matertal. The unbound material may be
provided 10 one or more of these layers, or in none of them. If it is provided, it may be in
each layer or in only one or some of plural layers. In each layer in which it 1s provided, it
may be localised or evenly dispersed through the thickness of the layer. Alternatively, it
may be graded through the thickness of the layer, increasing in amount away from the
layer of negative electrode material, or present in only a portion of the thickness of the

layer, for example a portion most remote from the layer of positive electrode material.

An outermost porous layer of the negative electrode-side structure (excluding any unbound
material or scgvenger coating) may be a contact layer, for example of nickel as descrbed
above, designed in the case of the gas separator being an interconnect to establish electrical
contact between the cell and interconnect. It may have a thickness in the range of, for
example, 20 to 100 pm and have a porosity in the range of, for example, 10% to 85%. The
thickness will generally depend upon the cell and device design, but too thick a contact
layer may lead to iategrity problems and cracking of the laver. Too thin a contact layer
may lead to too small a capacity to carry seavenger material in it. In one embodiment the

thickness may be in the range of 25 to 50 pum.

The contact layer may have even porosity throughout #s thickness or increasing porosity
away from the layer of negative electrode material. One or more further contact layers
may be provided between the outermost contact laver and the layver of negative electrode
material, preferably each such further contact laver having less porosity in the
aforementioned range than the next adjacent contact laver on its side remote from the layer
of negative electrode material. Each such further contact layver may have even porosity
throughout its thickness or increasing porosity from a side closest to the layer of negative

electrode material.

Another porous layer that may be provided as part of the negative electrode-side structure
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15 a substrate or support layer. The substrate layer will generally be disposed between the
layer of negative electrode material and any contact layer and serves as a support layer for
all of the other layers of the cell. Tt may be formed of the same or a similar cermet material
as the negative electrode material, so that it performs some of the functions of the
functional layer. The substrate layer may have a thickness of, for example, 100 1o 300 wm,
such as 150 to 250 um. Too thin a substrate layer may not give it sufficient strength to
perform its support function, but too great a thickness may lead to excessive rigidity as

well as greater resistance to gas transport and electrical conductance.

In some SOFC designs, the physical support layer of the cell may be the electrolyte layer
or a positive electrode-side substrate layer, in which case the pegative electrode-side
substrate layer may be omitted and the functional layer of negative electrode material may

be at or towards the lower end of the thickness range noted above.

The first gas separator may comprise on the negative electrode side any one or more of the
aforementioned contact laver and barrier layer or protective coating of perovskite or other

material, and the unbound material may be provided in one or more of them.

As with any unbound matertal provided in the porous layers of the negative electrode-side
structure, the unbound material 1n any one of the aforementioned layers of the first gas
separator exposed to atmosphere in the negative electrode-side chamber, may be localised
or evenly dispersed throughout the layer. Alternatively it may be graded through the
thickness of the layer, for example increasing in amount away from or towards the
substrate gas separator material, or present in only a portion of the thickness of the layer,
such as a portion most remote from the substrate gas separator material, Generally,
however, the graded or localised provision is not necessary and the unbound material is

evenly dispersed in the respective layer.

One or more coating layers as described above, for example of nickel or suitable other
metal cermet or of metal alone, may be provided on other structure of the slectrolytic
energy conversion device forming the negative elecirode-side chamber, and unbound or
scavenging material may be provided in accordance with the third aspect of the invention
in any one or more of those layers. Such other structure includes any inlet plenum

component (which may be part of the first gas separator), a cover plate, a support plate and
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a comphant or conductive layer as already described. The coating layer on any of this
structure may be dense or porous according to its function. The coating layer differs from
the aforementioned unbound material coating in that the unbound material coating may

comprise essentially only the chemically unbound material.

Generally, the layer or layers in which the unbound material may be provided in
accordance with the third or fourth aspect of the invention are applied by tape casting an
appropriate slurry composition and laminating the layvers and/or sereen printing an ink onto
a substrate or previously-deposited layer. This includes the functional layer of negative
electrode material, any substrate layer of the negative electrode-side structure, any contact
layer of the negative electrode-side structure, any contact layer on the side of the first gas
separator exposed to atmosphere in the negative electrode-side chamber, and any such or
other layer on any other component of the electrochemical energy conversion device
forming part of the negative electrode-side chamber. Other methods, such as pad printing
and spraying, may be used for forming each layer, but tape casting is preferred for the
anode functional and substrate layer and screen printing is preferred for the contact layers

and will be described further.

The screen printing ink for each contact layer on the negative electrode side is formed by
mixing the particulate nickel, or other suitable metal, and a pore former with binder,
dispersant and solvent. The pore former may be omitted or at reduced levels for less
porous layers. Suitable binders inclade alechol such as ethanol or propanol mixed with
ester such as hydroxypropyl cellulose ether. Suitable dispersants include 2-amino-2-

methyl-1-propancl. The solvent inay be a water miscible organie.

The tape casting slurries for the negative electrode functional and substrate layers may be
formed by mixing particulate NiQ or other suitable metal oxide, ¥SZ or other suitable
doped or stabilised oxide, and, in the case of the substrate laver, a pore former, with binder,
dispersant and solvent as described above, If the negative electrode fimetional layer also
acts as a substrate or support layer for the entire cell, some pore tormer may be added to

ensure adequate porosity.

If the unbound material or its precursor dissolves in water, it may be added to the base ink

or sturry as a solution formed as desctibed above in relation to the unbound coatings. 1If
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the unbound material or its precursor is not dissolvable 10 water, it may be mixed into the
ink or slurry as a powder or mixed with the base layer powder prior to formation of the
slurry.  Particle sizes for the unbound material may be in the range 0.01 to 25 pm,
preferably in the range 0.01 to 10 pm. The maximum particle size is limited by the
thickness of the layer or coating in which it is provided. Thus, for thicker coatings the
unbound material particle size may be greater than 25 microns. However, finer particle
sized unbound material will result in greater surface area, with a consequent increase in
activity. The particle size of the unbound material may be smaller than that of the layer

material.

For the aforementioned barrier layer on the negative electrode side of the first gas
separator, the unbound material may be provided in it by mixing the same solution or
powder, depending upon solubility, in the perovskite layer mixture. The unbound material
may alternatively be provided in an unbound material coating applied as a solution as
generally described above fo the barrier layer. It is possible that some of the unbound

material will be absorbed in to the barrer layer,

The unbound matertal may be provided in any one porous layer, or in a protective metal
coating or barrier layer at a level 10 the range of about 0.1 to 65 vol%: of the total solid
content of the layer or coating. More preferably, the range is about 1 to 25 vol%. In order
to have electrical countinuity, the conducting phase should form at least 35 vol% of the
layer or coating, leaving a maximum of 65 vol% unbound material. In practical terms, 35
vol% of the conducting phase provides relatively low electrical conductivity, and a smaller
proportion of unbound material is preferred, While any proportion of unbound material up
to 63 vol% is acceptable, for example any proportion in the range 26 to 65 vol%s, the more
preferred maximum is 25 vol% to provide a balance between good electrical conductivity
and long term protection from the unbound material. While proportions of nnbound
material as low as 0.1 vol% are believed to provide the desired protection, the more
preferred minimum of 1 vol% will provide longer-term protection. In some embodiments,
the proportion of unbound material relative to the total solid content of the layer ot coating

is advantageously from 0.6 wt%, for example greater than 3 wi% or even 10 wt% or more.

Preferred cations for the unbound material are selected from one or more of Sr°°, Ca*',
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Ba™, Mg™*, Na'" and K.

As with the unbound material described with reference to unbound material coatings in
accordance with the third or fourth aspects of the invention, generally the chemically
unbound matenal in one or more of the aforementioned layers or coatings will comprise
free oxide. However, due to its reactivity such a scavenging material can only be added to
the layer material in precursor form, preferably selected from salts such as nitrites, nitrates,
carbonates, acetates and oxalates and from hydroxides. After tape casting the negative
electrode functional and/or subsirate layer slurry with the precursor material in it, the laver
will be fired at a temperature in the range of 1300°C to 1300°C in air, resulting in the oxide
being formed. At the same time, the binder, dispersant and any graphite and residual
solvent bumn off, leaving the cermet layer, which in the case of the substrate layer is porous
as a result of the graphite. Subsequently, the NiO reduces to nickel, resulting in some
porosity in the functional layer. In a variation, the precursor material may be impregnated
in to the layer material, as a solution, after firing the layer wmaterial. Impregnation is not
preferred for gt least the functional layer of negative electrode material of the negative
electrode-side structure as it is difficult to controt the permeation of the solution through
the layer(s), and therefore difficult to ensure there is no unbound material at the interface

of the laver of electrolvte material with the functional layer of negative electrode material.

In the contact layer or layers on the negative electrode side, the wnitial heating up of the
stack in air to a temperature in the range of 700°C to 900°C, during pre-firing and -
sintering, result 10 the pore former, binder, dispersant and any residual solvent burning off
to leave porous NiO {or other suitable metal oxide) and any chemically unbound alkali
metal oxide and alkaline earth oxide, as well as any residual free precursor material.

Subsequently, the NiQ reduces to nickel.

In many fuel cell systems for producing electricity, natural gas or other hydrocarbon is
mternally reformed in the stack, with the anode material, as the negative electrode of the
cell acting as the reforming catalyst. Under these circumstances it is desirable to only use
free alkaline ecarth metal oxygen-containing compounds as the chemically unbound

material since alkali metals tend to poison the reforming reaction.
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BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of an electrochemical energy conversion device in accordance with
the invention and test results associated with the various embodiments will now be

described by way of example only with reference fo the accompanying drawings, in which:

5 Figure 1 is a sectional view (not to scale) of a tvpical fuel cell assembly

configuration of the type used to test the invention,

Figure 2 is a graph of the effect on degradation of the cell assembly of Figure 1 of

mtroducing free strontium oxide to a negative electrode side cell contact layer;

Figure 3 is a graph of the effect on degradation of the cell assembly of Figure 1 of

10 introducing free strontium oxide to a positive electrode side cell contact layer;

Figure 4 is a graph of the effect on degradation of the cell assembly of Figure 1 of
introducing free stroutium oxide to a positive electrode side cell contact layer as well as in

both the contact layer and a shield layer;

Figare § is a graph similar to Figures 2 to 4 but comparing the effect of providing
15 strontium oxide in various locations on the positive electrode side only, on the negative

electrode side only, and on both electrode sides;

Figure 6 is a graph similar to Figure §, but showing the effect on degradation of
providing strontium oxide on both positive and negative electrode sides over a longer

period than in Figure §;

20 Figure 7 is a graph of the effect on degradation of the cell assembly of Figure 1 of

introducing free strontium oxide to individual locations of the assembly;

Figure 8 is a graph similar to Figure 7, but also showing the overall effect on

degradation of providing strontium oxide on numerous locations of the agsembly;

Figure 9 is a graph showing the effect on degradation of different amounts of

P
o

strontium oxide in various layers of the cell assembly;

Figure 10 is a graph contrasting the effect on degradation of the cell assembly of
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Figure 1 of introducing free oxide to various locations of the cell in different forms;

Figure 11 15 a graph showing the long-term effect on degradation of the cell
assembly of Figure 1 of introducing free strontium oxide to individual locations of the

assembly; and

Figure 12 1s a graph contrasting the effect on degradation of different free oxide

Precursors,

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Figure 1 is sectional view illustrating a planar fuel cell assembly 10 of the type used to test
the present invention. The figure is not to scale and is provided in the form shown for ease
of illustration.  The assembly 10 comprises a fuel cell unit 12 between opposed
interconnect plates 14 and 16. In a commercial fuel cell device, multiples of these
assemblies 10 would be stacked on top of each other, with each pair of abutting
interconnector plates 14 and 16 being formed as a single plate.  As illustrated, the
mterconnect plate 14 1s a positive electrode- or cathode-side interconnect, while the
interconnect plate 16 is a negative electrode- or anode-side interconnect. They are formed
of chromium-containing high temperature resistant ferntic steel such as Crofer 22H, Crofer

22APU and ZM(G 232L.

Between the interconnect plates 14 and 16, the fuel cell unit 12 comprises a dense
electrolyie layer 18 of 8YSZ having a thickness in the range of 5 to 20 um, for example 10
um, with a doped ceria barrier layer 20 on the cathode side. The barrier layer 20 prevents
reactions between the electrolyte layer 18 and certain cathode layers.  Depending on the
combination of the electrolyte and cathode materials, the barrier layer may not be
necessary. If it is provided, it may be a mixed phase ceria zirconia laver as described in

WQ2010/040182 and may have a thickness in the range of 0.5 to 1.5 pm.

The cathode layer 22 formed on the electrolyie barrier layer 20 is a porous perovskite such
as LSCF and has a thickness in the range of 20 to 30 ym. A cathode shield layer 24 is
provided on the cathode layer 22, followed by a cathode cell contact layer 26, both formed
of LSCo with the contfact layer being mere porous than the shield laver, which may in turn

be more porous than or of similar porosity to the cathode layer. The shield layer has a high
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degree of tortuosity relative to the contact layer 26 and a thickness of about 20 um, and is
designed with a large surface area to reduce the likelihood of poisons on the cathode side
of the fuel cell unit reaching the cathode laver 22 by virtue of the strontium bound in the
perovskite structure reacting with those poisons in the pores of the shield layer. As will be
appreciated, the shield layver 24 may be redundant in view of the provision of unbound

scavenger material on the cathode side.

The cathode cell contact laver 26 has a thickness of about 125 pm and provides an

electrically conductive layer between the interconnect plate 14 and the cathode layer 22.

The cathode interconnect plate 14 is provided with grooves or channels 28 for gaseouns
oxidant, usuvally air, supply and the removal of gases on the cathode side (in fuel cell
mode). Between the grooves or channels 28 peaks or lands 30 are defined which form
contact faces with the cathode cell contact layer 26. To enhance the electrical contact
between the cathode interconnect plate 14 and the cathode cell contact layer 26, a cathode
interconnect plate contact layer 32 15 provided on the lands 30 to directly contact the
cathode cell contact layer 26. The cathode plate contact layer 32 is also formed of LSCo

and has a stmilar porosity to the contact layer 26. It may have a thickness of 75 to 125 um.

Also on the cathode side, a barnier coating 34 is provided across the entire surface 36 of the
interconuect plate 14 exposed to the oxidant in use of the cell assembly, between the
surface 36 and the contact laver 32. The barrier coating 34 is intended to prevent the
release of chromium species from the interconnect plate 14, and may be a spinel layer as

described in W096/28855 having a thickness of 15 to 30 um.

Qn the anode side, an anode tfunctional layer 38 having a degree of porosity is provided on
the opposite side of the electrolyte layer 18 to the cathode layer 22, It is formed of a

NI/8YSZ cermet having a thickness of 10 to 12 pm.

A porous anode substrate layer 40 of Ni/3YSZ cermet having a thickness of 180 to 200 pym
is provided on the opposite side of the anode functional layer 38 to the electrolyte layer 18,
and has a greater porosity than the functional layer. The substrate layer 40 acts as a

structural support layer for all of the other lavers of the fuel cell unit 12,

An anode cell contact layer 42 is provided on the substrate laver 40 on the opposite side to
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the functional layer 38 to enhance the electrical connection between the anode substrate
layer 40 and the anode interconnect plate 16. It is formed of porous metallic nickel,

generally more parous than the substrate layer 40, and has a thickness of about 30 um,

As on the cathode side, the anode interconnect plate 16 is provided with grooves or
channels 44 for the delivery of fuel gas to the anode side of the fuel cell unit 12 and
removal of reacted fuel (in fuel cell mode). Between the grooves or channels 44, peaks or
lands 46 are defined, and the same porous nickel waterial is provided as an anode
interconnect plate contact layer 48 on them. The contact layer 48 may have a thickness of

about 100 pm.

To improve electrical conductivity between the interconnect plate 16 and its contact layer
48, a dense layer of nickel 50 is formed on the side 52 of the plate exposed to fuel. The
dense nickel coating may have a thickness of 15 to 45 pm and extends across the lands 46

and channels 44,

Most if not all of these layers of the fuel cell assembly 10 are known in the prior art and do
not require describing further. However, briefly, the dense electrolyte layer 18 may be
made by tape casting particulate 8YSZ sturry and firing it. The electrolyte barrier layer 20
15 formed as descnbed in WO2010/040182. The cathode layer 22 is formed by screen
printing an ink made with LSCF perovskite material and binder, onto the barrier layer 20
and firing it. The cathode shield layer 24 and contact layer 26 are formed by screen
printing an ink comprising LSCo perovskite material and binder, as well as a pore former
such as carbon, polymer beads, corn starch, high molecular weight binders or graphite in
the case of the contact layer, The shield laver 24 is screen printed onto the cathode layer
22 and the contact layer 26 is screen printed onto the shield layer 24. After screen printing

the lavers are fired.

The cathode interconnect spinel barrier coating 34 may be formed as described in
WO96/28855, while the cathode interconnect contact layer 32 is identical to the cathode
cell contact layer 26 but screen printed onto the barrier coating 34. After screen printing

the contact layer 32 is fired.

The anode substrate layer 40 is formed first by tape casiing a sturry of NiQ, 3YSZ, pore
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former selected from those described above, dispersant and solvent. During firing, the
pore former, binder and dispersant bum off, leaving pores and a substrate structure of NiQ
and 3YSZ. After pre-sintering of the assembly, the N0 in the substrate reduces to Ni to

produce the porous Ni/3Y SZ substrate structure.

The anode functional layer 38 is tape cast as a slurry of NiO, 8YSZ, binder, dispersant and
solvent. During firing, the binder, dispersant and solvent burn off leaving a smaller degree
of porosity than 1o the substrate layer 40,  After pre-sintering, the NiO in the substrate
reduces to Ni to provide the functional layer of NIUS8YSZ cermet. Porosity in the functional
layer arises from the volume change occurring during the NiO ~ Ni conversion, The

electrolyte layer 18 is tape cast onto the functional layer 38,

On the opposite side of the substrate layer 40 the anode cell contact layer 42 is formed by
screen printing an ink consisting of Ni, pore former selected from those described above
and binder. During the initial heating of the cell assembly 10 (part of the pre-sintering
procedure), the binder and pore former bumn off, leaving NiQ which 15 subsequently

reduced to porous Ni.

The tape cast cell layers may be formed on a preceding layer or one or more may be

formed separately and laminated,

The same screen printing ink and procedure are used for the contact layer 48 on the anode
interconnect plate 16, while the dense contact layer 50 is formed first by thermally
spraving metal powder onta the face 52 so that it is formed in the grooves 44 as well as on

the lands 40.

To complete the cell assembly 10 (prior to pre-sintering) the cathode side of the assembly
must be sealed from the anode side, and both must be sealed frow external atmosphere. To
do this, a series of glass seals 34, 56 and 58 and a cover plate 60 are used. The various
cathode side layers 22, 24 and 26 of the cell 12 do not extend to the edge of the electrolyte
laver 18, and the glass seal is formed on the electrolvte barrier layer 20 as an annulus that
extends entirely around the cathode laver 22. The cover plate 60 is formed of the same
ferritic steel as the interconnect plates 14 and 16 and 13 an annulus that 15 seated on the

glass seal 54 and extends outwardly therefrom. Towards its outer periphery 62, the cover
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plate 60 is also supported on the glass seal 56, which is itself an annulus that 15 supported
on the anode interconnect plate 16 outwardly of the fuel cell unit 12 and at least the anode
interconnect plate contact laver 48, The glass seal 58 is also an annulus that (s supported
on the cover plate 62 and extends to the cathode interconnect plate 14 cutwardly of the

cathode side of the fuel cell unit 12 and the cathode plate barrier coating 34.

A positive electrode or cathode side oxidant and exhaust chamber 64 is formed between
the electrolyte barner layer 20, the glass seal 54, the cover plate 60, the glass seal S8, the
cathode interconnect plate 14 and/or the cathode plate barrier coating 34, with the porous
cathode layer 22, cathode shield laver 24, cathode cell contact layer 26 and cathode side

interconnect plate contact layer 32 being an integral part of the cathode side chamber 64,

Similarly, a negative electrode or anode side chamber 66 is formed between the electrolyte
layer 18, the glass seal 54, the cover plate 62, the glass seal 56, the anode side interconnect
plate 16 and/or the dense anode interconnect layer 30, with the anode functional layer 38,
the anode porous substrate layer 40, the anode cell contact layer 42 and the anode

interconnect plate contact layver 48 being an integral part of the anode side chamber 66,

It will be appreciated that at least one inlet to and at {east one outlet from each chamber 64
and 66 must be provided to supply oxidant to and remove oxidant exhaust from the
cathode side chamber 64 and supply fuel gas and remove fuel exhanst from the fuel side
chamber 66 (in fuel cell mode). These have not been shown in Figure | werely for clarity

of the section.

As described, the cell assembly 10 formed the basis of the tests represented as "no 8" in
Figures 2 to 8 and 10. It will be appreciated from these graphs of electrical output
degradation {measured as a percentage variation relative to an oulput at about 0 hours
agatnst tune, where a positive degradation means the electrical output is decreasing) that
the cell assembly as described suffers from electrical output degradation for at least one of

the reasons described herein.

It will be understood that this degradation occurs even though, for example, at least the
cathode shield layver 24 and the cathode plate barrier coating 34 as well as the anode plate

dense contact layer 50 are designed to alleviate the degradation.
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The applicant has found, though, that the provision of free alkaline earth metal oxygen
containing compounds and/or free alkali metal oxygen containing compounds on or in one
or both of the positive and negative electrode-side chambers can substantially alleviate the
electrical performance degradation. If the fuel cell assenibly is to be used for internally
reforming hydrocarbon fuel gas, such as natural gas, to hydrogen, alkali metal oxygen
containing compounds should be avoided on the negative electrode or anode side since

these compounds tend to have a detrimental effect on the reforming reaction.

Generally the oxygen-containing compound will be an oxide, but due to the reactivity of
these oxides they need to be added as a precursor. Depending on the thermal stability of
the precursor, some precursor material may exist as free oxygen-containing compound
alongside the free or unbound oxide, The preferred oxide is St (conveniently referred to
as "Sr" in Figures 2 to 9), but other oxides in the two Groups are known to perform very

similarly, particularly Ca0, BaO, MgO, Na»0 and K,0.

The oxygen-containing compound can be provided in or on any one of various components
of one or both of the cathode and anode chambers 64 and 66. Figures 2 to 9 and 11
illustrate the provision of free 810, and any restdual strontium nitrate precursor, in various
of those locations identified in the Figures as positions 1-7. The location of these positions

relative to the cell assembly 10 of Figure 1 is identified in Table 1.

Figure 10 also illustrates the provision of SrO from strontium nitrate precursor at positions
2 to 6 and the description below for this provision in relation to Figures 2 to 9 applies to
Figure 10 also. However, Figure 10 contrasts this provision with providing the free SrO
from sfrontium carbonate and free CaQ from calcium carbonate, each at the same locations,

positions 2 to 6.

Figure 12 contrasts the effect on degradation of using different strontivim and calcium

precursor materialg and forms.
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TABLE 1
Sr( Position Description of Location

1 Free SrO coating on the anode interconnect plate 16 between the
dense contact layer 50 and the porous nickel contact layer 48.

2 Free 5r0O dispersed in the anode interconnect plate porous contact
layer 48.

3 Free SrO dispersed in the anode cell porous nickel contact layer
42,

4 Free SrO dispersed in the cathode shield layer 24.

5 Free 8rO dispersed in the cathode cell porous contact layer 26.

6 Free 810 dispersed in the cathode interconnect contact layer 32

7 Free SrO coating on the cathode interconnect plate 14 between the

cathode interconnect plate barrier coating 34 and the cathode
interconnect plate porous contact layer 32.

In positions 1 and 7, the free SrQ ceating or wash coat is applied to the entire extent of the
respective dense layer 50 and 34, including int the respective grooves or channels 44 and 28,

not just beneath the respective interconnect plate porous contact layer 48 or 32.

The same strontium solution is used for both the coatings at positions 1 and 7 and for
dispersing the strontium nitrate precursor in the layers at positions 2 to 6. The Sr(NOs); 18

converted to SrO on heating in air.

The strontium solution is made up of strontium nitrate, water and a dispersant. Initially,
strontium nitrate 1s weighed, followed by the addition of a required amount of water. The
strontium nitrate is dissolved in the water by heating the mixture in a water bath in a
temperature range of 40-70°C, while being stirred. A dispersant is added to the solution to
prevent the strontium nitrate from recrystallising at temperatures less than 15°C and to
assist dispersing the strontium nitrate in the inks used for incorporating the strontium into
the layer materials for positions 2 to 6. The concentration of strontium nitrate solution is
slightly lower than the saturation level at normal temperature and pressure, to avoid the

recrystallisation problent.

For the porous mickel contact layers 48 and 42 at positions 2 and 3, the stromtium is
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dispersed in the following way. The required quantittes of nickel powder, pore former and
binder are weighed and mixed in a high shear mixer. Once the mixture is homogenised,
the required quantity of the strontium nitrate solution is added and the new mixture is
hontogenised again in the high shear mixer to produce an ink suitable for screen printing of

the layers.

-

For the porous perovskite contact lavers 26 and 32 at positions 5 and 6, the required
quantities of lanthanum stronttum cobaltite {1.5Co) powder and binder are mixed by hand
until they are blended together. The blended mixture is then triple roll milled for a number
of passes before the pore former and additional binder are added to the triple-rolled
mixture and homogenised in a high shear mixer. Once the mixture is homogenised, the
required quantity of the strontium nitrate solution is added and homogenised again in the

high shear mixer to produce an ink suitable for screen printing of the layers.

The screen printing ink preparation for the perovskite cathode shield laver 24 at position 4
is prepared in exactly the same way as the cathode side porous contact layer inks, except

that no pore former is added to the mixture.

For the screen printing inks, the strontium may be added to a level where in the fired
product the free strontium oxide and any residual precursor strontium nitrate are present at
a total level of from 0.1 to 65 vol% relative to the total solids content of the layer, more
preferably from 1 to 25 vol%. While there may be advantages to providing levels of the
free strontium material above 25 vol% up to the maximum indicated of 65 val%., doing so
may lead to difficulties in maintaining the stability of the screen printing inks, and it is for
this reason that 25 vol% is the preferred maximum. Levels of strontium oxide tested in the
cathode side contact layers and shield layer have been from 2.8 — 13.2 wi%s, while the
corresponding range for the anode side contact layers is 0.6 — 13.2 wt%. Free strontium

nitrate has also been added to the anode substrate laver 40, at a level of 0.64 wi%s.

Table 2 sets out Examples of compaositions for the strontium nitrate selution, the cathode
side porous contact layer inks, the cathode shield layer 1ok and the ancode side porous
contact laver inks. In Table 2, no ranges are given for the amount of LSCo, pore former

and nickel as the LSCo/pore former and Ni/pore former ratios were maintained constant,
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Some commercial names are referred to in Table 2 (and in Tables 6 to 8), and these are

explained in Table 3, along with their source.

The strontium nitrate solution is applied to the cathode and anode interconnect plates 14

and 16 by spraving the solution onto the respective faces 36 and 52, over the regpective

dense lavers 34 and 50, but excluding the areas contacted by the glass seals 58 and 56,

respectively.

The required weight of strontium nitrate is achieved by controlling the

number of spray passes, to provide coating thicknesses in the range 0.01 to 250 um,

preferably 0.01 to 50 pm,
TABLE 2
Sr(NGOs;): Solution
Range
Current with min. with max.
Material Weight, ¢ AMPYS AMPIS
Scavenger precursor StNOs ) 36 36.0% 36.0%
Medium Water 5438 64.0% 44 0%
Dispersant AMPOS 9.2 0.0% 20.0%
Positive side Porous Layer ink
Current Preferred Broadest
Material Weight, o Range, ¢ Range, g
Conducting Phase LSCo 329 329 329
Binder 1 Cerdec 80683 18.7 10-25 1-25
Binder 2 Cerdec 80858 18.7 10-25 1-25
Pore-former Graphite 16.0 16.0 16.0
Scavenger SH{NO3z ) solution 13.7 1.32-42.0 0.132 - 232
Positive side Shield Layer ink
Cuarrent Preferred Broadest
Material Weight, g Range, ¢ Range, g
Conducting Phase | L8Co 489 48.9 48.9
Binder 1 Cerdec 80683 16.3 16-25 1-25%
Binder 2 Cerdec 80858 16.3 10 -25 1-23
Scavenger SrNO:): solution 18.5 1.97-624 0.197 - 345
Negative side Porows Layerink
| Material Current Preferred Broadest
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Weight, g Range, g Range, g
Conducting Phase | Nt 356 356 35.6
Binder 1 Cerdec 80683 18.3 10-25 1-25
Binder 2 Cerdec 80858 18.3 10-25 1-25
Binder 3 PreGel 53 5.30 5.30
Pore-former Graphite 153 153 153
Scavenger StNQ1 b solution 72 143 ~455 0.143 - 251
TABLE 3
Commercial
Name Chemical wi Manufacturer
. A : Angus Chemical
~-Amino-2-methyl-1-Propa 95% -
AMPOS 2~-Amino-2-methyl-1-Propanol o Company, USA
Water 5%
Propanol > 60%
CERDEC 80858 F ‘ i TSA
¢ ¢ ’ Hydroxy propyl cellulose ether arro Corporation, US
Ethanol , & 2-{2-ethoxyethoxy)-
CERDEC 80683 | ethanol Ferro Corporation, USA
Hydroxy propyl cellulose ether
CERDEC 80858 46% Ceramic Fuel Cells Lid
PreGel CERDEC 80683 qev, | oramic Ruet Lells Ltd,,
N ; , Australia
Crayvallac Super &%
Crayvallac MicronisedPolyamide wax Arkema, France
Super
DGME Diethylene GlycolMionoetbyl DOW Chemicals, USA
LSCo Lanthanum Sirontium Cobalt Fuel Cell Matenials,
o Oxide USA
Novamet Specialty
Nickel Ni Products Corporation,
USA

Referring now to the graphs, in Figure 2 free strontium oxide is provided only in the anode

cell contact layer 42 of the cell assembly 10 and provides a substantial reduction in the

degradation in electrical output from the assembly over the first 2000 hours of operation

relative to no free 8§10,
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Referring to Figure 3, the free strontium oxide is provided in the cell assembly 10 only in
the cathode cell contact layer 26, and may be seen to reduce the electrical output
degradation from about 5% {when no free SrO is present) at nearly 2000 howrs to under
2%.

Figure 4 duplicates the results of Figure 3, but also shows the effect of additionally
including free strontium oxide dispersed in the cathode shield layer 24. With the free
strontium oxide dispersed in both the cathode cell contact layer 26 and the cathode shield
layer 24, the electrical output degradation is limited to no more than 1% over nearly 2000

hours.

1n Figure 5, the electrical output degradation of the cell assembly 10 with no free strontium
oxide present is contrasted over 2300 hours with providing free strontium oxide at
positions 4, 5, 6 and 7 on the cathode side only, at posttions 1, 2 and 3 on the anode side
only, at positions 2, 3, 4, 5 and 6 (so no free strontium oxide interconnect plate coatings on
either side), and at all of positions 1 to 7. It may be seen that over this tine frame, the cell
electrical output degradation decreases from about 6 5% with no strontium oxide present to
about 4.8% with free strontium oxide only present on the cathode side, to about 1.3% for
each of the tests in which free strontium oxide is only present on the anode side and is
dispersed n all four contact lavers and in the shield layer, to about 0.1% when free

strontium oxide 1s present in all 7 positions.

Figure 6 illustrates the results of another test of the cell assembly 10 in which free
strontium oxide is provided at all 7 positions. Ower about 3700 hours, the cell electrical
output degradation remained less than 1%. In conirast, at least by 3000 hours the test
showed that with no free strontium oxide present the cell electrical output degradation was

greater than 3%.

Figure 7 illustrates another short term fest of the cell assembly 10, over about 800 hours,
contrasting the provision of no free strontium oxide in the assembly with individual tests
where free strontium oxide is provided at posittons 1, 2, 3, 4 and 3, respectively. It may be
seen that in this test, the provision of free strontium oxide at position 1 only, as a coating
on the anode side interconnect plate, improved the electrical ontput over the initial 450

hours, with negligible degradation in output thereafter.



1

0

20

th

WO 2015/103673 PCT/AU2015/050005

- 48 ~

Figure 8§ 1s identical to Figure 7 except that it also shows the results of a test in which free
strontivm oxide was provided at all of positions 1 to 7. In this test, the final cutcome at
about 800 hours for providing the free strontium oxide at all 7 positions was 4 cell output
degradation of about 0.8%, worse than when it was provided only at position 1. The

reason for this is not clear to the inventors.

Figure 9 shows the results of a test of a stack with 7 layers of cell assembly 10 with
different proportions of free strontium oxide present in 3 layers of the cell 12, the anode
contact laver 42 (position 3), the cathode shield layver 24 (position 4) and the cathode
contact layer 26 (position 5). The wt%6 of free strontinm oxide in each laver is identified in
the Figure by the formula: Layer - # A/B/C where layer - # = the layer number; A = the
St wi% in the anode contact layer; B = the SrQ wt%6 in the cathode shield layer; and C =

the SrO wt?s in the cathode contact layer.

It may be seen from Figure 9 that all of the layers showed a cell electrical output
degradation of less than 1% over the 500 hours tested, but that layvers 1, 3, 4 and 7 all
showed an improvement in electrical output. Layver 2 showed overall no change in
electrical output after 500 hours, while layers 5 and 6 (with no free strontium oxide in the
anode contact layer) showed higher cell output degradations at 500 hours of 0.8% and
0.5% respectively. These may be contrasted with the results in Figures 7 and 8, where
with no free strontiom oxide present at all in the cell assembly the cell output degradation

over a similar period was about 2% and over 800 hours approached 4%.

Figure 10 illustrates another short term test of the cell assembly 10, over about 340 hours,
contrasting the provision of no free strontium oxide in the assembly with individual tesis
where free oxide is provided at positions 2, 3, 4, 5 and 0, respectively. In this test, the free
oxide is in three different forms, strontium oxide from strontium nitrate precursor,
strontium oxide from strontium carbonate precursor and calctum oxide from calcium
carbonate precursor. The strontium nitrate 1s introduced in the manner described above for
positions 2 to 6. The strontium carbonate and calcium carbonate are also added in exactly
the same way using the compositions set out in Table 4 and 5, respectively, to achieve the

same level of active metal content as in the strontium nitrate,

It may be seen from Figure 10 that iu this test the cell electrical output degraded by about
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1.6% over the 340 hours of the test when no free oxide is added, while the output from the
cells with strontivm oxide from strontium nitrate and calcium oxide from calcium
carbonate in positions 2 to 6 degraded by about 0.2% over the same period. On the other
hand, the provision of strontium oxide from strontium carbonate al positions 2 {o 6

improved the cell output over the same period by about 0.5%,
TABLE 4

FORMULATIONS WITH SrCO;

Positive side Porous Layer ink

Material Current Weight, g
Conducting Phase L8Co 316
Binder 1 Cerdec 80683 20.2
Binder 2 Cerdec 30858 202
Solvent DGME 9.5
Pore-former Graphite 152
Scavenger SrCO4 33
Positive side Shield Layer ink

Material Current Weight, g

Conducting Phase LSCo 49.6
Binder 1 Cerdec 80683 208
Binder 2 Cerdec 0858 208
Solvent DGME 3.6
Scavenger SrCO4 51
Negative side Porous Layer ink

Material Current Weight, g
Conducting Phase Ni 389
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Binder 1 Cerdec 80683 18.2
Binder 2 Cerdec BO8S8 18.2
Solvent DGME 6.1
Pore-former Graphite 16.6
Scavenger SrCO; 2.0
TABLE 5
FORMULATIONS WITH CaCO;
Positive side Porous Layer ink
Material Current Weight, g
Conducting Phase L8Co 269
Binder 1 Cerdec 80683 29
Binder 2 Cerdec 80858 29
Pore-former Graphite 12.9
Scavenger CaCoy 22
Positive side Shield Layer ink
Material Current Weight, ¢
Conducting Phase L5Co 472
Binder 1 Cerdec 80683 21.9
Binder 2 Cerdec 80858 219
Salvent DGME 50
Scavenger CaCOs 4.0

Negative side Porous Layer ink

Material Current Weight, g
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Conducting Phase Ni 41.9
Binder 1 Cerdec 80683 155
Binder 2 Cerdec 80858 15.5
Solvent DGME 6.1
Pore-former Graphite 18.0
Scavenger CaCOs io

Figure 11 contrasts the effect on output degradation over 12,000 hours of the provision of
strontium oxide derived from strontium nitrate solution in one or more of positions 3, 4
and 5 in a stack comprising 51 cells similar to that of Figure 1 with output degradation
over the same peried when no free oxide scavenger material is provided. This test is
effectively an extension of the test described with reference to Figure 9, with the laver
materials for the anode contact layer (position 3}, the shield layer {position 4) and the

cathode contact layer (position 5) being prepared as decribed with reference to Table 2.

The test showed that over the 12,000 hours the cell with no free oxide present suffered
degradation in electrical output of 10.6%. On the other hand, with free strontium oxide at
various of positions 3, 4 and S the degradation over the same period was 6.2% at position 3
only, 5.1% at position 5 only, 4.7% at positions 4 and 5, and 3.9% at positions 3, 4 and 5.
These degradation rates are the average of several cell layers having the same

configuration.

This shows that over the test period of 500 days the provision of free oxide on each of the
cathode and anode sides of the cell siguificantly reduced the degradation in electrical
output of the cell — by well over 50% with the free oxide at position § only, increasing by
about another 4% when the free oxide is both positions 4 and 5 on the cathode side, and by
about 45% with the free oxide at position 3 on the anode side only. Furthermore, when the
free oxide is provided at all 3 of positions 3, 4 and 5 on the anode and cathede sides the

degradation was reduced by almost two thirds over the 500 days.

Figure 12 contrasts the effect on cell cutput degradation over 2,000 hours of the provision
of free oxide derived from different precursors with output degradation over the same

period when no free oxide scavenger matenial is provided,
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Four different precursor muaterials and forms were tested: Sr(NOs)z solution; CaCQOs
powder; Sr(N(Oz), powder; and SrCO; powder. The precursors were tested in the same
positions in respective cells of a stack, namely positions 3, 4 and 5. The layers comprising
the Sr{NQO:); solution were prepared as described with reference to Table 2, while each
laver comprising one of the powders was prepared according to Table 6, 7 or §,

respectively.

The test showed that over the 2,000 hours the cell with no oxide present suffered
degradation in electrical output of 4.3%, On the other hand, the presence of free oxide
detived from the different precursors at the three positions 3, 4 and 5 reduced the
degradation to the following levels over the same petiod: 2.7% for Sr(NO: ), solution; 2.6%
for St(NQOs ), powder; 2.5% for SrCO;5; powder; and 1,7% for CaCO; powder. Thus, it may
be seen that, for example, the provision of free oxide derived from CaCQ; as described

reduced the cell output degradation by about 60% or 2.5 times over the test period.

TABLE 6

Formulations with CaCQ; powder

Cathode Contact Layer

Material Current Weight. g
Conducting Phase LSCo 32.68
Binder 1 Cerdec 80683 2287
Binder 2 Cerdec SORS8 22.87
Solvent DGME 3.40
Pore-former Graphite 1587
Scavenger CaCOx 2.31
Shield Layer

Material Current Weight, g
Conducting Phase LS8Co 51.96
Binder 1 Cerdec 80683 18.60
Binder 2 Cerdec 80858 18.60
Solvent DGME 7.50
Scavenger CaCOy 334
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Anode Contact Layer

Material Current Weight, g
Conducting Phasge Ni 3546
Binder 1 Cerdec 80683 1741
Binder 2 Cerdec 80858 17.41
Solvent DGME 7.68
Binder 3 Pre(el 515
Pore-former Graphite 15.23
Scavenger CacCo; 1.65

TABLE 7
Formulations with Sr{(NQ;);Powder

Cathode Contact Layer

Material Current Weight, g
Conducting Phase LSCeo 3189
Binder 1 Cerdec 80683 2232
Binder 2 Cerdec S0858 2232
Solvent DGME 3.17
Pore-former Graphite 15.51
Scavenger St(NQ: )z 4.78
Shield Layer

Material Current Weight, ¢
Conducting Phase LSCo 49 16
Binder 1 Cerdec 80683 17.60
Binder 2 Cerdec 80858 17.60
Solvent DGME Q.00
Scavenger St(NG; )2 6.65
Anode Contact Layer

Material Current Weight, ¢
Conducting Phase Ni 35.65
Binder 1 Cerdec 80683 17.50
Binder 2 Cerdec 30838 17.50
Solvent DGME 6.44
Binder 3 PreGel 5.14
Pore-former Graphite 1534
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Scavenger Se(NQy) 2.44
TABLE 8

Formulations with SrCO; powder

Positive side Porous Layer ink

Material Current Weizht, g

Conducting Phase L.SCo 32.13
Binder 1 Cerdec 80683 22 49
Binder 2 Cerdec 80858 2249
Solvent DGME 3.94
Pore-former Graphite 15,60
Scavenger SO, 335
Positive side Shield Layer ink

Material Current Weight, ¢
Conducting Phase | LSCo 51.40
Binder 1 Cerdec 80683 18.40
Binder 2 Cerdec B0858 18.40
Solvent DGME 697
Scavenger SrC0O; 4.83
Negative side Porous Layer ink

Material Current Weight, g
Conducting Phase | Ni 36.04
Binder 1 Cerdec 80683 17.70
Binder 2 Cerdec 80858 17,70
Solvent DGME 6,12
Binder 3 PreGel 524
Pore-former Graphite 15.49
Scavenger SrCOy 1.72

Further tests were conducted on the cathode side to assess the ability of free oxides derived
from different precursers to absorb chromium emissions fron: a spinel coated interconneet
plate prepared as described with reference to Figure 1. Chromium is a major poison of

SOFC cathode materials, and the ability of the free oxide to scavenge such emissions from
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the 1nterconnect plate or elsewhere rather than them reacting with the cathode material is

an important consideration.

In the first test, the abilities of free oxides derived from different carbonate precursors and
an LSCF cathode material to absorb the chromium emissions from the spinel coated
interconnect plate were investigated at 800°C over a period of 50 hours. The alkaline earth
metal carbonate salts CaCO;, BaCO; and SrCO; were each milled to a particle size
typically less than 2 pm and were then turned inte inks suitable for screen printing use.
The ink formulas were similar to the Positive Side Shield Layer Inks described in Tables 4
and 5, with carbonate salts fully replacing LSCe). The LSCYF cathode material powder was
turned into an ink in a similar manuoer. All inks were screen printed on to a 3YSZ substrate
wafer, forming a coating layer approximately 45 pm thick. The 3YSZ substrate was about
100 pm thick. The LSCF coating was subjected to a firing cvele typical of normal cathede
layer fabrication firing as described herein and all the carbonate coatings were dried at
70°C only to prepare all the coatings for chromium emission testing.

For the chromium emission test, the 3YSZ wafers with various coating materials were
broken into small pieces approximately 10mm x 20mm in size. These small coupons were
placed on top of the spinel coated interconnect plate, with the coating materials facing the
plate. The interconnect plate, with coated 3YSZ coupons sitting on top, was fired in
atmospheric air and allowed to cool. Once cooled, the coating materials were removed
from the3YSZ substrate by dissolving into an actd solution {usually hvdrochloric acid),

and analysed for chromium content.

The results are given in Table 9 and show that free oxide derived from each of CaCOs,
BaCO; and SrCO; has a far greater ability to absorb the chromium emissions than the
cathode material and therefore that these free oxide materials in or on various layers of the
cathode-side chamber of a device such as s shown 1n Figure 1 will be effective in
scavenging the chromium emissions before they are able to reach the cathode/electrolyte

interface.
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TABLE 9
Material Cr m
CaCO; 8440
BaCQ; 6377
SrC QO 3140
LSCF 134

In the second test, the abilities of free oxides derived from twe other precursor materials,
Sr(y0y and NaQH, were tested in companson with two LSCF cathode materials. One
LSCF matenial was from an earlier purchase batch, applied on a 3YSZ substrate as a
coating, designated as LSCF coated 3V-7r();. The other was from a more recent batch,
applied on an anode-supported 8YSZ electrolyte substrate (with a spinel barrier layer as
described above) as a coating, and designated as LSCE cathade half cell. Both LSCF
coatings were applied by screen printing followed by a sinter firing typical for LSCF
cathode fabrication. The first precursor material SrC;04 was provided as an ethanol based
SrC,0y slurry impregnated into the porous LSCF layer of the LSCE cathode half cell, and
the second precursor material NaOH was provided as a 0.5M NaOH aqueous solution
infiltrated into the porous LSCF laver of the LSCF cathode half cell. Both LSCF coatings,
as well as the SrCy0, slurry impregnated LSCF cathode half cell and the NaOH solution
infiltrated LSCF cathode half cell, were tested to absotb chromium emission from the
spinel coated interconnect plate at 650 °C over a period of 20 hours. The chromium

emission test set-up was similar to that described for the first test.

The test was run twice and the results are given in Table 10. They show that the free oxide
derived from each of SrC;04 and NaOH has a greater ability to absorb the chromium
emisstons than the cathode material and therefore that these free oxide materials 10 or on
various layers of the cathode-side structure of a fuel cell or electrolyser such as is shown in
Figure 1 will be effective in scavenging the chromium emissions before they are able to

reach the cathode/electrolyte interface.
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TABLE 10
Structure {iCrl. ppm —run | ICrl.ppm —run 2
LSCF coated 3YSZ 84 86
LSCF cathode half cell 194 196
Half cell + 81C,0, slurry 584 406
Half cell + NaOH solution 256 206

The test results for the absorption of chromium species by the half cell with the NaOH
solution coating are not substantially better than those for the half cell alone, especially in
the second run, but this is as a result ot using a weak hydroxide solution. It is believed that

using a stronger solution will produce significantly better results.

Aspects of the ovention described herein and not currently claimed include features of the

third and fourth aspects of the invention defined in the following numbered paragraphs:

1. An electrochemical energy conversion device comprising a stack of solid oxide
electrochemical cells alternating with gas separators, wherein each electrochemical cell
comprises a layer of solid oxide electrolyte, a negative electrode-side structure on one side
of the electrolyte layer and comprising one or more porous layers including a functional
laver of negative electrode material having an interface with the one side of the electrolyte
laver, and a positive electrode-side structure on the opposite side of the electrolyte laver
and comprising one or more porous layvers including a layver of positive electrode material
having an interface with the opposite side of the electrolyte layer, wherein said
electrochemical cell and a first of the gas separators on the negative electrode side of the
electrochemical cell at least partly form therebetween a negative electrode-side chamber
and said electrochemical cell and a second of the gas separators on the positive electrade
side of the electrochemical cell at {east partly form therebetween a positive electrode-side
chamber, and wherein chemically unbound matenal selected from one or both of free
alkali metal oxygen-containing compounds and free alkaline earth metal oxygen-
containing compounds is provided in or on one or more of the negative electrode-side
structure, the first gas separator and any other structure of the electrochemical energy
conversion device forming the negative electrode-side chamber, the unbound material

acting to reduce degradation of electrochemical performance on the negative electrode side
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of the electrochemical energy conversion device during use of the device, and wherein if
the chemically unbound material is provided in the functional layer of negative electrode
material there 1s no chemically unbound material present at the interface of that layer with

the electrolyte layer.

2. An electrochemical energy conversion device according to paragraph 1, wherein
the unbound material is a scavenger material that is accessible to negative electrode
poisons 1 the atmosphere in the negative electrode-side chamber during use of the device

and is more reactive with the poison than is the negative electrode material.

3 An electrochemical energy conversion device according to paragraph 1 or Z,
wherein the unbound material is provided 10 an unbound material coating on one or more
of the negative electrode-side structure, the first gas separator and said any other structure

forming the negative electrode-side chantber.

4, An electrochemical energy conversion device according to paragraph 3, wherein
satd any other structure forming the negative electrode-side chamber comprises one or
more of a separate conductor laver and a separate compliant layer between the first gas

separator and the negative electrode-side strocture.

S. An electrochemical energy conversion device according to paragraph 3 or 4,

wherein the unbound material coating is discontinuous.

0. An electrochemical energy conversion device according 1o any one of paragraphs 3

to 5, wherein the unbound material coating has a thickness of about 0.01 to 250 pm.

. chemica : conversion device according to any S paragraphs 3
7 An electrochemical energy conversion device according to any one of paragraphs 3

to 5, wherein the unbound material coating has a thickness of about 0.01 to 30 pm.

8. An electrochemical energy conversion device according to any one of paragraphs 1
to 7, wherein the unbound material is dispersed in at least one of the one or more porous

lavers of the negative electrode-side structure.
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9. An electrochemical energy conversion device according to any one of paragraphs 1
to 8, wherein the one or more porous layers of the nepative clectrode-side structure
comprises, in addition to the functional layer of negative electrode material, a negative

5 electrode-side layer of electrical contact material.

10. An electrochemical energy conversion device according to paragraph 9, wherein

the unbound material i3 provided in the layer of electrical contact material,

10 11.  An electrochemical energy conversion device according to any one of paragraphs 1
to 10, wherein the one or more porous layers of the negative electrode-side structure
comprises, in addition to the functional layer of negative electrode material, a negative

electrode~-side layer of substrate material.

15 12 An electrochemical energy conversion device according to paragraph 11, wherein

the unbound material is provided in the layer of substrate material.

13, An electrechemical energy conversion device according to any one of paragraphs 1
to 12, wherein the first gas separator comprises a dense substrate and one or more porous
20 layers on a side of the substrate facing the negative electrode-side chamber, and wherein
the anbound material 15 provided in at least one of the one or more porous layers of the

first gas separator.

14 An electrochemical energy conversion device according to any one of paragraphs 1
25 to 13, wherein the first gas separator comprises a dense substrate and a protective coating
on a side of the substrate facing the negative electrode-side chamber and in contact with

the substrate, and wherein the unbound material is provided in the protective coating.

15. An electrochemical energy conversion device according to paragraph 13 or 14,
30 wherein the unbound material is dispersed in one or both of said at least one of the one or
maore porous layers of the first gas separator and the protective coating of the first gas

separator.
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16, An electrochemical energy conversion device according to any one of paragraphs 8
to 15, wherein the unbound material in any one porous layer or in the protective coating is
provided at a level in the range of about 0.1 to 65 vol% of the total solid content of the

5 layer or coating.

17. An electrochemical energy conversion device according to paragraph 16, wherein

the range 15 about 1 to 25 vol%.

10 18,  An electrochemical energy conversion device according to any one of paragraphs 1
to 17, wherein the unbound material comprises free oxide selected from one or more of

Sr0, Ca0, BaO, Mg, NazO and K;0.

19, An electrochemical energy conversion cell comprising a layer of solid oxide
15 electrolyte, a negative electrode-side structure on one side of the electrolyte layer and
comprising one or more porous lavers including a functional layer of negative electrode
material having an interface with the one side of the electrolvie layer, and a positive
electrode-side structure on the opposite side of the electrolyte layer and comprising one or
more porous layers including a layer of posttive electrode material having an wnterface with
20 the opposite side of the electrolyte layer, wherein chemically unbound matenial selected
from one or both of free alkali metal oxygen-containing compounds and free alkaline earth
metal oxygen-containing compounds is provided in or on the negative electrode-side
structure and acts to reduce degradation of electrochemical performance on the negative
electrode side of the electrochemical energy conversion cell during use of the cell, and
25 wherein if the chemically unbound material is provided in the functional laver of negative
electrode material there is no chemically unbound material present at the interface of that

laver with the electrolyte layer,

20, An electrochemical energy conversion cell according to paragraph 19, wherein the
30 unbound material is a scavenger material that is accessible to negative electrode poisons in
atmosphere contacting the negative electrode-side siructure during use of the cell and is

more reactive with the peisons than is the negative electrode material.
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21 An electrochemical energy conversion cell according to paragraph 19 or 20,
wherein the unbound matenal 15 provided in a discontinucus unbound material coating on

the negative electrode-side structure.

22, An electrochemical energy conversion cell according to paragraph 21, wherein the

unbound material coating has a thickness of about .01 to 250 pm.

23.  An electrochemical energy conversion cell according to paragraph 21, wherein the

10 unbound material coating has a thickness of about 0.01 to 50 um.

24, An electrochemical energy conversion cell according to any one of paragraphs 19
to 23, wherein the unbound material is dispersed in at least one of the one or more porous

layers of the negative electrode-side structure.

15
25, An electrochemical energy conversion cell according to any one of paragraphs 19
to 24, wherein the one or more porous layers of the negative electrode-side structure
comprises, in addition to the functional layer of negative electrode material, a negative
electrode-side layer of electrical contact material.

20

26.  An electrochemical energy conversion cell according to paragraph 25, wherein the

unbound material 15 provided in the layer of electrical contact material.

27, An electrochemical energy conversion cell according to any one of paragraphs 19
25 to 26, wherein the one or more porous layers of the negative electrode-side structure
comprises, 1n addition to the functional layer of negative electrode material, a negative

electrode-side layer of substrate material.

28, An electrochemical energy conversion cell according to paragraph 27, wherein the

30 unbound material is provided in the layer of substrate material.

29, An electrochemical energy conversion cell according to any one of paragraphs 19
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to 28, wherein the unbound matetial in any one porous layer is provided at a level in the

range of about 0.1 to 65 vol% of the total solid content of the layer.

30, An electrochemical energy conversion cell aceording to paragraph 29, wherein the

range is about 1 to 25 vol%.

31, An electrochemical energy conversion cell according to any one of paragraphs 19
to 30, wherein the unbound material comprises free oxide selected from one or more of

$rQ, Ca0, BaQ, Mg, Na:0) and K0

Those skilled in the art will appreciate that the invention described herein is susceptible to
variations and modifications other than those specifically deseribed. It is to be understood
that the invention includes all such variations and modifications which fall within its spirit

and scope.

Whilst the present invention has been described with reference to specific embodiments
and planar fuel cells, it will be appreciated that such embediments are merely exemplary,
and other embodiments other than those described herein will be encompassed by the

invention as defined by the appended claims.

The reference in this specification to any prior publication {or information derived from it),
or to any matter which is known, is not, and should not be taken as an acknowledgment or
admission or any form of suggestion that that prior publication {or information derived
from it) or known matter forms part of the common general knowledge in the field of

endeavour to which this specification relates.

Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise”, and variations such as "comprises” and "comprising”, will
be understood to imply the inclusion of a stated integer or step or group of integers or steps

but not the exclusion of any other integer or step or group of integers or steps.
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CLAIMS
1. An electrochemical energy conversion device comprising a stack of solid oxide

electrochemical cells alternating with gas separators, wheremn each electrochemical cell
comprises a layer of solid oxide electrolyte, a negative electrode-side structure on one side
of the electrolyte layer and comprising one or more porous layers including a functional
layer of negative electrode material having an intertace with the one side of the electrolyte
laver, and a positive electrode-side structure on the opposite side of the electrolyte layer
and comprising one or more porous layers including a laver of positive electrode material
having an interface with the opposite side of the electrolyte layer, wherein said
electrochemical cell and a first of the gas separators on the negative electrode side of the
electrochemical cell at least partly form therebetween a negative electrode-side chamber
and said electrochemical cell and a second of the gas separators on the positive electrode
side of the electrochemical cell at least partly form therebetween a positive electrode-side
chamber, and wherein scavenger material selected from one or both of free alkali metal
oxygen-containing compounds and free alkaline earth metal oxygen-containing
compounds is provided in or on one or more of the positive electrode-side structure, the
second gas separator and any other structure of the electrochemical energy conversion
device forming the positive electrode-side chamber, the scavenger material being
accessible to poisons in the atmnosphere in the positive elecirode-side chamber during use
of the electrochemical energy conversion device and being more reactive with the poisons
than is the positive electrade material, and wherein if the scavenger material is provided in
the layer of positive electrode material there is no scavenger material present at the

interface of that layer with the electrolyte layer.

2. An electrochemical energy conversion device according to claim 1, wherein said
any other structure forming the positive electrode-side chamber comprises one or more of a
separate compliant layer and a separaie conducting layer between the second gas separator

and the positive electrode-side structure,

3. An electrochemical energy conversion device according to claim I or 2, wherein
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the scavenger material 1s provided in a scavenger coating on one or more of the positive
electrode-side strocture, the second gas separator and said any other structure forming the

positive electrode-side chamber.

4. An electrochemical energy conversion device according to claim 3, wherein the
second gas separator comprises a dense substrate and a protective coating on a side of the
substrate facing the positive electrode-side chamber and in contact with the substrate, and

wherein the scavenger coating is provided on the protective coating.

5. An electrochemical energy conversion device according to claim 3 or 4, wherein

the scavenger coating is discontinuous.

5. An electrochemical energy conversion device according to any one of claims 3 to 5,

wherein the scavenger coating has a thickness of about 0.01 to 250 pm.

7. An electrochemical energy conversion device according to any one of claims 3 to §,

wherein the scavenger coating has a thickness of about 0.01 to 50 pm.

8. An electrochemical energy conversion device according to any one of claims 1 to 7,
wherein the scavenger material is dispersed in at least one of the one or more porous layers

of the positive electrode-side structure.

9, An electrochemical energy conversion device according to any one of claims 1 to §,
wherein the one or more porous layers of the positive electrode-side structure comprises, in
addition to the layer of positive electrode material, a positive electrode-side layer of
electrical contact material and the scavenger material is more reactive with the poisons

than is the contact material,

10.  An electrochemical energy conversion device according to claim 9, wherein the

scavenger material is provided in the layer of electrical contact material.
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11, An electrochemical energy conversion device according to any one of claims 1 to
10, wheremn the one or more porous layers of the positive electrode-side structure
comprises, in addition to the layer of positive electrode material, a positive electrode-side
laver of shield material and the scavenger miaterial is more reactive with the poisons than s

the shield material.

12, An electrochemical energy conversion device according to claim 11, wherein the

scavenger material is provided in the layer of shield material.

13, An electrochemical energy conversion device according to any one of claims 1 to
12, wherein the layer of positive electrode material 18 a functional layer and the one or
more porous layers of the positive electrode-side structure comprises, in addition to said
functional laver, a substrate layer and the scavenger material 18 more reactive with the

poisons than is the material of the substrate laver.

14, An electrochemical energy conversion device according to claim 13, wherein the

scavenger material 1s provided in the substrate layer.

15, An electrochemical energy conversion device according to any one of claims 1 to
14, wherein the second gas separator comprises a dense substrate and one or more porous
layers on a side of the substrate facing the positive electrode-side chamber, and wherein
the scavenger material 18 provided in at least one of the one or more porous layers of the

second gas separator,

16, An electrochemical energy conversion device according to claim 135, wherein the
scavenger material is dispersed in said at least one of the one or more porous layers of the

second gas separator.

17.  An electrochemical energy conversion device according to claim 2, wherein the
compliant or conducting layer has a coating layer thereon and the scavenger material is

dispersed in the coating layer,
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18, An electrochemical energy conversion device according to any one of claims 8 to
17, wherein the scavenger material in any one porous layer or in the coating layer is
provided at a level in the range of about 0.1 to 65 vol% of the total solid content of the

layer or coating.

19, An electrochemical energy conversion device according to claim 18, wherein the

range is about 1 to 25 vol%.

20.  An electrochemical energy conversion device according to any one of claims 1 to
19, wherein the scavenger material comprises free oxide selected from one or more of 5r(},

Ca0, Ba0), Mg0, Na,O and K.

21.  An electrochemical energy conversion device according to any one of claims 1 to
20, wherein chemically unbound material selected from one or both of free alkali metal
oxygen-containing compounds and free alkaline earth metal oxygen-containing
compounds is provided in or on ene or more of the negative electrode-side structure, the
first gas separator and any other structure of the electrochemical energy conversion device
forming the negative electrode-side chamber, the unbound material acting to reduce
degradation of electrochemical performance on the negative electrade side of the
electrochemical energy conversion device during use of the device, and wherein if the
chemically unbound material is provided in the functional layer of negative electrode
material there is no chemically unbound matenial present at the interface of that layer with

the electrolyte layer.

22 An electrochemical energy conversion cell comprsing a laver of solid oxide
electrolyte, a negative electrode-side structure on one side of the electrolyte layer and
comprising one or more porous layers mcluding a functional layer of negative electrode
material having an interface with the one side of the electrolyte layer, and a positive
electrode-side structure on the opposite side of the electrolyte layer and comprising one or

more porous layers including a layer of positive electrode material having an interface with
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the opposite side of the electrolyte layer, wherein scavenger material selected from one or
both of free alkali metal oxygen-containing compounds and free alkaline earth metal
oxygen-containing compounds is provided n or on the positive electrode-side structure
and ig accessible to potsons in atmosphere contacting the positive electrode-side structure
during use of the electrochemical energy conversion cell and being more reactive with the
poisons than is the positive electrode material, and wherein if the scavenger material is
provided in the layer of positive electrode material there is no scavenger material present at

the interface of that layer with the electrolyte layer.

23, An electrochemical energy cenversion cell according to claim 22, wherein the
scavenger material is provided in a discoutivuous scavenger coating on the positive

electrode-side structure.

24, An electrochemical energy conversion cell according to claim 22 or 23, wherein the

scavenger coating has a thickness of about .01 to 250 um.

25, An electrochemical energy conversion cell according to claim 22 or 23, wherein the

scavenger coating has a thickness of about 0.01 to 50 pm.

26.  An electrochemical energy conversion cell according to any one of claims 22 to 25,
wherein the scavenger material is dispersed in at least one of the one or more porous layers

of the positive electrode-side structure.

27.  An electrochemical energy conversion cell according to any one of claims 22 to 26,
wherein the one or more porous layers of the positive electrode-side structure comprises, in
addition to the layer of positive electrode matenal, a positive electrode-side layer of
electrical contact material and the scavenger material is more reactive with the poisons

than is the contact material.

28, An electrochemical energy conversion cell according to claim 27, wherein the

scavenger material is provided in the layer of electrical contact material.
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29. An electrochemical energy conversion cell according to any one of claims 22 to 28,
wherein the one or more porous layers of the positive electrode-side structure comprises, in
addition to the layer of positive electrode material, a positive electrode-side layer of shield
material and the scavenger material is more reactive with the poisons than is the shield

material,

30, An electrochemical energy conversion cell according to claim 29, wherein the
scavenger material is provided in the layer of shield material.

3L

An electrochemical energy conversion cell according to any one of claims 22 to 30,
wherein the layer of positive elecirode material is a functional laver and the one or more
porous layers of the positive electrode-side stracture comiprises, in addition to said
functional laver, a substrate layer and the scavenger material is more reactive with the

poisons than 15 the material of the substrate layer.

32 An electrochemical energy conversion device according to claim 31, wherein the
scavenger material i3 provided in the substrate layer.

33, An electrochemical energy conversion cell according to any one of claims 22 to 32,
wherein the scavenger material in any one porous layer is provided at a level in the range

ot about 0.1 to 65 vol%s of the total solid content of the layer,

34.  An electrochemical energy conversion cell according to claim 33, wherein the

range is about 1 to 25 vol%.
35, An electrochemical energy conversion cell according to any one of claims 22 to 34,
wherein the scavenger material comprises free oxide selected from one or more of SO,

CaQ, Ba0y, MgO, Na,0 and K,0.

36.  Anelectrochemical energy conversion cell according to any one of claims 22 to 35,
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wherein chemically unbound material selected from one or both of free alkali metal
oxygen~contaiming compounds and free alkaline earth metal oxygen-containing
compounds is provided in or on the negative electrode-side structure and acts to reduce
degradation of electrochemical performance on the negative electrode side of the
electrochemical energy conversion cell during use of the cell, and wherein if the
chemically unbound material is provided in the functional layer of negative electrode
material there is no chemically unbound material present at the interface of that layer with

the electrolyte layer.
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A. CLASSIFICATION OF SUBJECT MATTER
HO1M 8/10(2006.01) HOIM 4/00(2006.01) HOIM 2/14 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

WPI, EPODOC: I[PC/CPC (HOIM 2/-, HO1M 4/-, HOIM 8/-, HO1M 10/-, HO1M 8/0245, HO1M 2008/1293, YO2E 60/50/LOW)
Using keywords (SCAVENGER, CHEMICALLY, UNBOUND, ALKALI, EARTH, OXIDE, POISON, SULPHUR, SOFC) and
like terms

ESPACENET, WIPO, USPTO, GOOGLE PATENTS: Using keywords (SOLID, OXIDE, FUEL, CELL, CORROSION,
SCAVENGING, ALKALI) and like terms

ESPACENET, AUSPAT: Applicant & Inventors search

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.
Documents are listed in the continuation of Box C
Further documents are listed in the continuation of Box C See patent family annex
* Special categories of cited documents:
"A"  document defining the general state of the art whichisnot ~ "T"  later document published after the international filing date or priority date and not in
considered to be of particular relevance conflict with the application but cited to understand the principle or theory
underlying the invention
"E"  earlier application or patent but published on or after the "X"  document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken
alone
"L"  document which may throw doubts on priority claim(s) or ~ "Y"  document of particular relevance; the claimed invention cannot be considered to
which is cited to establish the publication date of another involve an inventive step when the document is combined with one or more other
citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art
"o" document referring to an oral disclosure, use, exhibition o .
or other means & document member of the same patent family
"p" document published prior to the international filing date

but later than the priority date claimed
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Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

DE 10156033 C2 (MTU CFC SOLUTIONS GMBH) 30 October 2003

A English version of the description; figures 1 — 2
WO 1996/028855 A1 (CERAMIC FUEL CELLS LIMITED [AU]) 19 September 1996
A abstract; claims 1 - 53
WO 2010/040182 A1 (CERAMIC FUEL CELLS LIMITED [AU]) 15 April 2010
A abstract; claims 1 - 35
US 2013/0266889 Al (KOGA et al.) 10 October 2013
A abstract; claims 1 - 7
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This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Publication Number

Publication Date

Patent Family Member/s

Publication Number

Publication Date

DE 10156033 C2 30 October 2003

WO 1996/028855 Al 19 September 1996 AU 704511 B2 22 Apr 1999
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EP 0815607 B1 19 May 2004
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JP 3712733 B2 02 Nov 2005
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US 5942349 A 24 Aug 1999

WO 2010/040182 Al 15 April 2010 AU 2009301640 Al 15 Apr 2010
AU 2009301640 B2 04 Dec 2014
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CN 102217125 B 23 Apr 2014
EP 2347463 A1l 27 Jul 2011
JP 2012505499 A 01 Mar 2012
JP 2014060161 A 03 Apr 2014
US 2011195343 A1l 11 Aug 2011
US 8932783 B2 13 Jan 2015

US 2013/0266889 Al 10 October 2013 JP 5062789 B1 31 Oct 2012
JP 2013069666 A 18 Apr 2013
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