METHOD FOR DEPOSI TI ON OF CERAM C FI LMs The present invention is concerned
with nmethods for the deposition of ceramic filnms on ceramc or netallic

sur f aces,wpantymomowdiarly the deposition of sub-m cron thi ekmeEsRo@anarwdc fil ns
such as filnms of stabilised zirconia and doped ceria such as CGO (cerium
gadol i ni um oxi de). The present inventiop is particularly useful in the
manuf acture of high and internedi ate tenperature operating fuel cells

i ncluding solid oxide fuel cells (SOFC) and al so netal supported
internedi ate tenperature SOFC operating in the 450- 650 C range. Fuel

cells, fuel cell stack assenblies, fuel cell stack system assenblies and
the like are well known in the prior art and rel evant teachings include the
i kes of WD 02/35628, WD 03/075382, WO 2004/ 089848 WD 2005/ 078843, WO
2006/ 079800, WO 2006/ MILB3 0 4% 537, WO 2008/ 001
119, WO 2008/ 003976, WD 2008/ 015461, V\D 2008/ 053213 VO 2008/ 104760, and WO
2008/ 132493, all of which are incorporated herein by reference in their
entirety. ThepRsdRnRalon & hnkcBed®Weth rethodEIBF tHefdeyBstion b céra@y filiicon
operating tenperature of SOFCs (Solid Oxide Fuel Cells) fromthe
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achieving thjis.r | r r hose
traditi ona?elmillrglucstgl %fstli)lrgﬁ %%E@%ygfﬂ%ﬂé?etd%% ﬁia%ﬂ? ‘{na ICE e usg—:&%@nt

cat hode maggioliaiusn vkide).i Tier presehd mx&habxyﬁs pamclhlmdy tuyseﬁahm ﬂieemranuﬁaymfe of

materials wth higher gxygen ion condugti han the traditio

yttri a- st apghiagd dntermedigfe e@msl“%ﬁ%?{a%‘tge%&i cells weludingnso %00 g’é clfs ¢ he
presenfyti ce a
Vs ekt PN P P ook el AR b SCHC Sl o o

hi gher - per 63 Harange.cat hode materials are typically perovskite oxi des based
on cobalt oxide, such as LSCF (|l anthanum strontium cobalt ferrite), LSC
(l'ant hanum strontium cobaltite) and SSC (samarium strontium cobaltite). The

nore condupld] \we11E A el scR AARIneHlied! hePdell tadki §8lehy asBbhbREs z{dd)the like are
rare-earth-doped ceria such as SDC(samari um doped ceria) and

(gadol i ni uweldi&pedndertheprionart @nd yelgeans teaghings incdutledthe |1kas 0hAVEh %56389
such as; LS@A (h205 883U " 904 sYoRIBIRGS WibsRhs84:S) wo 2006/079800, WO

2006/106334, WO 2007/085863, WO 2007/110587, WO 2008/001119, WO
2008/003976, WO 2008/015461, WO 2008/053213, WO 2008/104760, and WO
2008/132493, all of which are incorporated herein by reference in their entirety.

20  There has been a drive over a number of years to lower the operating temperature of
SOFCs (Solid Oxide Fuel Cells) from the traditional 800-1000°C, down to 600°C or
below. It has been recognised that achieving this requires the use of a different set of
materials from those traditionally used for SOFCs. In particular, this entails the use of
cathode materials with increased catalytic activity and electrolyte materials with higher

25 oxygen ion conductivity than the traditional yttria-stabilised zirconia (YSZ) when
operating between 450-650 °C. At the present time it is known that it is not possible to
effectively produce a YSZ based fuel cell electrolyte that works below 700°C.

The higher-performance cathode materials are typically perovskite oxides based on
30 cobalt oxide, such as LSCF (lanthanum strontium cobalt ferrite), LSC (lanthanum
strontium cobaltite) and SSC (samarium strontium cobaltite). The more conductive

electrolyte materials are typically either (i) rare-earth-doped ceria such as SDC



The conductivity of zirconia can also be significantly inproved by doping
with scandia rather than yttria, although this is a nore costly material.
Unf or t unawel2gq/avadieri al s wi t h hi gher performance at | oweCTiIGE2p@&Y@IWBES ar e
frequently less stable than the traditional high-tenperature materials.
Particul ar problenms frequently encountered are: Hi gh performance cathode
materials react with zirconia to formstrontium or | anthanum zirconate,
which is a very poor ionic conductor, |eading to perfornmance degradation.
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cell to develop an internal short-circuit, reducing operating efficiency.
Doped ceria and zirconia can_react if processed at tenperatures in excess
of 12000C, Tpe seomdiciyituobaronia easrisnchs yignificamly pmaeeed byodening yihescuniz e
undesi r abl jal.i L -QF it tly desirable to have a
conposi?e g?@%ﬁ@%*@#ﬁ*?%ﬁ&ﬁﬁgﬁgt %ngkg%ﬁpgﬁgﬁgﬁgonsists of a main |ayer and
one or nore interlayers. The main |ayer perforns the primary functions of
conducti ng en (ons fromthe cathode to the anode, and providin
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el ectrolyte layer fromone or both electrodes, preventing detrinental

i nt er act i ofiequenylpicoeduntesedansf i nterl ayers include: An interlayer of doped

ceria posited tween a zirconi,a mai n.elecftrolyte | ayer .and a cobaltite
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activity of thejgmeanese zircdihtd, NWAidhaYera ngeéjﬂol&ﬂﬂ ffid aconanast, t RAdiagt ween an
LSGM mai n el ectrol yte and an anode to avoid reaction with nickel oxide

found in the anpeérmangsdégiedationhat production of a thin (<1000nm even
cont nuous | SERPL e LS5k PR LA Rt BSasal o oo
e Doped ceria can be partially reduced when exposed to a fuel atmosphere,
15 developing mixed ionic/electronic conductivity. This in turn causes the cell to
develop an internal short-circuit, reducing operating efficiency.
e Doped ceria and zirconia can react if processed at temperatures in excess of

1200°C, producing a poorly conductive mixed phase.

20  To mitigate these undesirable material interactions, it is frequently desirable to have a
composite electrolyte in which the electrolyte consists of a main layer and one or more
interlayers. The main layer performs the primary functions of conducting oxygen ions
from the cathode to the anode, and providing a gas-tight barrier to physically separate
the reactants. The interlayer(s) are thin film(s) of another electrolyte material which

25  separate the main electrolyte layer from one or both electrodes, preventing detrimental
interactions. Typical uses of interlayers include:

e An interlayer of doped ceria deposited between a zirconia main electrolyte layer
and a cobaltite cathode to avoid the formation of zirconates and to improve the
catalytic activity of the cathode.

30 e An interlayer of doped ceria deposited between an LSGM main electrolyte and

an anode to avoid reaction with nickel oxide found in the anode.



reproduci bility and process costs nean that traditional powder routes,
sintering routes and plasnma or vacuum spray deposition routes are not

at tract i weof2009/00gh- vol ume nmanufacture. US 7261833 di sclrosaB2oetdoonds f or
produci ng aqueous suspension of a crystalline nanoscale ceram c electrol yte
mat erial and nodi fying the suspension by addi ng coarse particles of the
ceramc electrolyte material and at | easgt one water soluble additive

sel ected froma binder and a surfactant. It then di scl oses deposition of
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el ectrobyt ¢, AR.fxampl e is given (Exanple 6 Col 16) for the deposition and
hi gh tenperature sintering of a tri-layer LSM substrate, PSM and GDC
interlayer and YSZ el ectrolyte structure. The preferred deposition process
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An example is given (Example 6 Col 16) for the deposition and high temperature
sintering of a tri-layer LSM substrate, PSM and GDC interlayer and YSZ electrolyte
structure. The preferred deposition process involved depositing thick layers of YSZ (10-
80 microns thick) by use of aerosol techniques, and then firing at temperatures between
20  1250-1400 °C. This firing regime is not suitable for high volume manufacture where the
additional firing steps, high temperature add significant time and cost to the fuel cell
manufacture process. In addition, firing at such temperature is not suitable for metal
supported fuel cells where such high temperatures will cause rapid metal species
migration and oxide layer build up if an atmosphere involving air is used. This
25  publication does not disclose how to deposit thin layers of interlayer material (<1000
nm thick) on impermeable laygrs, and also does not disclose how to process such layers

to an impermeable state at <1100 °C.

EP1202369 describes an anode supported solid oxide fuel cell where a ScSZ interlayer
30 s deposited between a YSZ or ScSZ based cermet anode and a ScSZ electrolyte to
lower the fuel cell resistance at lower operating temperatures. The interlayer is a cermet
structure involving a catalyst and a electrolyte material. The interlayer is deposited onto

a pre-sintered, tape cast electrode and sintered. The example given discloses screen



structure involving a catalyst and a electrolyte material. The interlayer
is deposited onto a pre-sintered, tape cast electrode and sintered. The
exanpl e gwoenowdivsaboses screenprinting of the interl ayePCTiGH20@ovm@tioBy
sintering at 1300 OC. This firing reginme is not suitable for high volune
manuf acture where the additional firing steps, high tenperature add
significant tine and cost to the fuel cegll manufacture process. In

addition, firing at such tenperature is not suitable for netal supported
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with thicknesses below 1 micron being ineffective due to the non-uniformty
of the bar ghetightaimpeinecable) dayare 4% a ignifieang lissoe rthatyleadsetopas éapreappdn the
strengtheni,ng |l ayer is,a nulti-layer structure with a thickness of 5-15
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m crons"t hi ye‘el §% or the fuel cell are tape cast and rolled

t oget her using well know tape cal endaring techniques. Figure 5b shows a
ceria layer between a YSZ el ectrolyte and an anode, with the typical anodes
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being ineffective due to the non-uniformity of the barrier layer leaving areas of the
electrolyte exposed. The strengthening layer is a multi-layer structure with a thickness
of 5-15 microns thick. The layers for the fuel cell are tape cast and rolled together using
20  well know tape calendaring techniques. Figure Sb shows a ceria layer between a YSZ
electrolyte and an anode, with the typical anodes being Ni-YSZ. The publication does
not disclose the sintering temperature for such structures, thbugh it would be expected
that such processing temperatures are in excess of 1100 °C with excess of 1250 °C
widely used. This firing regime is not suitable for high volume manufacture where the
25  additional firing steps, high temperature add significant time and cost to the fuel cell
manufacture process. In addition, firing at such temperature is not suitable for metal
supported fuel cells where such high temperatures will cause rapid metal species
migration and oxide layer build up if an atmosphere involving air is used. The patent

does not disclose how a thin interlayer (<1000 nm) can be deposited on a porous

30 electrode and processed to form an impermeable layer at less than 1100° C.

US6139985 describes the use of a dense, continuous interlayer between the electrolyte

and the air cathode of a solid oxide fuel cell where the interlayer is a dense cerium oxide



m gration and oxide layer build up if an atnosphere involving air is used.
The patent does not disclose how a thin interlayer (<1000 nn) can be

deposi t edworzo@/qotious el ectrode and processed to form arCirrgBeoemaaibioe | ayer
at less than 1100 C. US6139985 descri bes the use of a dense, continuous
interlayer between the electrolyte and the air cathode of a solid oxide
fuel cell where the interlayer is a denge cerium oxi delayer grown in the
air cathode layer - formng a continuous |ayer around the air el ectrode
particl es layengrewiomD the gire sathodehilayeprofwsung gvesniiagowso Fyee aravad ethe sir
preparation, depositipon and pr i I sylts, it is
therefore ngg??‘& P lﬁpels SR %aggﬁ }é‘gﬁ%tsag’ '?(T)ﬁi% %ﬁg‘ﬁgﬁﬁﬁeﬁgﬁghﬁgkg u}rﬁa?]egljal WO
96/ 29712 i prePhratich edepgositioar arfl provedsitgnto hehieves acdeplable re3sltstioris thaofbre

met hods of naki ng sane, specifically using zinc . oxide. This publication
descri bes eodlygaipbisingt gmwligablg tabigh yelumsmanufadymiag.r at e fol | owed by a drying
step ang an annealing step in which crystallisation occurs. Notably, this
publ i cation makes no suggestion of depositing additional |ayers of solution
prior to tNeOa6izo1R nig/dineytet ab | vasiatorso mont dymic Gtanieble pesistorrandi methodie sf EP
1887843, JP 63293168 and. JP 61261235. . ver,..it.is, wdely reported that
the deposi fASMecAMEntRsFHighlly USipg Fine it {Risaeplisain esiite il eBpuif of
particul ar bysoD¥e "B % Q{bsﬁae%néwa{ley SRS gte§ afaa QeHTRSingT e ih Swhich

particularly the case if there is a requirenen or the interlayer to be

dense, or kfystaHisagon oceurb. hotablyn thise puldicatiommmpakiesr nos segasstéomoé rdepgsiting
tenperature, . .Such.limt ly .if the cell. i5.s Qrte n a netal
substrate f‘%‘?l ?‘é"#%feif" isﬂﬁlglgfl%’ OEtolt?lﬁﬁae,all%%/% %eéﬁpsfi {1%1 %egat o sinter doped

ceria and zirconia together w thout form ng a non-conductive phase
(preferably sintering < 12000 . Thus, the deposition of interlayers within

an el ect r ofohes prierais Hickudes K ai8A84. TR 163868 2nA &R 6l 261235desi red for the

interlayer to be dense, when the interlayer is to formpart of a
nmet al - supported solid oxide fuel cell, and where doped ceria and zirconia
are to be $lomeeercd isogidelyereporttibthmat heoddpeniioarof isted ayarn vathsnibs tedastrobite when

the interlayer i o,.be forped within an electrolyte of a netal - orted
| nter et acdh DBttty PertSpliTy iRt ) COBEr IO} STiRRen IR e B 67 i ng

process t eppekahH) ehdSisO X thert:9Q réquirement for the interlayer to be dense, or if there is
a limit on the maximum permissible sintering temperature. Such limits apply if the cell
is supported on a metal substrate (preferably sintering <1100°C), or when trying to
sinter doped ceria and zirconia together without forming a non-conductive phase

20  (preferably sintering <1200°C).

Thus, the deposition of interlayers within an electrolyte presents fundamental problems
when it is desired for the interlayer to be dense, when the interlayer is to form part of a
metal-supported solid oxide fuel cell, and where doped ceria and zirconia are to be
25  sintered together. These problems are even more substantial when the interlayer is to be
formed within an electrolyte of a metal-supported intermediate temperature solid oxide

fuel cell, the maximum manufacturing process temperature being <1100 °C.

The present invention seeks to overcome these prior art disadvantages. Thus, according
30 to the present invention there is provided a method for depositing at least one layer of
metal oxide crystalline ceramic upon a surface of a substrate, the method comprising the

steps of:



The present invention seeks to overcone these prior art disadvantages.
Thus, according to the present invention there is provided a nethod for
deposi ti nyoanodmwesay one | ayer of metal oxide crystalli n@CTAEBRMNOLPEN a
surface of a substrate, the method conprising the steps of: (i) depositing a
solution of a soluble salt precursor of a nmetal oxide crystalline ceramc
onto said surface of said substrate to gefine a layer of said solution of
said soluble salt precursor on said surface, said surface being sel ected
fromthe group €onsi deposgingf a solwteamalof i & selmbleasadt gnecuasareofami metalir dxade;
(ii1) drying said solution.of sai.d soluble salt _.precursor t efine a |ayer
of aid soluble sal t heBbinRssTns B s ikt of SR Fii RSP RBTS AYE8 b
salt precursor on saisgldSsdhitiaf ®fts@idsol @D Salaprecersef ol e4iaafadd Gaidnur@d 0C
to deconpose it and forma |ayer of netal oxide filmon said surface; (iv)
repeating steps (i)- bring)selectedeizem baarowniconsisiag ofi gemelicdswtcatandm of
sai d so:g ubl e salt pregur so gﬁé,ng deposited onto said netal oxide film
such that said netal “oxide T11mon said surface conprises a plurality of

| ayers of metal (iDxi ddiyiggnshid volufiort bM@idsilable walspreatireorb tdefifaa thysedfdaidxi de
filmon said surface at _a tenperature of 500-1 100 OC to crystallise said
metal oxide film int&olblespltpresrrsppesaid siicecr ystal | i ne cerani ¢ bonded to
said surface of ;said t i j § (v)
e performed in(ah o PARR R BobRSiaR RebRk O R0 U lola Libpard B0t
performed in an air hetrwesphsd end GO0 3 tsdawompesit ahd forhi glalyyr aofahetalbdedand
conven'i(gnt since it ?lxoi ds Idhe eed to performthe process steps in a

seal ed or highly conti™BI9Ped g5 2&nvi ronment usi ng costly at nospheres. By
“solution” is ngRnt Fegehtitt SOsUE)-QN) SOIRMtIcHE Ad@ioAdl thB@ ShidosRutfoOSH ART e
(the solute) in at |east one other substance (the sol vent}, i.e. excludes
t he presence of sol i golgbletsaliipsecursor being deposited onto said metal oxide film, such

that said metal oxide film on said surface comprises a plurality of layers
of metal oxide; and
15 W) firing said substrate with said metal oxide film on said surface at a
temperature of 500-1100 °C to crystallise said metal oxide film into a
layer of metal oxide crystalline ceramic bonded to said surface of said
substrate,
wherein each of steps (ii), (iii) and (v) is performed in an air atmosphere.
20
Preferably, each of steps (i)-(v) is performed in an air atmosphere. This is commercially
highly valuable and convenient since it avoids the need to perform the process steps in a

sealed or highly controlled gas environment using costly atmospheres.

25 By "solution" is meant a true solution comprised of at least one substance (the solute) in
at least one other substance (the solvent), i.e. excludes the presence of solid particles
and thus excludes liquid colloidal dispersion, colloidal solutions, and mechanical

suspensions.

30 Experiments undertaken by the present inventors have shown that the presence of any
solids in the layer of step (i) generate stress points which result in cracking and
therefore loss of layer integrity. Thus, the present inventors have found that it is

desirable to have a thin layer deposition process that dries and anneals in a homogenous



and thus excludes liquid colloidal dispersion, colloidal solutions, and
mechani cal suspensi ons. Experinents undertaken by the present inventors
have showwot2hexro0ov41e presence of any solids in the | ayer Pofi/Ga2eq/0011)03
generate stress points which result in cracking and therefore | oss of |ayer
integrity. Thus, the present inventors have found that it is desirable to
have a thin |ayer deposition process that dries and anneals in a
honogenousway. Depositing a honogeneous | ayer allows for honbgeneous drying
and anneal way. epdsitinga hoslogerfeous dayler a@ows\f¢1alywnogm1dellsf drwingaambanngelingﬁ X or
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have the internediate formof step (iii) of the present invention. Thus, to
generate a crack free layer it would be necessary to deposit and anneal .

several i FRSher, 1S nbta§ "tl?ﬁ%ﬁém@fh%ﬁ%?swb' §B#NY &Pﬁf‘:l’tl ks &b%ﬂ&ﬂwaf i ng

is carried out in air using a netal substrate, ncreases t he nunber of
ti mes that thehnresmt alvestidys sinet ehel ®1-grlpoasdidne dnnecﬂiya td a;ceystaghsmtﬂonncmdhm ons
and to t al
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WO 96/ 29712 al so teaches t hat spin coating is used with the sol, inevitably

resul ting kud anneshsayaral simrasdi Bisrindseased prasessptdme iand esst, pnd ifithe apeahingds t hat
the metal oxide 8{ 1w %f%‘!{ulﬁin%ea §1%E @Pﬁst%a?e 90 HBle é)es%@ﬂgmﬂgﬂopﬁ ﬁ%ggli‘feial

across the sur €°su credting

failure andmefw@ubuﬁiafeolrsrakgwedaotonxmllaydﬂgmhmﬁmoﬁaaﬁ@tmfnetamanf miyghtion
product. The use of sols may also |imt the density of the netal oxide
cryst al¥ i nfovethgrinetalpr exide dﬁyeééo dbhfus) gl sleptiode r"imiilellﬁ"flio%e {13yeise both

per for mncg.qyis are undesirable, particularly for the manufacture, operation and durability of fuel

cells.

WO 96/29712 also teaches that spin coating is used with the sol, inevitably resulting in
20  a non-uniform distribution of particles, in turn meaning that the metal oxide crystalline
ceramic is non-uniform and non-homogeneous across the surface of the substrate,
creating further risk of mechanical failure and non-uniform/sub-optimal in-use
performance of the final product. The use of sols may also limit the density of the metal
oxide crystalline ceramic which can be achieved, in turn limiting in-use performance
25  since in the case of fuel cell and air separation device electrolyte layers a high density is
preferable in order to (i) electrically insulate the electrodes from one another and

prevent short-circuiting, and (ii) ensure that it is gas impermeable.

As will be noted, the method of the present invention allows the deposition of a layer of
30 metal oxide crystalline ceramic and thus the manufacture of solid oxide fuel cells
without the requirement for uneconomic, inconvenient or impractical processing
conditions such as high vacuum or temperatures in excess of 1100 °C. This allows the

use of substrates such as stainless steel substrates such as ferritic stainless steel.



since in the case of fuel cell and air separation device electrolyte |ayers
a high density is preferable in order to (i) electrically insulate the
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that it is gas inperneable. As will be noted, the nethod of the present
invention allows the deposition of a |layer of nmetal oxide crystalline
ceram c and thus the manufacture of soligd oxide fuel cells w thout the
requi renent for uneconom c, inconvenient or inpractical processing
conditions such as high vacuum or tenperatures in excess of 1100 C. This
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el ectrolyte and/ or anode naterials is known to | ead to 1oss of perfornance
of 't he fuekleceblyte drtd/ani driodensterizds isclomymi ®eldad atosp ot peefamianeeriod dierfiet s
(for exanplﬁéthose of WD 02/17420) of a conposite zirconialceria

el ectrol yt 8%tructure have placed the zirconia |l ayer between the ceria and
the anode, i.e. in contact with the anode. This has certain theoretical
advant ages wherein provided that the zirconia |ayer is gas inperneable, the
reduction &f wilhealGbe| myegnisedothat ipsionadi embodimenis dor iekanpleathepdiofigMbhe
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signi fi cant“short’conl Ags Wi the present 1‘rnvention seekKs t0 OVEercone,
notably: Afyel betweeirtheopeiasdndnfe o il i emtdccdth B dnbée. CEiiahys tertain
activity of the anode is likely to he_ inpaired at the anode-electrol yte
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processing fenperature fgr a netal -supported SOFC. Thus, preferably the
et hodl B P PRUEETYIFR TP PSR RRE e SFREBESRHY a f uel
e At low SOFC operating temperatures (<600 °C) the catalytic activity of the
anode is likely to be impaired at the anode-electrolyte interface by using zirconia
for the electrolyte, which has a much lower ionic conductivity than doped ceria.
e It is difficult to fabricate such embodiments without co-sintering the zirconia
20 and CGO at a temperature where deleterious material interactions will occur,

and above the maximum processing temperature for a metal-supported SOFC.

Thus, preferably the method of the present invention is a method of depositing a fuel
cell or air separation device electrolyte interlayer, the surface being an electrolyte
25  surface and the method additionally comprising the steps of depositing an at least one
additional layer upon the at least one layer of metal oxide crystalline ceramic, and
depositing an electrode layer upon the at least one additional layer such that the at least
one layer of metal oxide crystalline ceramic does not contact the electrode layer. More
preferably, the electrode layer is a cathode layer.
30
It is further noted that in contrast to the prior art, the method of the present invention
cannot be used to fabricate a layer directly onto a porous electrode substrate where the

permeability of the electrode pores would result in the solution of step (i) (solution of a



cell or air separation device electrolyte interlayer, the surface being an
el ectrolyte surface and the nethod additionally conprising the steps of
deposi ti nyoanosamodieast one additional |ayer upon the at PCeaoev®iioayer of
netal oxide crystalline ceram c, and depositing an el ectrode | ayer upon the
at | east one additional |ayer such that the at |east one | ayer of netal

oxi de crystalline ceram c does not contagct the electrode |ayer. Mre
preferably, the electrode layer is a cathode layer. It is further noted
that in corsolrubbt satltopltehversm pba metal oxilde qmttzhilide ofraphe) prakgninto tive poious
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sol ution oﬁnsﬁ@@m&hkaQQ*utlon of asoluble salt precursor of a netal oxide

crystalline ceram c) soaking into the porous structure rather than form ng
a continuous |ayer on its surface which could then becone an inperneable
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nmet al oxi de Crysta ayers on sur ace erneabl e
ceram c | aysiess andl tlmmmfabdﬂef prerfoaned, @f&lpenﬂmbmkdmmatead dln&orﬁbl thieasieface such
as netal or steel, e.g. f tic stainless iteel foil supstrates. h?,
present ingé HPP?}‘HW?EI%%‘T‘%I IE §HEfaqey: sueh pp BetAl OF si5elngtea Femiiisstaplges steel foil

i nter medi atgy, d& gpRerature fuel cell designs such as those disclosed in
(B2368450 and (B2434691. Mre particularly, the present invention is useful
in the manufacture of an |nterlayer of stabilised zirconia dep05|ted w thin

a doped.ceria nmain_ el ectrolyte of to el ectroni i nsul at e
Che Tudp cde BReft wieaie opsfieBubt Repihle 3F oBeRl 'R mtemig
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deposition of the at |east one layer of netal oxide crystalline ceramc is

generally flat or continuously snmooth. Preferably, the surface of the

bstrat L
" aui do. PSR Dlar, URTHERCRy Ervidy Syt BB R R A0 G sRRLIRAPLE | T
cycling. Thtasxhsédlelrﬁanhaﬂp@s‘lteﬂhextlmhesaaped et briadi elestrpigte bf ul fael yelived |

suited to the depaosition of layers of netal oxide crystalline ceramcs as
par t ofld Sc]c@gtro%@lg/ H’rsélla@r the| Q,Jey g5il elgetrodes from one ano¥her and prevent interna

short-circuiting.

Preferably, the surface of the substrate prior to deposition of the at least one layer of
metal oxide crystalline ceramic is generally flat or continuously smooth. Preferably, the
20  surface of the substrate is generally impermeable, i.e. is non-porous and impermeable to

liquids. Preferably, the substrate is capable of withstanding rapid thermal cycling.

Thus, the method of the present invention is particularly well suited to the deposition of
layers of metal oxide crystalline ceramics as part of SOFCs, more preferably low- or
25  intermediate-temperature SOFCs. In particular, the method of the present invention is
well suited to the deposition of layers of metal oxide crystalline ceramic as part of
metal-supported SOFCs, more preferably low- or intermediate-temperature metal-
supported SOFCs, wherein the inherent robustness of the metal support (preferably a
foil made from stainless steel such as a ferritic stainless steel, and more preferably a foil
30  with a perforated region surrounded by a non-perforated region) allows rapid thermal
cycling, whilst imposing limits upon the maximum process temperature which are

within the parameters of the present invention.



internedi ate-tenperature SOFCs. In particular, the nethod of the present
invention is well suited to the deposition of |ayers of netal oxide

crystal | iwe 2oevmniie as part of mnetal -supported SOFCs, mpce/gBedsmnabBy | ow
or internedi ate-tenperature netal supported SOFCs, wherein the inherent
robustness of the netal support (preferably a foil nade from stainless
steel such as a ferritic stainless steejp and nore preferably a foil with a
perforated region surrounded by a non-perforated region) allows rapid

t her mal cyfhusaghe sunfacsis prafeoablngn Elentrolsteupyar, moee prekarabinapetestrelyte layer

tenperature i.ch are wthin the paraneters of th resent invention. Thus,
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material, nore preferably a el ectro!gglte | ayer. Qther preferred ceramc

surfaces oplaee ingludn seandiaisphiisad; zgoniak8eS%) andscandia videa ssibilisekzisgnia sed
Zi rconi% (écc%z)and scandia yttria co-stabilised zirconia (ScYSZ).

Preferably, the“l ayer of metal oxide crystalline ceramic is a dense |ayer.
Preferably, the layer of nmetal oxide crystalline ceramc is at |east 90%

dense (i.e, at least 90%of its {heoretjcal densjty). re preferably, it
is at | eas?r@?bIQQEheéﬁy%QgJ%@é? e\pETaliRG FRIpmE 1 Q%enis%NPaé’ L é%\é’fali’g'sé “ense.
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This is of particular relevance to the use of the present invention in the
manuf act ur theofetitalelensity)] Meteeprefendbjy, asiswhieag G1h82,de93% dave Mysipreferabit al

oxi de crystalline ceranic onprise zir.conia, .and where it .is, desirable
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the sol uble salt precursor when deposited onto the surface spreads and
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are air- and gas-assisted spraying. Preferably, the soluble salt precursor

i s di skbl velEcyiting | ow surface-tension solvent. Preferable solvents include
met hanol , et hanol, propanol, nethoxypropanol (also know

It is desirable that the soluble salt precursor when deposited onto the surface spreads
and dries as a continuous, even film. Preferably, the solution of a soluble salt precursor
of a metal oxide crystalline ceramic is deposited onto the surface by a method selected
20 from the group consisting of: spraying, dipping, inkjet printing and spin-coating.

Examples of spraying techniques are air- and gas-assisted spraying.

Preferably, the soluble salt precursor is dissolved in a low surface-tension solvent.
Preferable solvents include methanol, ethanol, propanol, methoxypropanol (also know
25 as l-methoxy-2-propanol, PGME, 1-methoxypropan-2-ol, propylene glycol methyl
ether), acetone and butyl carbitol. When choosing solvents for the soluble salt precursor,
factors to be taken into account include the solubility of the precursor in the solvent,
drying rate and how readily the soluble salt precursor layer on the surface will even out
due to surface tension effects. Suitable solvents will be readily apparent to one of

30  ordinary skill in the art.

As is detailed above, the soluble salt precursor needs to decompose when heated to form

a metal oxide film. Suitable salts include but are not limited to nitrates and metal-



as 1-nmet hoxy- 2-propanol, PGVE, |-nethoxypropan-2-ol, propylene glycol

nmet hyl ether), acetone and butyl carbitol. Wen choosing solvents for the
sol ubl e swbtogrmeupsor, factors to be taken into accounPCirgBoeoltve
solubility of the precursor - in the solvent, drying rate and how readily the

sol ubl e salt precursor layer on the surface will even out due to surface
tension effects. Suitable solvents wlljpe readily apparent to one of
ordinary skill in the art. As is detail ed above, the soluble salt precursor

needs to detganjsosdis.Hetal-organisdsalte afepartieulay areferxgdisingd they typirallbfosmsal t s

i ncl ude but_a nof limted. t.o nitrates and netal organic salts.
thal-orgaﬁ?%{ﬁg?fgpgigT d?#f%ﬁ?%?%@g%i% g?red since they typically forma
good film A preferred salt is an acetyl acetonate. The applicant has found
that an even fi|U1ﬁB¥ be deposited upon the surface by the inc|lusion of a
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zirconi a ( @SYn the batubls walt pleberssiol ubl e salt precursors incl ude
(respectively) (i) zirconium acetyl acetonate and scandiumnitrate, and (ii)
zirconi um acetyl acetonate, scandiumnitrate and yttriumnitrate. For the
deposi t i onpgf ednGRE, Br SRARDLALSN 6EEPL stadd subiliaddl ArcdRlalBLSZFAlrh oP(FELAIr SOr S
include ceriumacetylacetonate and gadoliniumnitrate. A suitable sol vent
for such setanblaeytti stalpligedizionia (SsY&A) Elthaswlablerndlubde balk prsewsensohclpda. As
wll be,noted, th al _oxide filmand the resulting |ayer, of netal oxide
cryst aﬁ)i n@eﬁ%efﬁ}‘ﬁﬁ%)nﬁ% Arsonipmearefylagsiongts, and, S‘fapglrlﬁr% ngfaﬁ%l aé’dn@t)aﬁlrc(?%ua]e and
therefore wbhgylaetoibite sahdiufr fdfes id GafiumOnidiates For At Wepbiitivn ®f £ ebritbl e
salts of a pluyalh%é of metals., Preferably, the deposition technique used
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Preferably, d&position §1ep ') occurs in a single spPaylng pass.

Pr ef er abl y andimedsixiproparsli @ix(i) is undertaken at a tenperature of 10-100 C
nore preferably 15-50 C, nore preferably at roomtenperature. Preferably,

t he teh%erature is the surface

As will be noted, the metal oxide film and the resulting layer of metal oxide crystalline

ceramic do not need to be formed from a single metal oxide and therefore the soluble

salt precursor can comprise a plurality of soluble salts of a plurality of metals.

20  Preferably, the deposition technique used is atomised spraying, more preferably air
atomised spraying. Preferably, spraying occurs using a sonic atomiser or an ultrasonic
atomiser. Preferably, deposition step (i) occurs in a single spraying pass. Preferably,
deposition step (i) is undertaken at a temperature of 10-100 °C, more preferably 15-50
°C, more preferably at room temperature. Preferably, the temperature is the surface

25  temperature of the substrate, i.e. deposition step (i) is undertaken with the surface of the
substrate (or metal oxide film as appropriate) having a temperature of 10-100 °C, more

preferably 15-50 °C, more preferably at room temperature.

Thus, when spraying the solution of the soluble salt precursor, spraying conditions are
30 preferably optimised to minimise the tendency of the sprayed solution on the surface (or
metal oxide film) to pool into droplets. This can be achieved by preferably depositing
using atomised spraying in a single pass and ensuring that sufficient liquid is deposited

to form an even, coherent film. When using air atomisation, reducing the air used aids



tenperature of the substrate, i.e. deposition step (i) is undertaken with
the surface of the substrate (or netal oxide filmas appropriate) having a
t enper at LWwe 20409/0+1300 C, nore preferably 15-50 C, nore pcef@nam/opi®as room
tenperature. Thus, when spraying the solution of the soluble salt
precursor, spraying conditions are preferably optimsed to mnimse the
tendency of the sprayed solution on thejgurface (or netal oxide film to
pool into droplets. This can be achieved by preferably depositing using

at om sed spormating dfnthe asi deplositeshdayennbhe additiona) wieaef 8 sohicc ptentiseriqquand i s

deposited tg for.man eve coherent film. Wien using.air atom.,sation
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air deposition process, achieving a_good, even and coherent _deposited film

It is typitampeyatstiraiedéaGbaing wiheientie ashigyg 2 geheren, eygndilmat e
tenperature from 15-50 C being sufficient to achieve a coherent, even film
Preferably, the layer of soluble salt precursor deposited onto the surface
(or metal ®xdfelabllyi the)layes ofikdlabledalt preevmsor deiosited anthologefre (@ rhéthlcdids S
prior to drying step.(ii). Thus, .the nethod . addi tiopal ly conprjse prior
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or 60 seconds. i s post-depositio | time preferably occurs I'n air at
st andar d aseloS@hderiositebontod saidnsrfade to stand fenrypperadinfaf leastrie 1pr BY. @0a23.\30at  a

tenperature_o - in his.dwel . tine he filmtypically starts
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precursor (after a drying step) and an uneven |ayer of netal oxide filmon
1

t he surf acénipsratyistd| 1S Ge During)this el tisme thenelpetypically stefetq diyer of
soluble salt precursor is after drying or the netal oxide filmis after
heating, the nore likely it is to crack, particularly where it is thickest.
The pr esentThe dwénd stes ishaperthtisivebetinairecndny gt drdihtaig donditoan tamwtdsulogh af

tenperature during deposjtiaon steps, partjcularly peat, deposi tion steps,
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with the sur?aceterrperatureo e substrate/ netal oxidé
that the layer of soluble salt precursor is after drying or the metal oxide film is after

heating, the more likely it is to crack, particularly where it is thickest.

20  The present inventors have found that in particular the controlling of temperature during
deposition steps, particularly repeat deposition steps, is technically important —
deposition of a layer of the solution of the soluble salt precursor immediately after
completion of heating step (iii) with the surface temperature of the substrate/metal oxide
film above 100 °C results in rapid drying of the solution and the formation of a soluble

25  salt precursor layer having an uneven thickness, in turn resulting in increased cracking
and mechanical defects in the resulting layer of metal oxide crystalline ceramic and

reduced product lifespan.

Preferably, at least 90% of the solvent in the deposited solution of the soluble salt

30  precursor is removed by the end of drying step (ii).

Typical conditions for the drying step (ii) are a temperature of 15-50 °C, more typically

room temperature.



filmabove 100 Cresults in rapid drying of the solution and the formation
of a soluble salt precursor |ayer having an uneven thickness, in turn
resul ti ngworroeomoogased cracki ng and nmechani cal def ects PATIGB2009%®UI0BI Ng

| ayer of netal oxide crystalline ceram c and reduced product |ifespan.
Preferably, at |east 90% of the solvent in the deposited solution of the
sol ubl e salt precursor is renoved by thegzend of drying step (ii). Typical
conditions for the drying step (ii) are a tenperature of 15-50 C, nore
typically roomtenperature.ln certain conditions (for exanple when certain
types of solvent. are..bein d N _certai i it
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solution of the soluble salt precursor may be, heated to _about 100 C for a
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precur sor euffickat ®uachree >0 cdebenposponatiomnd form a netal oxide film
preferably involves heating the soluble salt precursor to a tenperature of
150-600 C, nore preferably to about 550 OC. The step of heating the soluble

sal t precuTREunRf §t§‘ﬁ réiéved gerficRnd SAv&R GypicaRy >9@%?| kd crefite @rsvapl@lcbhaadtl on
starting to occur. us, the netal oxide filmmy therefore be considered

to be a senvenchilysfoaifinithes prasessingxi de film However, crystallisation is

inconpbgte at the end of heating step (iii) and firing step (v) is stil

required. Preferably, the heating is achieved by the use of a rapid heatin
y g y p g

heat sour c&he Stplof dsatiiy thotslableaalt peRlrssOu G suffats tocdetompbayit bt fdigad | ng
to be evenly and conveniently achieved in less than five m nutes,

pr ef er abl ymega ©xidgfHny prgferably inviolves hsating e solbleusall pregirsor (o aftepRespipre

Al T ovs f or O KB B A 0 S i st Ure pr ocessi ng,  The
maxi mum | ayer thickness which can be achieved per cycle of deposition,

dryi nng The step of heating the soluble salt precursor on the surface to 150-600 °C may result in
crystallisation starting to occur. Thus, the metal oxide film may therefore be considered
to be a semi-crystalline metal oxide film. However, crystallisation is incomplete at the

end of heating step (iii) and firing step (v) is still required.

20  Preferably, the heating is achieved by the use of a rapid heating heat source, such as an
infra-red heat source. This can allow the heating to be evenly and conveniently achieved
in less than five minutes, preferably less than four, three, two or one minute. More
preferably, heating step (iii) occurs for less than 60 seconds. This rapid heating allows
for rapid throughput of cells during manufacture processing.

25 |
The maximum layer thickness which can be achieved per cycle of deposition, drying
and heating is dependent upon the avoidance of cracking either during drying or

decomposition (heating).

30 Preferably, each layer of metal oxide film has a thickness of 10-999 nm, more
preferably 25-250 nm, more preferably 50-200 nm, more preferably 75-150 nm, more -
preferably 100-150 nm.



and heating is dependent upon the avoi dance of cracking either during
drying or deconposition (heating). Preferably, each |ayer of netal oxide
fil m has wothésienass of 10-999 nm nore preferably 25- 2B0TMR20000008103
preferably 50-200 nm nore preferably 75-150 nm nore preferably 100-150
nm Steps (i)-(i) are repeated to define a plurality of |ayers of netal
oxide filmon the surface. Preferably, sabsequent to the heating step (iii)
and prior to the repeat of deposition step (i}, t he substrate and netal
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wat er cool ed netal plate, where the rapid transfer of heat can occur from

the rel ati detopposiionHemperpturgsseddn heating sen Gli}, eore preferably|tp J14P g€, mosd| er

t her mal < ma | . : i hani i b
apparen tﬁﬁgﬁéb@E§IFg%a?hqﬁﬁﬁhggtQhﬁﬁgéné%ﬁ%#%ﬁﬁ$g%@§§gﬁgl?%hggz%lb+% fgr
t he cell s uehiewdlbyi pladihg thar ¢oatedtsubsthge (fox exapipgle agnétalgfod) ag®.a &dol berfawr;

solubl e salt precursors can be used at each repeaj step (iv), thus
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fromthe group consisting of: zirconium acetylacetonate, scandiumnitrate,
and yttri umetdlcoalire mate. Qtheusedingmerthepismg iWill bk appardntitn oae slafediin e agt eps

1)-(ii) | ubl | t b | ect.ed.f 1Si St i
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crystal lingggram c | ayer produced at step (v) will be lamnar, consisting
of a first crystalline ceramc ScYSZ filmand a second crystalline ceramc
C&O film Both drying and deconposition (heating step (iii)) lead to

si gni fi canty. i e l.e.s k C . Xiayer
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and a dense, defect-free netal oxide filmis fornmed. However, .if the
15  for example soluble salt precursors selected from the group consisting of: zirconium
acetylacetonate, scandium nitrate, and yttrium nitrate can be used in steps (i)-(iii) and in
a repeat of steps (i)-(iii) soluble salt precursors can be selected from the group
consisting of: cerium acetylacetonate and gadolinium nitrate. Thus, the metal oxide
crystalline ceramic layer produced at step (v) will be laminar, consisting of a first

20  crystalline ceramic ScYSZ film and a second crystalline ceramic CGO film.

Both drying and decomposition (heating step (iii)) lead to significant shrinkage of the
layer of soluble salt precursor. If the layer is sufficiently thin, the shrinkage stresses that
build up as a result of drying and/or decomposition do not result in cracking or
25 mechanical failure and a dense, defect-free metal oxide film is formed. However, if the
layer is too thick then the shrinkage stresses can lead to cracking or even delamination

and thus failure of the resulting layer of metal oxide crystalline ceramic.

Further shrinkage occurs on crystallisation, and the maximum metal oxide film
30  thickness which can be deposited and decomposed before a crystallisation is that
required to avoid cracking on crystallisation. The metal oxide film thickness 1is

determined by the number of successive depositions and decompositions performed



| ayer is too thick then the shrinkage stresses can |lead to cracking or even
del am nation and thus failure of the resulting |ayer of netal oxide
crystal | iwe 20@veniie. Further shrinkage occurs on cryst alPCiraa2oomoiaad t he
maxi mum netal oxide filmthickness which can be deposited and deconposed
before a crystallisation is that required to avoid cracking on
crystallisation. The netal oxide filmthickness is determ ned by the nunber
of successive depositions and deconpositions perfornmedbefore

cryst al | i s&efoomcryatallisatien, tanil sher8uekngss efedehail thesedaydraiselimitpd as deseribed as
descri bed apove. The actual maxi num al |l owabl e netal oxide filmthickness
before cryg'%ﬁqﬁ sation wll be determ ned by factors such as the nateri al
bei ng deposited and its degree of shrinkage on crystallisation, the |evel
of residual material such as carbon |eft behind fromthe deconposition
process, andeepalenarimsgsallyvabiemgtabexide ddm thickpess betore eryptallisatign é’#ll Pee

Fange. 190 d86TRREE Byl it by e BT s AR iy SE O Sohagg e

met al oxi denarysildkdtiongtheeleasli ef reaklual tatetiehesch af cdrBon 3D bahind nfrore the
preferably 200-800. nm nore referablé ﬁg@ 700 ngginnre preferably 400-600
nm  Pref er 8§Qmpasttioninregess, apd heqypnnass OhE AePRUEALAYEr | m is substantial |y
fully crystallised, more preferably fully crystallised, into a layer of
nmetal oxide crystalline ceramc. Preferably, the |layer of netal oxide
crystal | i n@rcfenablyi eftérsthe npmpletiabloé steps 6)-€ivabieymetahexitiafiém hat artbickhessi de

crystalline cera cont i nuou not cracked porous, perforated,
perneau)e ?Fe%{‘%g]r(& %%’%cfﬂgﬁ?l’ésﬁsf%?"ﬁ%%é@ is desired to provide a
t hi cker | ayer of netal oxide crystalline ceranlc then it is possible to

repeat ste s (i (v) this time the surface being the | ayer of netal oxide
crystallin rq,férra thedppsriodirgtgl qridnicryatallinpisarape has {ithlékfteﬁapf:b(PQ9 VB r abl e

to avoid a : | ion
speci es nlgra%lgn Fbggg¥ﬁ%k2u é%ﬁg?éﬁgﬁg' %%g? ¥H%g?#93§§%§$ igggg%d/or
el ectrodesnand al so to avoid unnecessary oxi de |ayer growth on the
substrage.

'Preferably, at firing step (v) the metal oxide film is substantially fully crystallised, more

preferably fully crystallised, into a layer of metal oxide crystalline ceramic.

Preferably, the layer of metal oxide crystalline ceramic is impermeable. Preferably, the
20 layer of metal oxide crystalline ceramic is continuous, i.e. is not cracked, porous,

perforated, permeable or otherwise mechanically broken.

If it is desired to provide a thicker layer of metal oxide crystalline ceramic then it is
possible to repeat steps (i)-(v), this time the surface being the layer of metal oxide
25  crystalline ceramic previously produced. However, it is typically desirable to avoid
additional sintering steps in order to avoid unnecessary metal ion species migration
from the substrate into the fuel cell electrolyte and/or electrodes and also to avoid

unnecessary oxide layer growth on the substrate.

30  Thus, the method can additionally comprise the step of:
(vi)  repeating at least once steps (i)-(v), the surface being the layer of metal

oxide crystalline ceramic previously produced in step (v).



Thus, the nethod can additionally conprise the step of: (vi) repeating at

| east once steps (i)-(v), the surface being the |ayer of netal oxide
crystal | iwe 20@veniie previ ously produced in step (v).It PESTIAB28090$BBbl e to
have an internedi ate crystallisation and then deposit further |ayers on top
of the crystallised layer to further increase the overall |ayer thickness.
When utilising step (vi), each repeat ofgsteps (i)-(v) does not need to be
perfornmed using the sanme conditions as the previous repeat. Thus, different
sol uti ons Bfis thusgoaible te Arve pr mtarmediatendrystaldisatinneandrthent deénosis ferthsdayeroxi de
crystalline ceram.cs nmay. be, used. ep. (Lv ar ot ..be incorporated
in a repeafmf %%Cﬁy?taﬁﬁs(g}'aﬁsrrtgt ,ersl?cfarf)assze(t?fiagv |raill|1 @ér:rﬁgl%%es‘rgépeat ed a

di fferent nunber of times. Thus, as well as producing a series of |ayers of
the sane netal oxide crystalljne ceramc by repeating steps (i)-(v) .a

! )
desired nuNfgen usilisingstep (Vhnrach repsatcel sapskhi(@hdessmopacad ta be darfaned ¢singer of

a single nﬁ.}eega*rﬁ%%gngitfong%.s"ﬁl&f?regﬂﬁgr%eedt.tﬂugf AHCE: JoRkidhabE taysoﬁfbléj%a?ﬂ]:t e

| ayers of neta e crystalfine ceramc on” a surface one on top o
ot her, eachrecarger oHthermamal oraliffelencmytl akide veystalingrcerainéisngayl bé ueederttept 0 t he
previ ously i

.produced | ayer, of netal oxide cr al lli.ne ceram ¢. Thi n be
Dar i cul af 1Y) BE(aIman e WelRETORehi hELPear (DUl COMOTRGHTIGR- ¢ he
manuf act ur g,;0%he b Ratel @l difrSrehBAbBRYElithesTOr e particularly in the
manuf acture of ow or intermedi ate-tenperature netal supported SOFCs.

Thus, for exanple, the present invention can be used in the manufacture of

m xed joni ¢, el ectranic conducting el.ectrolyte |ayers. Thus, .the nethod of
Thec o, Lo Toi, el as PralBPdaseaR 5 1B Shith St i one ity iR SERAR0
| ayer of ab{ ugpleatidl dtepdl OCl) @ldydired MR B ines ahé produtt dfSvidcieinindir@ited
formng an at | east one layer of an electrolyte of a fuel cell selected

from the ghvuliyeorst seglpgagrial)sitiealse possdietopradysstapluslippel disdete fayseC,
For exanpl ik ahn i LA

anode- el ec g%l%%? §-§c§d§t %Aeﬁlﬁgu?er ‘sfﬁ)ﬂg‘t’ﬂl}ye%l:@??@ggﬁg 8f ﬁllleg?]tlhf/r’ 5395}} lraé/gli %f to
provi de anmetadokide calstajlinenedmaicibamg differentondcprienmublgypesduced huyer of metsed

i onic % ectrqni c conducti ng electrolyte layer. Thus, an interlayer in
oxide crystalline ceramic.

This can be particularly useful when using the method of the present invention in the
manufacture of electrolyte interlayers, more particularly in the manufacture of low- or
intermediate-temperature metal supported SOFCs. Thus, for example, the present
20 invention can be used in the manufacture of mixed ionic electronic conducting

electrolyte layers.

Thus, the method of the present invention is preferably a method of forming an at least
one layer of a fuel cell electrolyte. More preferably, it is a method of forming an at least

25  one layer of an electrolyte of a fuel cell selected from the group consisting of: SOFC,
IT-SOFC and metal-supported IT-SOFC.

For example (and as detailed above), within an SOFC anode-electrolyte-cathode layer
structure, it can be highly desirable to provide an electrically insulating, ion conducting
30 layer within a mixed ionic electronic conducting electrolyte layer. Thus, an interlayer in
the form of a gas-impermeable, ion-permeable, electrically insulating, layer of metal

oxide crystalline ceramic can be deposited on top of a CGO main layer (a layer of metal



the formof a gas-inperneable, ion-perneable, electrically insulating,

| ayer of netal oxide crystalline ceram c can be deposited on top of a CEO
mai n | ayewo(aodmydap of mnetal oxi de crystalline ceram c), pameGBEN%AdioBi onal
CGO | ayer deposited on top of the interlayer. Thus, the nethod of the
present invention nmay conprise step (vi) as detail ed above,, wherein: in
the first set of steps (i)-(v) the solubpke salt precursor is selected from
at |east one of the group consisting of: zirconium acetyl acetonate,

scandi um nioxidgt erystaleyearamienn and raat additendl i GGPhlayse deprsiteétoroftops oé ghe
(1)-(v) thF{ tsﬁl ulr)le salt precursor is selected fromat |east one of the
group consi oti g of : cerium acetyl acetonate and gadoliniumnitrate. It wll
be apparent to those skilled in the art that the nethod of the present
invention is equally applicable to a range of electrolyte dopant materi al s,
and thus r gfhup.aheangthodaf thecpresant arveation may comprise iskaps(Valahdgfailedcabgyeqapp| y
equal ly<to %@ei}{mol e famly of electrolyte materials such as ScSZ, YSZ,
ScCeSZ (scandia ceria co-stabilised zirconia) and any ot her doped
stabilised zircamile fisoymn of steph €)-dv) the lsokibie bt redurstens sedected fIGECHARGT

(Ceria gadolinia oxide/ Gagdolinia doped.ceri.a;. the two terns are .
i nt er changeabl e) appl¥* ﬁug"f"l §°rD CQBFIS?% Qf:e'élf‘i%“g&ia(‘féty&&ﬁ@aat@els?aéldg%t ens

such as SDC (sanar i a-nm&%gggﬁ}i%m@@, {dar aseodym um doped ceria) and
co-doped systens such as S (Samari a- gadol i ni a doped ceri a?. Al so, the

met hod of the preglensecond eeit ofostepss(iequah¢ poluplsl sabiapreeursar istselegted| feom atge of

d [ K [ h , @) d
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stabilised zirconi a gaddidi@n&iteaét h oxi de doped ceria. Preferably, the
metal oxide crystalline ceramic is selected fromthe group consisting of:
scandi a stabilised zirconia (ScSzZ), yttria stabilised zirconia (YSZ),

seandt . oot UL RSOy PRk SRR R OS>
equally élpplicable to a range of electrolyte dop1ant materials, and thus reference to
15  particular electrolyte materials such as ScYSZ apply equally to the whole family of
electrolyte materials such as ScSZ, YSZ, ScCeSZ (scandia ceria co-stabilised zirconia)
and any other doped stabilised zirconia known in the art. Likewise all mention of
CGO/GDC (Ceria gadolinia oxide/Gadolinia doped ceria; the two terms are
interchangeable) apply equally to all rare-earth oxide doped ceria systems such as SDC
20  (samaria-doped ceria), PDC (Praseodymium doped ceria) and co-doped systems such as
SGDC (Samaria-gadolinia doped ceria). Also, the method of the present invention is
equally applicable to the whole range of dopant concentrations known in the art, such as

CGO10, CGO20, 85¢SZ and 10Sc1YSZ.

25  Thus, the metal oxide crystalline ceramic is preferably a doped stabilised zirconia or a
rare earth oxide doped ceria. Preferably, the metal oxide crystalline ceramic is selected
from the group consisting of: scandia stabilised zirconia (ScSZ), yttria stabilised
zirconia (YSZ), scandia ceria co-stabilised zirconia (ScCeSZ), scandia yttria co-
stabilised zirconia (ScYSZ), samarium-doped ceria (SDC), gadolinium-doped ceria

30 (GDC), praseodymium doped ceria (PDC), and samaria-gadolinia doped ceria (SGDC).

For example, the method of the present invention can be used to firstly deposit an

ScYSZ or ScSZ layer of metal oxide crystalline ceramic onto a CGO electrolyte



(GDC), praseodym um doped ceria (PDC), and samari a-gadolinia doped ceria
(SGDC). For exanple, the nethod of the present invention can be used to
firstly depase%ose19ScYSZ or ScSZ | ayer of netal oxide crgsiGa2bem@1maram
onto a CGO el ectrolytematerial, and to secondly deposit a CGO | ayer of
nmetal oxide crystalline ceramc on top on the previously deposited ScYSZ or
ScSZ | ayer. Thus, an electrolyte can bejgorned having the structure

CGO- ScYSZ- CRO or CGO-ScSZ-CGO. Thus, the nethod of the present invention
can be usethaterial leediesesondly deponf a GQulayered metaberidg crybiellingyesramic ondemir e

anode-first ectrol vt e, | aver.- i | ectrolyte .interl ayersecon
deposi ted ap ?&et Prglvﬁftuglyl dae%%i%ga%cﬁ@?g?r égscgjz ?agﬁ{)’cilgl-ué@ gg%@%cbgtﬁgggé or
anode- CCO- bavigg HeGtoafufkod60-56Y SEIGTHD o CHReSZIA®OPr esent i nvention is

particularly useful in depositing a (preferably thin) zirconia |layer on a
base | ayer (surface) of doped ceria, with a (preferably thin) doped ceria

covering o g i - : wegp I i yer
(pref ergbl 3 hggﬁlﬁ%}r?eg%geo tItl:e L|%<5fnlt g@éﬁg.‘&ggn eg%élggg'}‘ %rggﬁ%%&gﬁg?t?aggiﬁ?gélgase
| ayer (surhavieg thd layautiucandatideeittseledthdyte laygrndepabisal elbaralpguntedagnt f or

a subsequent |ayer of tal oxide crystalline cer C a thin
zirconia | é"}féflg q%BOSB@d %@lﬁédaﬁﬁ"‘%‘ﬁhﬁfe'g'h@@ﬁﬁggbé%waﬁﬁ‘m%gf an
el ectrol yt g &R0CES-SMedaMhe:. t he structure ScYSZ- CGO, ScSZ- CGO. Thus,
the met hod of the present invention can be used in the manufacture of a

fuel cell having the l|ayer structure anode-el ectrolyte-first deposited

el ectr te interl ercat hode, . .e. g... anode-.ScYSZ- .cat hod
Snode. L Aedbialied Al e bRy ButhyioRde PPN hETT B BB o & (rrctepably
processi ngtHigPiedorid [2§e0bn alasa dhyek TsurhcePPLdosedr dedial aN@r $ (oftrably elin) a

| ayers is never greater than 1200 C, or nore preferably never greater than
HOO OC. | ndepsst ¢eaia coNBRdRE AR the Zizgonid byer dn pther empodianents aelpprd ¢eiy layee

structure &%} ?ﬁ el Fﬁrgd ' ntion
can be used 1 Eﬁ%ggggﬁﬁl C %?1‘34%3?&2&?1“%3 &?8 @\O}? %C()t e qggaér%pgstuy%@ur e
anode- el ecin shchtenbddiméntslapearsiis ad abtdaterreduitemennfe@rd supsequeat hagekeof @eigl
anode- C30 ScYSZ or .anode- CGO- ScSZ. T%/,pi cal . )

15 oxide crystalline ceramic (such as a thin zirconia layer) to be deposited on top of the

doped ceria layer.

Thus, an electrolyte can be formed having the structure ScYSZ-CGO, ScSZ-CGO.
Thus, the method of the present invention can be used in the manufacture of a fuel cell

20 having the layer structure anode-electrolyte-first deposited electrolyte interlayer-
cathode, e.g. anode-ScYSZ-CGO-cathode or anode-ScSZ-CGO-cathode. This type of
structure is possible where the processing temperature of the adjoining doped ceria
layers and zirconia layers is never greater than 1200 °C, or more preferably never
greater than 1100 °C.

25
In another embodiment, an electrolyte can be formed having the structure CGO-ScYSZ
or CGO-ScSZ. Thus, the method of the present invention can be used in the
manufacture of a fuel cell having the layer -structure anode-electrolyte-first deposited
electrolyte interlayer-cathode, e.g. anode-CGO-ScYSZ or anode-CGO-ScSZ. Typical

30 cathodes include LSCF and LSC and LSM. This type of structure is possible where the
processing temperature of the adjoining doped ceria layers and zirconia layers is never

greater than 1200 °C, or more preferably never greater than 1100 °C; and the processing



cat hodes include LSCF and LSC and LSM This type of structure is possible

where the processing tenperature of the adjoining doped ceria |layers and

zi rconi a wayemadpaonever greater than 1200 0C, or nore pcefcadlopirgver

greater than 1100 0C, and the processingtenperature of the adjoining

cathode and zirconia |layers is never greater than 1100 C, or nore

preferably never greater than 1000 C. I|pgother enbodi ments, the |ayer of

nmetal oxide crystalline ceramc thickness is graded across the surface.

Thi s i s patémpmdtare of the edljoiningheathedecandetitcodiadéyerhes nevesgneater thaeitl003Ci s

used in the manufacture of fuel cell i,nce the arrangenent of the |ayer of
farst Ty g0 h '

met al oxi d8F BYOY&PS B DRV FHRAET varied to further inprove their

in-use efficiency, specifically by varying the |ayer of netal oxide
crystalline ceram c arrangenent/thickness in order to inprove the |ow

t enper at ur & et epbediotentinthe layarrfunctal exidg arysellinessrapeic dhicknass i graflehkage.
Thi's i S5 acgérl%\ﬁse e%ﬁrfx&r fhilis | Qﬁl&hﬂ.\'@mgﬁlﬁ%ﬁ HIGIRDY o?fthew%sén%){rﬁfeagén et al
oxi de crystalTline ceramc according’to the I nh-use gas flow path an

t elrrlper at urk & lmlélaﬁﬂ;\ the rednuffieeurt v fuet edlls.sidde thodreargeinant of thnlagpesfahetaboXide!
ce stack will have an el ectrqlyte operating tepperature. gradient
gener at ed Bysillinergseanic ¢aa by ivmlc«,c{ @nﬁ‘ét%all wRyoYhbeydu-use sllicacy wecifisallyel |

of typical 'bié Bfggrg%?ﬁ%Qa%Jmﬁnétﬁl &g@gﬁni&%&mc%@aﬁm eI bragr f uel

cell stack on 1 ssi pate m xture of arr-cooling and possibly
i nternal steanproeéd tdrenbwgempenpane caf perfientance witholtanlofvinegd excessive ¢lectomier t o

renpve._ hea rom.the. fuel cells, air js f.ed ta the catho ide of th

st ack é{? aﬁ‘?ag?f’é" s—[&’b% lsa?f_?‘?eéﬂe&)byi YrERe éées ﬂB‘(Fak"teﬁSZ”lm ar“@ﬁ@??teﬁpﬁﬁslg}fﬁqut{/’%@g en
for the fugkige@ystdlIBRCEdrMic ALRSrdMECBSRe M-lisd SasURSH P&tﬁ dn@TOMBerdt®d profigvever ,
the supply of a substantial anmount of air to cool the stack has a

si gni fi canof pedatlioplli n ternms of systemefficiency, as a potentially
significant percentage of the electrical output of the stack can be
consunmed in driving the blower required to supply the systemwth air. It

i's therefolg e dafalle ahooperhiimg Saelt dell admmikntwillf haver aheeltisivie blpsvansy ,
assum ng the heat to be dissipated is fixed, the |ower the mass flow of

cool i n§> ai fenapgppTeetradichlogqngraiis by aderprarpreatiticence glongrthe gas Hew nadyol red.
The nmaxi wmeo&?lr@ﬁt'yﬂgally 50-150°C. This is necessary as the heat generated during fuel cell

stack operation is dissipated by a mixture of air-cooling and possibly internal steam

reforming of part of the hydrocarbon fuel feed.

20 In order to remove heat from the fuel cells, air is fed to the cathode side of the stack at a
rate substantially in excess of that required to supply oxygen for the fuel cell reaction.
The excess air is used to remove heat. However, the supply of a substantial amount of
air to cool the stack has a significant penalty in terms of system efficiency, as a
potentially significant percentage of the electrical output of the stack can be consumed
25  in driving the blower required to supply the system with air. It is therefore desirable to

minimise the amount of air required.

However, assuming the heat to be dissipated is fixed, the lower the mass flow of cooling
air supplied, the larger the temperature rise of the air required. The maximum operating
30 temperature of a fuel cell stack is usually constrained by the need to minimise potential
degradation problems, which tend to get worse with increasing temperature. In a fuel

cell stack whose absolute maximum allowable operating temperature is around 650°C,



tenperature of a fuel cell stack is usually constrained by the need to

m nimse potential degradation problens, which tend to get worse with

i ncreasi nyotewmpwoavure. In a fuel cell stack whose absolPCTABZAOKYOLIVE

al | owabl e operating tenperature is around 650C this therefore inplies a
significant range of cell operating tenperatures, with the tenperature
rising along the flow path of the coolipg air. It is well known that the
internal resistance of an SOFC i ncreases exponentially with a decrease in
t enper at ur gis therefore impligfe pysiprifisaterange afoeallc opeyating ttemperptusgs, twith the

el ectrol yt ecl.i . ex i ] v [ng tenperature, and the
over - pot en qn%e?%t?ﬁﬁiséngeﬁgg@%é@y ?aﬁ?({:mrogghggggléﬁ o%ienti ally, particularly the
cathode. In addition, the ionic conductivity of zirconia declines by around
an order of magnitude between 600C and 500C. Thus, at 600C the additi onal
el ect rol yt & if @&ildinonmethat hminamak sesistagre abayy SPA insreases rapopendiely YWotkidie

crystald4in Cl Irf; I : fidid 1GRhfkLant
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m ni m se f dedlineeldxpomsitislpneith atecteavieg tompemtiurgnand tthepereapotertal of thes al so

wel | known that,the el ectronic conductivit f doped ceria,.under, fuel -cell
condi ti onse]ieﬁt(‘i?d_(?és%reé?ﬁowpgﬁ > \Haﬂfu’aﬁ%'r gﬁs F?fgo‘?eer@e?gqlﬁ?’é, {hﬁnﬁmfchus

t he probl egyRfuchittebNkconitoddclifibd B hiduAd ah DrdétOF MEdhiied@betGRen 600dtamb00 C.
It is therefore desirable to have reduced el ectronic | eakage in the

el ect r ol yt 80&C. Hilgheat 6¥ipethataddiipnalrelectedletresisiansey fipmsan Se¥§ZI AyRSZ such
as the tal oxide crystal.line ramn. ¢ I hée - ayer,
such 2% BumRhldCy FpyRL Byt ShaBMiRCtaub Bhen 19 R BIoE Bl i EREL 1
at the endsighifichi grepdrtibh kethe tbal bely fesitanowvdt id thusiBghbpédsithblago tnipdsat ur e
(in certain enbodinents there may, be no electrically insulating | ayer at
the end of fucheelbwpistapps stower eregatipdalieMpGIBfUEh- use operating tenperature),
for exanple around 5000C, to minimse the additional in-use cell resistance
and inprove the in-use power density. The |ayer of netal oxide crystalline
cerani ¢ i slttherdsoradl kriomekthat ihe electgesc acndssvithef siopédceria anddrefuelcklbf t he

cel | ich wi].l have a higher in-use operating tenperature, for a e
o ound! Bo0c e TBTsEr XS eRo TR U EPERG LT )R A hTRRIETR! e
crystalli nﬁn&ﬁﬁ16§ﬁbﬁ-&fcu§ig@g%igﬁcwwoﬁeaﬂ %00 SC @kin! S0 T it G Brd desREIO D

deposited on a surface of ] )
have reduced electronic leakage in the electrolyte at higher temperatures.

The electrically insulting layer, such as the metal oxide crystalline ceramic layer, such
20  as a zirconia layer, such as a scandia yttria co-stabilised zirconia layer can therefore be
thin at the end of the cell likely to have a lower in-use operating temperature (in certain
embodiments there may be no electrically insulating layer at the end of the cell which
will have a lower in-use operating temperature), for example around 500°C, to minimise
the additional in-use cell resistance and improve the in-use power density. The layer of
25  metal oxide crystalline ceramic is then made thicker in stages across the surface to the
end of the cell which will have a higher in-use operating temperature, for example
around 600 °C. For example, in an embodiment where a layer of metal oxide crystalline
ceramic of scandia yttria co-stabilised zirconia is being deposited on a surface of CGO
for a metal supported IT SOFC, its thickness may be graded from 0 nm at the in-use
30  cooler end up to less than 1000 nm, or more preferably to a maximum of 800 nm at the

in-use hotter end.



for a netal supported IT SOFC, its thickness may be graded fromO nm at the
in-use cooler end up to less than 1000 nm or nore preferably to a maxi num
of 800 nmweat20adoiin- use hotter end. This gradi ng of the wrhircdare®moofo3t he

| ayer of netal oxide crystalline ceram c can, for exanple, be achieved
using different-sized sprayi ng masks on successi ve deposition steps
(repeats of steps (i)-(iii)) so that thg nunber of |ayers deposited is
varied in different areas of the cell. Alternatively, the grading can be
achi eved -byhisrggading of ke thitlaessaolethgi layerrafgpetel oxide chystallineageramiceean, dor or by
fine contrgl_of the [ attarq.  Fi o - 0] I: Leved b
the use of e’faﬁfglf’e?e Sr |l?1\?e|\énlgsuﬁge§hfgﬁraﬁggk %Srs%?é{“f% i %%%aggﬁég%g#L%ﬁ%&,yng%so Y
provi ded agepy (iepnts of tskeps Q)@ tsoi thue el aiimba 6f MytRodeposited éposidd g at

| east one I_a%er of netal oxjde crystalline ceram c_upop a rface of a
subst r at e, difseent prea i dhe gell.sAltgmatvelvbe gsabing 53 be @Fhm}?igy G¥ghpe the
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met hod conpri si ng teps o depositing a solution

precursor coéntml it bé readilgackieyest by thense of idjet ponting ®ahmiqsesrdrapatiedprayai d
substrate o define a |layer of said solution of said soluble salt precursor
on said su ‘?agé'e, said surface being selected fromthe group consisting of:
a netallic surface and a ceram c surface; (ii) drying said solution of said
soluble salt precursor to define a |layer of said soluble salt precursor on
sai d surf atbus, @lsoj providad ianeprdimgdosibe prisentsimventinneis i Bthodnfos slepositing ace to

a tenpgratyre of between 0.apd 600,.C ta decaonpose.| n | ayer of
net al id aﬁi R @Xers%%eg’egagr éd(%e?ryftﬁ%"e rcgf)aénal i gnsat seuprrgac?i(ﬁq-% ?@%ﬁt % Z%)'st one

addi ti onal tHidkiess cfahid a8 (ast dreNaydr of diethl 5Q1de Bt cepintic Wasdhg Htbsyaid
deposited onto said netal oxide film such that sajd netal oxide filmon
sai d surf aswtase @psaid sebsiats) theangthqd epmpriging he slernpk al  oxi de; and

@) depositing a solution of a soluble salt precursor of a metal oxide
crystalline ceramic onto said surface of said substrate to define a layer of

15 said solution of said soluble salt precursor on said surface, said surface
being selected from the group consisting of: a metallic surface and a
ceramic surface;

(ii)  drying said solution of said soluble salt precursor to define a layer of said
soluble salt precursor on said surface;

20 (ili)  heating said soluble salt precursor on said surface to a temperature of
between 150 and 600 °C to decompose it and form a layer of metal oxide
film on said surface;

(iv)  repeating steps (i)-(iii) at least one additional time, said solution of said
soluble salt precursor being deposited onto said metal oxide film, such

25 that said metal oxide film on said surface comprises a plurality of layers
of metal oxide; and

v) firing said substrate with said metal oxide film on said surface at a
temperature of 500-1100 °C to crystallise said metal oxide film into a
layer of metal oxide crystalline ceramic bonded to said surface of said

30 substrate, the thickness of said at least one layer of metal oxide
crystalline ceramic varying across said surface of said substrate,

wherein each of steps (i), (iii) and (v) is performed in an air atmosphere.



(v) firing said substrate with said netal oxide filmon said surface at a
tenperature of 500-1 100 Cto crystallise said netal oxide filminto a

| ayer of wotedy/medilde crystalline ceram c bonded to sai drsurdero®/milo3ai d
substrate, the thickness of said at | east one |layer of metal oxide
crystalline ceram c varying across said surface of said substrate, wherein
each of steps (i), (iii) and (v) is perjprmed in an air atnosphere.As noted
above, the thickness of the at |east one | ayer of netal oxide crystalline
ceram ¢ canshetedaboee thethokaessaif dhaatrléast enolayerind sethlomide @y$slling cgramid cul ar

repeating steps (i),-(iii) .to fi areas of different thickness .net al
oxi de fil m‘”‘b@e Y%be)d@géosé a‘ﬂﬁ&%g“vﬁrﬁhe ﬁ‘gﬁﬁéﬁeﬂyﬁa PERLC OIS reReATAE EtFPSag)L"BﬁEm e
sal t precuks @éfindd¥rehd6f HiFRr&t thitkndsslof Phdtilt dx1de ﬁ@fﬁﬂbg&lﬁ@ﬁsegéﬁﬂiaﬁl@; when
techniques. In certain enbodi ments of fuel cell stacks conprising at |east
one fuel cédenositing the@gplution of & selyble alt PrRFuEeREDdYOthet tse oftink ltet prBdInEnand s

al so suppli | rpal reformng of a fraction of the hydrocarbon
fuel fe%d Pglgfgéeéd#ngg?éh@éq%ﬁg In such cases, the tenperature profile of the
at |east one fuel cell will be different, with the hottest region of the at

| east one fuel cell typically being |located .in the centre of the fuel cell
rat her t hatf §97E FbGEIEOR e Gellca |CPmarlﬁlng>@h§9§tt9neTfﬁalseellt Hba‘{drﬁ‘il‘?:‘kness

of the | ayef,: ' tal l:i WO ' rd , i ng
Fo the 1 ood) *F ollE on@ (e RIS Golibp T, 855 RpRel by Al im0
gr adi ng whirettiarsohdte lardrenagesh Siehifeadntg thhifnelestl. dn sutte cdses| the n¢reperetuce of

the fu cell. to.thi t at. the f t her th hi

bei ng Cf r aRESEHE e af K6t one ferteri v Bt Bt iea heopRs R ATRE 1
this way tBge flil ckNegsicABNbEhS odateddinr RBGentré of AR Hiepdad raABEOHEN teend dt h
of the fuel cell. Thus the interlayer thickness can be graded in all

di r ect i onsneasesichounel £dl aimyxhaasier Biusophe shitkngss efpbe deyar eofy mefad redde

across the whol.e of the.elegtr ] . t ] . As
vel | as. rePrRieRsE iEaBih MARGE RpRILY i BU¥EndhRe BhertlBfe tefenfier
ceram ¢ onHowehéaar wllirebale &% a pteding svhidhaizaiot fan@hgeledthrtinp rthinfess at theefupl esent
I nvention | s al so agpl I cabl e tg deposition u%on non- pl.anar surfaces. For

c

i nst ank®, tHe epdt i ghe dyel cgld 9 thigksst at the fuel exhaust end, rather the thickness being

arranged in relation to the operating temperature of the fuel cell. In this way the

thickness can also be arranged to be graded across the width of the fuel cell. Thus the
interlayer thickness can be graded in all directions to account for any lateral operating
temperature variances across the whole of the electrochemically active area of the fuel

20  cell.

As well as relating to the deposition of layers of metal oxide crystalline ceramic onto
planar surfaces such as planar fuel cell surfaces, the present invention is also applicable
to deposition upon non-planar surfaces. For instance, the method of the present
25 invention can be used in the deposition of layers of metal oxide crystalline ceramic for
roll or tube form SOFCs, where the soluble salt precursor solution is deposited by e.g.
spraying onto a rotating tube. In other embodiments, a tube can be dipped into a soluble
salt precursor solution to cover either one surface of the tube or both surfaces of the
tube. Thickness control can be achieved not only by controlling the viscosity
30  characteristics of the solution, but also by rotating the tube during and after dipping.
Gradation control on a tubular fuel cell can be controlled by varying the depth of

dipping on subsequent dips after the previous layer has dried on the tube. Dipping can



i nvention can be used in the deposition of |layers of netal oxide
crystalline ceramc for roll or tube form SOFCs, where the soluble salt
pr ecur sorweabai9en9i s deposited by e.g. spraying onto aPCBIGHE20090119Be. | n
ot her enbodi nents, a tube can be dipped into a soluble salt precursor
solution to cover either one surface of the tube or both surfaces of the
tube. Thickness control can be achi evedymnot only by controlling the
viscosity characteristics of the solution, but also by rotating the tube
during andakstberused fpi plgnarciughieglisowvhstmmasking is asadutoupratect awhs eblthe eeth be

controlledwlﬂgretﬁrgoagglg &ﬁrgﬁhﬂﬁgﬁggmgg#lgﬂgn subsequent dips after the

previ ous | ayer ppi g canal so be used for planar
fuel cells, where masking is used to protect areas of the cell where the

coating is_not required or is undesirable. For circular surfaces such as
the surfacBer eircular pifagss yughias dhy surfacgs e pisgulaatuekeslise 2 sPRY RASsER G b i

sui t abl ¢ ftﬁéﬁd]C\QHlEh Wfital gle%ﬁ eﬁm rao'éi’iEc t19 o@% 'tS‘é@bEU@J&%oh%‘c‘tt ]fan% &'m@h] ”Et al

oxi de crys Ine ceramc t ove nethodol ogy o eposition,
deconposi t bride ardystallnst atdramat i tbnrckmass beheusﬁﬂwel noetkadolggyadof gdemmitiooc ur
across a syrface such as a tﬂgular |ndr|§§Gﬁ$r ci,rcul ar surface as for

a planar sfrmpesitipp and erysta h‘éseﬁ'r BROSt $8n OFHEVACERSS & or

the sinpl e siife GRENVAMN @Bblaf %99§dr¥c'ap& Qfcul Y EsceQk f@feé Alangsustgecr ystal i ne
ceramic, particularly sub-micron layers, wthout the requirement for high

processi ng tenperatures, conventional sintering operations or expen5| ve

high-v tec S.S as_ P\VD. si cal _.yappur 05|t| n t hus
partic arllfb F @%F?%(ﬁ’?ﬁg PRE e Q’EPHY?%RIO‘? @l %’&tPOI yIP%lel % E ngfglFrsltson
| ow or i ntie;idmwnaifelayeegrpﬁhﬁtanromdmirydtalﬁu@pa{aﬁﬁq &@Eﬁmw@manmw&@éﬂsonal

sintering is made nore difficult by the sintering tenperature |n air or an
ai r cont ai Hithgute e rrmmenbépm@l&lbmqeas%de@pe&aﬁée% ugsveRtiqnal gipjering

processi ng, %%Qﬁ?cﬁ{e%w er%?\%”% HEYEREE gﬂl QS SEPELs ngﬁﬁgl e)th?e t hat

t he met hod invention s a nt ageous for f ent
i nt er f acesdfmisitioan t he netal oxide filmlayer of nmetal oxide crystalline
ceranif and the surface (or netal oxide crystalline ceramc |ayer, as
approp ?ate) bel ow, as the liquid precursor exactly follows the surface

t opogr aphyaf tf\R&articularly well suited to the deposition of electrolyte interlayers on low- or
intermediate-temperature metal supported SOFCs where conventional sintering is made
more difficult by the sintering temperature in air or an air containing environment being
constrained by the substrate, and processing temperatures cannot exceed 1100 °C.

20
| Experiments have shown that the method of the present invention is advantageous for
forming excellent interfaces between the metal oxide film/layer of metal oxide
crystalline ceramic and the surface (or metal oxide crystalline ceramic layer, as
appropriate) below, as the liquid precursor exactly follows the surface topography of the
25  surface. This is difficult to achieve by conventional sintering of dissimilar materials,
particularly if the substrate has already been sintered before deposition of the layer
above, thus constraining the sintering of the upper layer. Particularly where the interface
in question is within an SOFC electrolyte, a poor interface will lead to high ionic
resistance as well as being a mechanical weak point and thus resulting in increased

30  product failure and shorter average working life.



surface. This is difficult to achieve by conventional sintering of
dissimlar materials, particularly if the substrate has already been

si nt er ed wefo09adaposi ti on of the | ayer above, thus con®CraiBevoltee
sintering of the upper layer. Particularly where the interface in question
is within an SOFC el ectrolyte, a poor interface will lead to high ionic
resi stance as well as being a nechani cabg weak point and thus resulting in
i ncreased product failure and shorter average working life. Al so provided
accor di ng tdsa hrovpledsaogording éntheoprepent anvantipnde apsuracs lisa selysérateabaving

deposi ted on.it at |east one |ayer. of net.al oxjde crystalline. ceramc
accordi ng %igpo[sﬁgé Hg?rhgcf?iﬁfagt?fée %Vé/soefrﬂletfimfgﬁ? Flalﬁ{.aﬂﬁ‘ﬁece & r?tc‘:;(gﬁm%ﬁpﬁﬂgbe
further appaiiatoffthopietdieifvehliehM ng description with reference to the

acconpanyi ng figures which show by exanple only nethods for depositing at
| east one | ayer of nmetal oxide crystalline ceram c upon a surface of a

substr at e. : 1 Qi esie B ' ' py
(SEn ot o1k ibiuon S 95 Sl dbfartnrta NS SR, BeLchb e (BB MRFRORROPY
manuf act ur e deyombenyimy figares whidheshpmetseeranipie enllyi methods fpudepditaigoadeaan SEM
manu act ur 88 BPEE i e Oa st reREE GSEici WOBr PEHFoa) ot T GHyCO5HhS he
anode, andﬁgﬁ@g ng overlap of the electrolyte onto the steel substrate;

Figure 3 shows a conparison of performance of nmetal supported SOFC cells
with and wi t houFigBesSE bar shaws kasrenming péactrion ngicaescem0 CSBM) hirgss-feqedn at

utilisation. X-axis shows ent density/ cm2; Left Y- axi s, .shows
Cel | vg(It)tage/ Voori ght-msf%@xi?agﬂgﬁ%tl om% %ﬁspkyﬁmrgﬁg. e%g#rglryg ce
signs: 100 - Power densit ynapufadtueéd by @emetldl of the pREerlemEntiyn t hout
barrier; 120 - Cell voltage wth barrier; 130 - Cell voltage w thout

barrier; Figure§igng2showshews suSEMietoseaaction 4 856 megeifigetean efeart eb#n be
achi eved with SOFC electrolyte manufactured by the method of the present

invention near the edge of the anode, and showing overlap of the
15 electrolyte onto the steel substrate;

Figure 3 shows a comparison of performance of metal supported SOFC
cells with and without ScSZ barrier layers operating at 570°C at
high fuel utilisation. X-axis shows Current density/mA/cm®; left-
most Y-axis shows Cell voltage/V; right-most Y-axis shows

20 Power density/mW/cm?. Reference signs: 100 - Power density
with barrier; 110 - Power density without barrier; 120 - Cell
voltage with barrier; 130 - Cell voltage without barrier;

Figures 4-7  show various fuel cell layer structures that can be achieved with

the method of the present invention;

25 Figure 8 shows a top view of a graded thickness ScYSZ layer;
Figure 9 shows a cross-section through I-I of Figure 8;
Figure 10 ~ shows a fuel cell layer structure having a graded thickness
ScYSZ layer;
Figure 11 shows a plot of in-use electrolyte temperature of fuel cell layer
30 structure of Figure 10 between points A and B. X-axis shows

temperature, left side corresponds to point A, right side
corresponds to point B; Y axis shows electrolyte temperature;

Figure 12 shows a top view of a graded thickness ScYSZ layer; and



the nethod of the present invention; Figure 8 shows a top view of a graded
t hi ckness ScYSZ | ayer; Figure 9 shows a cross-section through I-1 of Figure
8; Fi gur ew0Qosfmoma9a fuel cell layer structure having aprPgraaBedo%doiwiness
ScYSZ | ayer; Figure 11 shows a plot of in-use electrolyte tenperature of
fuel cell layer structure of Figure 10 between points A and B. X-axis shows
tenperature, left side corresponds to pgsgnt A right side corresponds to
point B; Y axis shows electrolyte tenperature; Figure 12 shows a top view
of a graded thi figves$3 Sc YSOWsy enoss-sastiPh upeghB-15polgure 1k oss- secti on
through I'l-11 of Figure 12. In a first enbodinent, a ferritic stainless
steel foil substrate (as shown in e.g. Figures 4- 7) defining a perforated

regi on sur Moy fige dnitpdindh®r Reftdtahrds stedifon silbstiateods dasviv g Wipedes Bas
been deposited_an anode | ayer and a gas i nperneabl e, dense, CQEO el ectrol yte
| ayer 10 wi) éefiniag a penforajadresiontsHirerndsd bycpnest-perfrsatsd segion wyapvidgd upeight

in GB2434691. (f qi -2 4 I
and V0 32/ 30idsRor, REPRPBURA an MRLE 1pRPEnd, £ InBpiceb e, B0 | ©
subst r at es el¢gppolytehiagdr li0swhiehdsid-@d nabroanbdk dnaypfof dhechrmdg dsyer,r3aaughal e,
d | ectrol yte | d 2440038, 2386126, (GB2368450
US7261565, CERAS880 20T sab-aFo a6 B9GTE. 1P ol P FAFctEREb dEREnISY ABE Bibun)
the graded OQBB@iS._SIHQﬁﬁé’r%o‘&iméﬂ%ngg&zglfa?ﬂf&aféaqgﬂ sOBstiaidsel O%Y\%ﬁicggs of

crystalline ceram c scandia yttria co-sta ised zirconia ( 1I0SclYSz,
( Sc2MB) Ol ( ¥ews)tal @n(ahode)layer arsl ahgas ipenmerbds; deppe lectrhivtcCBOer ayeruses

ot o1 00 "S(GREERO R Palsab, U R0 BTaRR DL B LAt N R B
to precipi haph&@UEMbIditent o€ sHOWaNihel %&u@écs methl tsiBsteeP 08 US2007 6970 Dfis

soluble salt precursor can exhibit a slight variance and the addition of 1%

Yttria hel p&edavoi d the phase instability which can occur in >9% ScSZ. The
steps are:

An interlayer 20 of crystalline ceramic scandia yttria co-stabilised zirconia (10Sc1YSZ;
15 (S¢203)0.1(Y203)0.01(ZrO3)o 89) is then formed on top of the CGO layer by performing
steps (a)-(f) below. This is a particularly useful interlayer material since zirconium salts
are not highly soluble and have a tendency to precipitate out. Thus, the dopant levels in
the deposited layer of soluble salt precursor can exhibit a slight variance and the
addition of 1% Yttria helps avoid the phase instability which can occur in >9% ScSZ.
20
The steps are:
(a) air atomised spraying a layer of 0.1M cation concentration solution of Sc(NO3)3
and Y(NO;); and Zr(CsH;0;) in 90% volume ethanol and 10% volume
methoxypropanol (soluble salt precursors which will form the scandia yttria co-
25  stabilised zirconia) at RTP onto the CGO layer.
(b) drying the soluble salt precursor layer at RTP in air for 60 seconds during which
period the soluble salt precursor evens out across the surface, followed by further drying
at 100 °C for 30 seconds.
(©) heating the soluble salt precursor to 550 °C over a total period of 60 seconds
30 using an infra-red (IR) heating lamp which decomposes and semi-crystalises it to form a
layer about 125 nm thick of a semi-crystalline scandia yttria co-stabilised zirconia film.
(d) repeating steps (a)-(c) 4 times, the substrate and metal oxide film being cooled

to a temperature of 35-80 °C prior to each repeat of step (a), to give a metal oxide and



(a) air atom sed spraying a |layer of 0.1M cation concentration solution of
Sc(N®B) 3 and Y(N®B)3 and Zr (C5H7/Q2) in 90% vol une et hanol and 10% vol une
met hoxyprwpan@/osfael ubl e salt precursors which will forrCrleB28@andioa yttria
costabilised zirconia) at RTP onto the CGO | ayer. (b) drying the soluble
salt precursor layer at RTP in air for 60 seconds during which period the
sol ubl e salt precursor evens out acrosspghe surface, followed by further
drying at 100 C for 30 seconds. (c) heating the soluble salt precursor to
550 C over semi-otystalliperfilochayingsotota dhickiness of algoud 0P min. Arhiefilng dRYs tas davarg

| anp whi ch _deco osef %Ind s.%rsﬁi-ﬁ)r@al ises Lt to forma |layer about 125 nm
thick of a2BLRRCKSPIEeq I SUEDISIOLhFF PIACESSIE: st abi | i sed zirconia film (d)
repeating g4)eps firil-af 8D0 4CtfoF 88 mihites §LES th@hRtAdideeilal ofdafldia fykdindeei ng

cooled to a tenperature of 35-80 C prior to each repeat of step (a), to
gi ve a net slabidispdiirapria clerms ray Silky rrvsiallinel earemis yen 290‘?faﬁcapﬁlac)€ﬁ$ﬁ%§00f

about 500 Ik s fi sinit and is suitable for
furt herg)pr(I%{(fne)lsh-sglgdin%l.rgO(ﬁe’{’nh(fiqurgg%gﬁﬁ'éllfjn%%gf%%x*E %)(g "mnutes in air, the netal
oxide fil mBOf sRapelitmgystdpsi(a)-@Pshabinbteswcachieve arfiral tayenB0 éhiéknebs/of about
crystalline ceramc |ayer 20 of scandia yttria costabilised zirconia,

havi ng a t BP@RAess of about 400 nm (f) Repeating steps (a)-(e) once nore
to achieve a final |ayer 20 thickness of about 800 nm The next steps are:
(g) the repeating of steps (a)-(e) once nore but this time depositing a

| ayer 30 oflh€@&xtotepsape:of t he previously deposited crystalline ceramc

| ayer scandi ttria costabilised zirconia, ,Specific caonditijons,are:
0 4M o201 o ondshiepiither ST Henay 1) orkr v GRdat 1HF S hoSPRE =953 €8 e
et hanol ang¢Gl9%n\ep WiehdEreliouyp fd@?@dﬂféh CAPEhIBRY SMFhE, ladl@PsrSichadlg yard co-
processing as_before but using a final crystallisation firing tenperature
of 980 0C sw@bidised eiveonsa. Sperifigyendifippharg: il lYhration raeetion sHvHi) i s

2 reona | S GbEE nTYh RHERRF SCAR dotind (fufikbtdhahtt 8RE
spraying, depositing and processing as before but using a final crystallisation firing
15 temperature of 980 °C to achieve a CGO layer with a final thickness of 250 nm. This
layer acts as a barrier layer between the scandia yttria co-stabilised zirconia layer and a
subsequently deposited cathode layer.
(h) finally, a cathode layer 40 is then deposited on top of the previously deposited
CGO layer. This is done by screen-printing an LSCF cathode and processing it in

20  accordance with W02006/079800. This layer has a thickness of about 50 um.

Thus, an overall structure is created comprising the following layers deposited on the
ferritic stainless steel support:
(A)  NiO-CGO anode;
25 (B) CGO(10)
(C)  scandia yttria co-stabilised zirconia (20)
(D) CGO (30)
(E)  cathode (40)

30  The results of the method detailed above are shown in Figure 1. The main CGO layer 10

has been deposited on top of the anode layer (not shown in Figure 1).



(h) finally, a cathode layer 40 is then deposited on top of the previously
deposited CGO | ayer. This is done by screen-printing an LSCF cat hode and
pr ocessi nyoi2nosaso4aecor dance wi t h WO2006/ 079800. Thi s | aper/drgosnottedsckness
of about 50 mm Thus, an overall structure is created conprising the
follow ng | ayers deposited on the ferritic stainless steel support: (A

Ni O CGO anode; (B) CGO (10O (C) scandiayyttria co-stabilised zirconia (20)
(D C&O (30) (E) cathode (40) The results of the nethod detailed above are
shown i n Fltgpheeldbe mprad theti the o@IMEy Processipgtenipseaiugaedin the manufaspraf t he
anode | ayer, (not _shpwn in, Ei . | ¢ be, npt.ed. t hat_ t.h Xiqmum
pr ocessi ngﬁ{ee%cé)glgt %P’ & El%degh e?ﬁ@]?”ﬁ%&%%%p ufte’ V(\)’%ucﬁﬁg AT c%arﬁll&%%eao%rﬂ%;nd

the CGO | aygiperdare38Whith zitbhialind €GO gattftb edit, whidlelsa®00 RE. t enper at ure at
which zirconia and CGO start to react, which is 1200 OC. The results of the

above nethod are shown in the Figures. On top of main CEO | ayer 10 is ScYSZ

interl ayer i t.hi i i e
i ah 1 ot ¢ TROreIh o e Sb bR ER G BPheiburcE T (8 o7 HOME O kel BV D
density cois&r¥8d mtemdybr 2@iwhicBAAslaaieckndsd o860 amy dieytiggnsitbwisrit &r iaveduigh t h

main CAO | ayer 10. Thi.s |ayer is present.to anj cal | y .i.nsul a; e .cat hode
40 fromth nﬁf:aicr?néV‘é{thP’oW{eg?Oélyé’?‘% S.W:]?fl}t& eé&l I 'lﬂﬁﬁ?ﬁéyags E?fg Bf1%n
ionic curr @&BC%%QISIQ it shafl CEOBlEr 16'8nd at&wgo@h@é&-ceiwiqyiﬂaimgapt@elent in

operating a or other doped Ceria electrolyte alone. On top o

i nt er | ayer 12(0This layeCa@resenttd elygrond@llyhnsitete gathede #0 &onethe rofin'elpeaslyta Thi s
| ayer | S prese separate the cathode material_ fromthe. zjrconia g

o or 1 1 or 15 T) RSB re e f 8 Tl bR oo B Bl 56 Myfmel
effective gleetit@itie: @H«ef’]ﬁd%pbﬁtiﬁ%ﬁ@(ﬂ)@f othegllopeditetia 6ROEMNGte Alddey . Thi s

al so avoids potentially detrinental chem cal interactions between cathode
40 and the zirconia of interlayer 20 either during processing or possibly

during ser binctgp of interlayer 20 is a CGO interlayer 30 which has a thickness of ~0.25um. This
layer is present to separate the cathode material from the zirconia of interlayer 20,

15 improving the catalytic activity of cathode 40 by an effective electrolyte-cathode
interface of high ionic conductivity. This also avoids potentially detrimental chemical

interactions between cathode 40 and the zirconia of interlayer 20 either during

processing or possibly during service.

20  An important aspect of this embodiment is the high density of interlayer 20. This high
density is required for the effective blocking of internal short circuiting, because it has
been shown that CGO, particularly in its reduced state, has significant catalytic activity
for the reduction of oxygen. Thus, if the interlayer 20 is not gas-impermeable (say, is
<=93% dense), oxygen will diffuse through interlayer 20 and reduce on the top of main

25 CGO layer 10, allowing a path for internal short-circuiting, bypassing cathode 40

entirely.

As can be seen from Figure 2, it shows a cross-section of the edge (60) of an anode in a
fuel cell. On the right hand side of the figure there is a clear anode layer deposited upon
30 ferritic stainless steel substrate 50, but towards the left hand side of the figure main

CGO layer 10 is deposited directly onto ferritic stainless steel substrate 50.



An inportant aspect of this enbodinent is the high density of interlayer
20. This high density is required for the effective blocking of internal
short ci rwoi200vmyp41ibecause it has been shown that CGO pa&CriGRb@vdoy103n its
reduced state, has significant catalytic activity for the reduction of
oxygen. Thus, if the interlayer 20 is not gas-inperneable (say, is <=93%
dense), oxygen will diffuse through integlayer 20 and reduce on the top of
main CGO | ayer 10, allowing a path for internal short-circuiting, bypassing
cat hode 40Fwguré Retlyo shewe dlre bedateveescala ofmnriig (@O 2layérn ass hompargd dp o%ézléecti on

of the edge_ (60 a de in el . the right .hand side.of the
figure t he?rgér?aé)eﬁg(g F%J;F%g)g@geéfaygg%i l(%gl?@g |4b & ﬁnogli% SHPARF gﬁnp T4 a(idﬁ’ Iagtslge st eel
substrate ®er BOAnd @RI TuirBa: doBEétoh®Md side of the figure main CGO | ayer

10 is deposited directly onto ferritic stainless steel substrate 50.Figure

2 al so shows the relative scale of main CGO | ayer as conpared to ScYSZ

interl ayer d LN ; g%q,@e4 n e i,5€e

cat hod?aof@é&%?@?b %ﬁﬁ a@éﬁgggvgﬁg nt co e%t 8?%%.&& é%brogﬁsniﬂé gvvs a
conpar i sonswiporkd SOF xowith ©GOVasinodledtiolyes, showigciha benefitadf s wppBYERY. SOFCs
with CE0O nmin e|ectrolytes, . showi ng the benefit of a thin ScYSZ barrier

| ayer depoS#ti&H aﬁ%ﬁ‘iﬁoéﬁé%gﬂnﬁ%@wgﬂﬂﬁ%@ﬂmﬁ%?ﬂi on. The first SOFC
is constructed according to the first enbodi nent (above). The second SOFC

is constructed identically to the first SOFC except that it does not
i ncl ude t h&hedastdIQFGtis constructed taadnirtlingetd thé fics reimbodgent (2@ vghdltehsgcond

and potdyr 8080 £ weemie PR AR, 6 ity QECacbhisaP by el B¢ £95°

nuch  hi ghegcaaRRt@ialcoLkitdbiNel zageniatayer 2@t the @fiditibeallt GOHaGe 30bnébgct roni ¢
| eakage through the CGO electrolyte. In a second enbodi nent (not shown),

the first CE&O | ayer is a 2% Co-doped CQEO | ayer. The doping is used as a

sintering gi.d to.aid d j fod i20 f C%zl r :
sintering ?‘ esrr%a%lr% ﬁgeen gﬂéﬁlpfg?%%é t36%§ﬁ \t’fﬂ{-&g%pe g&%géldeglé%%lgﬁ g{ee.giglf"hle g‘éesz
i nterlayer intteased] Ih partivaithr} thereals £60ch dygher 3Peratiecyit egleage chsancksale pdshd ed

and processed in the sane f he first enbodi t.
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In a second embodiment (not shown), the first CGO layer is a 2% Co-doped CGO layer.
The doping is used as a sintering aid to aid densification of the CGO electrolyte at a
lowered sintering temperature compared to an un-doped CGO electrolyte. The ScYSZ
20 interlayer 20 and the additional CGO layer 30 are prepared and deposited and processed

in the same way as for the first embodiment.

In a third embodiment the deposition of the layer of CGO on top of the previously
deposited layer of scandia yttria co-stabilised zirconia is preceded by a repeat of steps
25  (a)-(e) in which an additional layer of scandia yttria co-stabilised zirconia is deposited

(i.e. on top of the previously deposited layer of scandia yttria co-stabilised zirconia).

In a fourth embodiment, a graded thickness layer of metal oxide crystalline ceramic is
provided on a CGO surface for subsequent use in the manufacture of an IT-SOFC. In-
30 use, the layer of metal oxide crystalline ceramic is an electrolyte interlayer, the
interlayer thickness being graded across the in-use gas flow path of the fuel cell in order
to improve the low temperature cell performance without allowing excessive electronic

leakage.



In a third enbodi nent the deposition of the |ayer of C30 on top of the
previously deposited | ayer of scandia yttria co-stabilised zirconia is
preceded W9 200wm@pgat of steps (a)-(e) in which an addit PomaiB2bey®t108f
scandia yttria co-stabilised zirconia is deposited (i.e. on top of the
previ ously deposited | ayer of scandia yttria co-stabilised zirconia). In a
fourth enbodi nent, a graded thickness |ayer of netal oxide crystalline
ceramic is provided on a CQO surface for subsequent use in the manufacture
of an IT-SOFC. Inuse, the layer of nmetal oxide crystalline ceramic is an
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i n-use gas pat er 1o |
t enper at ur of gelpresparihio¢ntidace W t hout al |l owi ng excessive el ectronic
| eakage. Fi gures 4-7 show various fuel cell |ayer structures that can be

achieved with the nethod of the present invention. As can be seen from

Figure 4, Iy fb%%érhfrs.ﬁpﬁigyéf&ztm% éouﬁheﬁ%girﬁ&t L GuDEceH08%S b ehadmcald a

ferritic stalaﬁ?ess st ee al 'substrate w th an anode layer 210 on top
of it and amd elfedtic stayless Isegeme@P Subatrate 200 wiitheah arfelde ¢ayeol 1@ en kgyetit 28D

surrounds anode | ayer 2 in order  t revent flow t hr qugh ode 210
bet weon. T ueh ST eIy a0 ok Baded etye taysadh iy ol BT P o
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CGO | ayer 220, and crystalline ceramc |ayer 260 is then deposited on

top of | ay@f0.2pendiF ydris pe-aipbiiged vispnnia sevstalline desandiedayer 2@ ks then Heppsited 250

and 260.results i.n_a "l ake's type cture. Subseguent t:h

deposi ?9 onBf°P acﬂyecfeg%gééﬁdfaﬁgb 22({)h§ndf ggdlcc@f Sﬁﬁllnée S%r%qce?aélﬁr \r/z\/lgP > St Pleen
addi ti on ofiegRitbde tés sLIRby250! The Kbyl Sepshinad id td ddpasitioh odilaRid 250
whi ch CGO | ayer 260 overlaps and contains the other |ayers 220, 250.

Not abl y, i And BoGregnfsoniantayer eake" gSHUG ISt al oxi de crystal line ceranic
(CEO | ayer 260) is deposited both onto the ceram c | ayer underneath
(scandia yttria co-stabilised zirconia |layer 250) and also ferritic

st ai nl ess Stbehjuait bs theadepo@on of hyesirAyindR @)t drsfusisexd] is rotiplesedewlihdharent
results_in (S.".con ai ned | ayer" % pe structure. Figure 6 shows a sixth
enbodi fent 294itighP Wt}é@ﬁﬁa?e&*etﬁh’? ‘a co-stabilised zirconia |ayer

Figure 5 shows a fifth embodiment in which CGO layer 260 overlaps and contains the
other layers 220, 250. Notably, in this embodiment the layer of metal oxide crystalline
ceramic (CGO layer 260) is deposited both onto the ceramic layer underneath (scandia
20  yttria co-stabilised zirconia layer 250) and also ferritic stainless steel substrate 200. The

spraying steps used in this embodiment results in a "contained layer" type structure.

Figure 6 shows a sixth embodiment in which scandia yttria co-stabilised zirconia layer
250 overlaps CGO layer 220. Again, in this embodiment the layer of metal oxide
25  crystalline ceramic (in this case scandia yttria co-stabilised zirconia layer 250) is
deposited both onto the ceramic layer underneath (CGO layer 220) and also ferritic
stainless steel substrate 200. The spraying steps used in this embodiment results in an

"overlap" type structure.

30  Figure 7 shows a seventh embodiment in which scandia yttria co-stabilised zirconia
layer 250 overlaps CGO layer 220 and in turn is overlapped by CGO layer 260. In this
embodiment both layers of metal oxide crystalline ceramic (CGO layer 260 and scandia

yttria co-stabilised zirconia layer 250) are deposited onto both the ceramic layer



250 overlaps CGO |l ayer 220. Again, in this enbodi nent the | ayer of netal
oxide crystalline ceramc (in this case scandia yttria co-stabilised

zi rconi a wWayer/@s0y is deposited both onto the ceram c PaysB200d®lregat h
(C&O | ayer 220) and also ferritic stainless steel substrate 200. The
spraying steps used in this enbodinent results in an "overlap" type
structure. Figure 7 shows a seventh enbgginent in which scandia yttria
co-stabilised zirconia | ayer 250 overlaps CGO layer 220 and in turn is
over | apped ubger@ath |(aydkiscad yitna tchistabalifed diireenta lapeth25Qypad LGP laweraP20xi de

crystalline ceranj &Gﬁ)l er 260.and scandj ria co-stabilised. .
zirconia | é?f@?c%%w a& é Sd’e%ﬁrétﬁ étamé)eﬁf 8t o?'%s{r%tg)ﬁtggr Zﬁf épﬁa%{?grsﬁeﬂaéeursg%é? h
(and scanditis ¥inbbdithefPreSilaih lai"s6tained 60cHap" hpeatruddee.and CRO | ayer 220
respectively) and also ferritic stainless steel substrate 200. The spraying

steps used in this enbodinent results in a "contained overlap" type

structuge. ki h | O e j I Q: i€ i a
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acr oss t he zigtsfia(Se YS7) Ci¥er BaY ass 22Radedshickatss deesks altrosnefatoof €GO ayersi20.
embodi mrent, a ferritic stainless steel foil. substrate 20 fipin

per f or at ed Arse‘%ﬁt%[‘?d?éfv% Tr Eﬁﬂgfwd&n%nggﬁgﬁrsﬁ@ﬂﬁ gﬁ?qcfgﬁfégéqage g?Q)vi ded
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dense, CQO el ec yte |ay 220 10-15 mc¢ron thick on top of the anode
| ayer 210. ufbrewBic¥3ias begredep®6ited an arode layepd k) ambla gas impsrmeablle, slefiser €GGst ep

bei t wos ' ti [ basi d d i bed
above 101 " BRE PPl P A Bk PD sb 8% 03 YPEt 1 ne ceram c -
scandia yttria co-stabilised zirconia (lOScl YSZ;, (Sc2C3)O1(Y203) OOL(Zr O2) 08

) and is formed as follows: First, stecﬁ)s (a)-(plg (above) are perforned to
give a fir JheaydSRlayen30fds dherodrrpsited om top YiB e fisst 56 bping ce BV G ¥age t he
metal oxid {4 v rtd i . ps
R L R e L
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performed to form.crystalline ceramc ScYSZ | ayer _300. Th rea 320 has a
Dhi ckndSs 63 @by PbbonfiCarsk H Bigmesss TRUSWS Fifitc NRRSG)S) GBBLR) %00 nm

performed to give a first area 320 of metal oxide film. A mask is then placed over the
metal oxide film so as to leave only a portion of it exposed, and steps (a)-(d) are then
repeated to define a second area 330 in which the layer of metal oxide film consists two
films of metal oxide.

20
Step (e) is then performed to form crystalline ceramic ScYSZ layer 300. The area 320
has a thickness of about 400 nm and the area 330 has a thickness of about 800 nm.

It should be noted that the crystalline ceramic ScYSZ layer 300 does not totally overlap

25 CGO electrolyte layer 220 — as can be seen at 310 there is an area where CGO
electrolyte layer 220 overlaps anode layer 210 but which is then not overlapped by
crystalline ceramic ScYSZ layer 300.

Figure 10 shows a fuel cell electrolyte structure 340. As detailed above for the first
30 embodiment, a ferritic stainless steel foil substrate 200 defining a perforated region 201
surrounded by a non-perforated region 202 is provided upon which has been deposited
an anode layer 210 and a gas impermeable, dense, CGO electrolyte layer 220 10-15

micron thick on top of the anode layer 210.



It should be noted that the crystalline ceramc ScYSZ | ayer 300 does not
totally overlap CQ&O el ectrolyte |ayer 220 - as can be seen at 310 there is
an area \Wenrevd3@iel ectrol yte | ayer 220 overl aps anode lPay&B28d®olbws whi ch
is then not overl apped by crystalline ceramc ScYSZ | ayer 300. Figure 10
shows a fuel cell electrolyte structure 340. As detail ed above for the
first enbodinment, a ferritic stainless steel foil substrate 200 defining a
perforated region 201 surrounded by a non-perforated region 202 is provided
upon whi ch has been deposited an anode | ayer 210 and a gas i nperneabl e,

dense, CQO,el ; 2 0- i i :

| ayer 210. ﬁ% %?5@ aﬁf}? egrﬁ%?é)eni %e%g égeﬁi ]Dg.‘e{éggﬁ t(21 gﬁﬁlg Ihs(f%éggsgfaﬁ(?’% %ﬁ%@i‘%&ge
sprayi ng ofier bisicomdtlsod1@s tdescritedi shovet fop dhasfirde eaibobi@ttnab®he layr 330eif i r st
enbodi ment. The layer 350 is crystalline cerami. ¢ scandia yttri

co- st abi | i $@gtallinecorfieganpic] osepndty:  (v8Eg0 Ioostalilesd 3) Brontezr o@ﬁsl‘é@% nd is
formed dy [ rr@';n - R)pﬁ  : LETN :
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sol ubl e sabtep fa)ebeing accosplshed sisingahkget pongng ellas mesulis imai Gist Ardani60foKeri es

of repeats qf steps (a)-(d). are then perforned, .ea repeat occurring over
only a por f(?qu?'}e SﬁPPWéu‘Zi?re‘ﬁ%‘FEbﬁetawg tﬁlgéx?iadﬂgta[j‘;‘fﬂﬁ%ﬁn’bri nting step, thus
defining second, third, fourth and fifth areas 370, 380, 390 and 400. Step
(e) is then perforned to define a netal oxide crystalline ceramc |ayer,

areas 360, AZe0es 3Bopeas0f wens (20 ara/thery perfiroledeeash sepsht edsotNngl®r oBOR 450,

600 angd, 750 nmr ectively., Step. (Q) ..S then perf d Bt
Pnter By er Porigh of o feg el o bR s wlfhent. TSR ol SRORY ol T
Step (h) i souttheind FEhfe64¥83d01 380J8p@and 4@nt hode | ayer 420. | n-use operating

tenperatures of the CEO | ayer (electrolyte) 220 are shown in Figure 11. As
can be seen, the gradation in operational tenperature is matched by the

gradation gty - Fi : Show. ago
enbodi ment S{S%Péﬂ {aél# Hi&gﬁ?ﬁ({eﬁn §§ g&%ﬁ%?g&%%}@ %%tﬁlﬁ\%% i%%%ﬁgc ia%fe ’ > ’
370, 380, 390 and 400 having thicknesses of about 150, 300, 450, 600 and 750 nm

15 respectively.

Step (g) is then performed to deposit CGO interlayer 410 on top of ScYSZ layer 350
having a thickness of ~0.25pum.

20  Step (h) is then performed to deposit cathode layer 420.

In-use operating temperatures of the CGO layer (electrolyte) 220 are shown in Figure
11. As can be seen, the gradation in operational temperature.is matched by the gradation
in thickness of ScYSZ layer 350.
25
Figures 12 and 13 show an embodiment similar to that for Figures 8 and 9 in which a
crystalline scandia yttria co-stabilised zirconia (ScYSZ) layer 500 has a graded
thickness across the surface of CGO layer 220 and where the crystalline ceramic ScYSZ .
layer 500 does not totally overlap CGO electrolyte layer 220 or the anode layer 210 — as
30 can be seen at 510 there is an area where CGO electrolyte layer 220 overlaps anode
layer 210 but which is then not overlapped by crystalline ceramic ScYSZ layer 500, and
at 540 there is én area where CGO electrolyte layer 220 overlaps anode layer 210 but



crystalline scandia yttria co-stabilised zirconia (ScYSZ) |ayer 500 has a
graded thickness across the surface of CEO | ayer 220 and where the

crystal | iwe 20@veniie ScYSZ | ayer 500 does not totally ovecras208001103

el ectrolyte layer 220 or the anode | ayer 210 - as can be seen at 510 there
is an area where CQO el ectrolyte | ayer 220 overl aps anode | ayer 210 but
which is then not overlapped by crystal kpne ceram c ScYSZ | ayer 500, and at
540 there is an area where CGO electrolzge | ayer 220 overl aps anode | ayer

210 but whi athichendither theHeGOGBatiobae fayey 220 putheranpde layer 2 Heisaherlevértapped 210
is then overl apped by cryst i,ne am c ScYSZ | ayer 500. As detailed

above for ﬁénggﬁngéﬁﬁgg%ﬁgﬁkhagxﬁngitic stainless steel foil substrate
200 defining a perforated region 201 surrounded by a non-perforated region
202 i s provided upon which has been deposited an anode | ayer 210 and a gas

i mper meabl és degtiled aboyofies the diry) ambodimeny a Somitie stainlesy ged foll 5ubstragh20Qp  of

the anogle aat, 210 B0 SEISE0 A6 AR 1, LR HRRESIET, 90 KoL) 2

first step Wo- St'age sprayl ng ope I on" usli ng asi ¢ nethod as
descri bed apayvehichrhat beerf dapstiteeimncehiode tdyer THardoy gas ibfp@rmeabdx, vistisel CGOe

ceranm ¢ scandi ttri -stabjlised zirconia (1 | YSZ; (Sc2q 3)o.i (Y20
3)0.0i (Zrq® %&@éﬂa}éﬁé?ﬁgof@r%&%@%q tsagf&ﬁi%neg fayg -(a)-(d) (above)
are perforned to give a first area 520 of nmetal oxide film A mask is then
pl aced over the netal oxide filmso as to |leave only a portion of it
exposed, aitie S3cf$ {aykr 000 iarthent Hepositep@attod with defirshestep bengradtver-etagd30 i n
whi ch e |layer of tal .oxide filmconsists . fil f tal, oxide. Step
(0 1's 10 nerP e Gpmaliof goiRe i basyruPRBRn s S abds o e (75| a2 o
520 has a 1Rt ckReSH0aE caReillind 8&amin shaddiahgtry &R staBilisdtB giréonid (10See¥SZ0f
about 800 nm It should also be noted that the crystalline ceramc ScYSZ

| ayer 500 €6¥e93hdiY2PaalZinse) angpis domes asciollowyt Birstasteps @r6d)otabeyed ashode
| 210 - 5 LS ece t

| ayer 220 BylRPEAto ML AR Ao SONTEEL bEdR T APk B LG e

| ayer 220 afetdl leidenfigesd ayer le2ddonls a pretion veitl exppsed, biyd steys i) ae thar am c

ScYSZ | ayer 500. It will be recjate hat the present .inyvention i s not
limtedP %/Orngéteggbggw@)@a%p Er%a %gb 1an WEjCL tl?e layer of metal oxide Pllm cons?sts two

films of metal oxide.

Step (e) is then performed to form crystalline ceramic ScYSZ layer 500. The area 520
has a thickness of about 400 nm and the area 530 has a thickness of about 800 nm.
20
It should also be noted that the crystalline ceramic ScYSZ layer 500 does not totally
overlap CGO electrolyte layer 220 or the anode layer 210 — as can be seen at 540 there
is an area where CGO electrolyte layer 220 overlaps anode layer 210 but which neither
the CGO electrolyte layer 220 or the anode layer 210 is then overlapped by crystalline
25  ceramic ScYSZ layer 500.

It will be appreciated that the present invention is not limited to the above examples
only, other embodiments falling within the scope of the appended claims being readily
apparent to a person of ordinary skill in the art.

30
Reference signs:
10 — main CGO layer
20 — ScSZ interlayer



only, other enbodinments falling within the scope of the appended clains
being readily apparent to a person of ordinary skill in the art. Reference
signs: 10wWO 20@/0904380 | ayer 20 - ScSZ interlayer30 - CGOPCHmGB2h@y®11040 -
cathode 50 - ferritic stainless steel substrate 60 - anode edge 70 -

cat hode active layer 80 - cathode current collector 100 - Power density
with barrier 110 - Power density w thougzbarrier 120 - Cell voltage with
barrier 130 - Cell voltage wi thout barrier 200 - ferritic stainless steel
substrate 20t CGPdntedayared regi on 202 - non-perforated region 210 - anode

| ayer 220 4 QC(;:%) Iogéer 230 - fuel side 240 - oxidant side 250 - scandia
yttria CO-SPabI P] d zirconia |layer 260 - CGO | ayer 270 - cathode assenbly
300 - scandpa fy#ritici staiflessssied shbsge@ zi rconia (ScYSZ) |ayer 310 - area of CGQO
el ectrolyte -l ayer 220 not overl apped by ceramc ScYSZ | ayer 300 320 - first
area of sc&Rdia®oge edgea co-stabilised zirconia (ScYSZ) |ayer 300

5 70— cathode active layer
80 — cathode current collector
100 — Power density with barrier
110 — Power density without barrier
120 — Cell voltage with barrier
10 130 — Cell voltage without barrier
200 - ferritic stainless steel substrate -
201 — perforated region
202 — non-perforated region
210 — anode layer
15 220-CGO layer
230 — fuel side
240 — oxidant side
250 — scandia yttria co-stabilised zirconia layer
260 — CGO layer
20 270 — cathode assembly
300 — scandia yttria co-stabilised zirconia (ScYSZ) layer
310 — area of CGO electrolyte layer 220 not overlapped by ceramic ScYSZ layer 300
320 — first area of scandia yttria co-stabilised zirconia (ScYSZ) layer 300
330 - second area of scandia yttria co-stabilised zirconia (ScYSZ) layer 300
25 340 — fuel cell electrolyte structure '
350 —ScYSZ layer
360 — first area
370 — second area
380 — third area
30 390 - fourth area
400 - fifth area
410 — CGO interlayer
420 - cathode layer



330 - second area of scandia yttria co-stabilised zirconia (ScYSzZ) | ayer
300 340 - fuel cell electrolyte structure 350 -ScYSZ | ayer 360 - first area
370 - secwoo@v®e41880 - third area 390 - fourth area 40@CI/dB2hednoaroga 410 -
C&O interlayer 420 - cathode |ayer500 - crystalline scandia yttria
co-stabilised zirconia (ScYSZ) |ayer 510 - area of CGO electrolyte |ayer
220 not overl apped by ceram c ScYSZ | aygq 500 520 - first area of scandia
yttria co-stabilised zirconia (ScYSZ) |ayer 500 530 - second area of

scandi a yt £P9 a cexstalinmhicandia gttrip ce-ctabaisedevsmia (SeySZ) 5081 540 - area of anode

| ayer 210 r.ol I '~420. N . ] YSZ
| aver 500c0h TR STAGReRsb B G228 ROl R T PREIY e B0t
oxi de crystad Lifiie &y Fscandip Ptiridics btabitie®] LAfcofiayBb¥BZAlager 3002 et hod
conprising the steps of: (i) . depositing a sqlutjon of a soluble salt

precursor 690 7 spemd|arepqigeandis wing ¢q-sabilisgdaiconig{SeY 341 Byeit¥ace of said
substrate def.l f i i i ursor
on sai dgsutrsggcg?éa;m;iagoééa%s ércée)lobazl?n%b gg:léggr%)%e %&%Irsr%oﬁle&g&%@ﬁ Siﬁgfc%%ég: of :
a netallicSs¥BFdayeraf@d a ceram c surface; (ii) drying said solution of said
soluble salt precursor to define a |layer of said soluble salt precursor on
said surface; (iii) heating said soluble salt precursor on said surface to
a tenperature of between 150 and 600 C to deconpose it and forma | ayer of
metal oxide filmon said surface; '



(iv) repeating steps (i)-(i) at |least one additional tinme, said solution of
said soluble salt precursor being deposited onto said netal oxide film
such t hatweana/avetial oxide fil mon said surface conpri sesTaGRDew@LiBy of

| ayers of metal oxide; and (v) firing said substrate with said nmetal oxide
filmon said surface at a tenperature of 500-1 100 Cto crystallise said
netal oxide filminto a |ayer of netal gxide crystalline ceramc bonded to
said surface of said substrate, wherein each of steps (ii), (iii) and (v)
is performed in an air atnosphere. 2.CBARMBhod according to claim1,
wherein each deposition step (i) is undertaken wth the surface of the
substrate or netal oxide filmhaving a tenperature of 10-100 C 3. A nethod

accordi ng 110 cl & medhodr foZ depbuitigd bt Rastoreulaiacef mbtad akidesurpsiliiag eedamic
generally inperneable to said soluble salt precursor. 4. A nethod according
to clai m 1uBpn 2surfaceof pgulsisate, thermetbed gempusipe heptaps 8fe i s generally

i mper neabl e. 5. met difigkid P f r 296 £ 122 ein
sai d su?f ace i sﬁgn ellaglgqts?tgfg;t% eé(figgl/éer .O§g¥ Sﬁur?}e{ﬁglg }ggﬁg%dgi %g at 0 cla%&%,
wher ei n sai d surf ace crystalline ceeinic @niccsaid auoface oif said onlhtiate toglefihe e laysk pf e

material 7. A nethod agcordi ng to.clai,m6, wherein sai.d surface. i s CGO
electrolyte layer. 8% SH@’E‘HB%’%&EO?”%?WT@ S?lﬂ_f)p?.ﬁk}rsB? oR ﬁ%‘gpsf"gfé‘é%isﬁlg W@F?ﬂ;,
wherein said metal opigg elettddddrbinnN®e CRbFNcOndiftingCR Gt AetalliOMHRE MUoap
consisting of: doped stabilised zirconia, and rare earth oxi de doped ceri a.

9. A nethod accor di ngeremiasiyfage; t he preceding claims, wherein said netal

id 110 ne i C . . d. h St : '
i1 Food oi rob & (arapyid sRERGLbER FIE o, PeRlRe B0 63) W lhndf Oy 2

co-stabilised zirconk@ublcak pracurseeametia syifidei a co-stabilised zirconia
(ScYSz), samarium doped ceria (SDC), gadoliniumdgoped ceria (GDC),
praseodymi um dofidd cBeating( samsbpolubleasaliaprasyraya@ibpaidsyrface to a temperature of

between 150 and 600 °C to decompose it and form a layer of metal oxide
film on said surface;

15 (iv)  repeating steps (i)-(iii) at least one additional time, said solution of said
soluble salt precursor being deposited onto said metal oxide film, such
that said metal oxide film on said surface comprises a plurality of layers
of metal oxide; and

W) firing said substrate with said metal oxide film on said surface at a

20 temperature of 500-1100 °C to crystallise said metal oxide film into a
layer of metal oxide crystalline ceramic bonded to said surface of said
substrate,

wherein each of steps (ii), (iii) and (v) is performed in an air atmosphere.

25 2. A method according to claim 1, wherein each deposition step (i) is undertaken

with the surface of the substrate or metal oxide film having a temperature of 10-100 °C

3. A method according to claim 1 or 2, wherein said surface of said substrate is
generally impermeable to said soluble salt precursor.

30
4. A method according to claim 1 or 2, wherein said surface of said substrate is

generally impermeable.



doped ceria (SGXC). 10. A nethod according to any of the preceding clains,
wherein said soluble salt precursor is selected fromat |east one of the
group comsDewYoad: zirconi um acetyl acet onat e, scandi urCmiGB200900183d .
yttriumnitrate, cerium acetyl acetonate and gadoliniumnitrate. 11. A

met hod according to any of the preceding clains, wherein the solvent for
said soluble salt precursor is selectedigromat |east one of the group
consi sting of: nethanol, ethanol, propanol, nethoxypropanol, acetone and
butyl carbft ol . Almethadpeeordimgde cay oif ﬁﬁe pscedipe slaimpevinren sgidngraraing
addi tional | ni.si.ng prior to step (ii) the step of allow ng said

sol ution dg%ggﬂggdh%%to said surface to stand for a period of at |east 5,
10, 15, 20, 25, 30, 35, 40, 45, 50, 55 or 60 seconds.13. A nethod according
to any of the preceding clains, said |ayer of said soluble salt precursor
on said suPf aceAh@Gﬁ%ﬁ@ ASCrBINB N R Se FBEIESHY SHTERES BIEA LBHSFISHTINSE of ;
10-999 am . J0Rk 180l Abgyt 150 nm 14. A nethod according to any of
t he precedfng 8%%?%3, %g?gnnetal oxide filmdefined on said surface after
conpl etion of steps (i)-(iv) having a thickness selected fromthe group

i sti fool than 100 ] han 400 | han. 8 d
oo than T m cATICad BCeRriae Lot Aoy RiPRY 1 WY ok ArCOR S LR GORF ai s,

wherein said deposited | ayer of metal oxide crystalline ceramic has a
t hi ckness sel ected fromthe group consisting of: 100-999 nm_ 200-800 nm
250- 700 nm$- andAdmethedcperdingsto anymtthe dresee@edilaimms: wherein sfid mpsalpxédedi ng

cl ai ns,,Wherejn..said |l.ayer ta X| L1in r am:G..4S,: ] east
0% dehe. iRt iE e Bhee B ¥ Poufits ol B el R o7
sai d net al afkiageefthysiidd doped cegs.am ¢ | ayer is ion-inperneable, electrically
i nsul ating and gas i nperneable. 18. A nmethod according to any of the
preceding clains, additionally conprising the step of:

9. A method according to any of the preceding claims, wherein said metal oxide

crystalline ceramic is selected from the group consisting of: scandia stabilised zirconia
15  (ScSZ), yttria stabilised zirconia (YSZ), scandia ceria co-stabilised zirconia (ScCeSZ),
scandia yttria co-stabilised =zirconia (ScYSZ), samarium-doped ceria (SDC),
gadolinium-doped ceria (GDC), praseodymium doped ceria (PDC), and samaria-

gadolinia doped ceria (SGDC).

20 10. A method according to any of the preceding claims, wherein said -soluble salt
preéursor is selected from at least one of the group consisting of: zirconium
acetylacetonate, scandium nitrate, and yttrium nitrate, cerium acetylacetonate and

gadolinium nitrate.

25 11. A method according to any of the preceding claims, wherein the solvent for said
soluble salt precursor is selected from at least one of the group consisting of: methanol,

ethanol, propanol, methoxypropanol, acetone and butyl carbitol.

12. A method according to any of the preceding claims, additionally comprising
30  prior to step (ii) the step of allowing said solution deposited onto said surface to stand

for a period of at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 or 60 seconds.



(vi) repeating at |east once steps (i)-(v), the surface being the |ayer of
nmetal oxide crystalline ceramc previously produced in step (v). 19. A

met hod acwordeamgo419 cl ai m 18, wherein: in said first sePCOIGERI@®1(0B)- (V)
said soluble salt precursor is selected fromat |east one of the group
consisting of: zirconium acetyl acetonate, scandiumnitrate, and yttrium
nitrate; and in said second set of steps7(i)-(v) said soluble salt
precursor is selected fromat |east one of the group consisting of: cerium
acet yl acet dhat eAamdﬂ@dcﬁ@WrdmgnﬁOrﬁrb’r%fttbe poccedingelaing, said dayer @é saig sphipleof t he
precedi ng S .wher ej 0 % & i e
sol ution O?ajl?ge 2T Ubte e sa ra(\aqc%r soerlhlfs?S%rse%%Dt\ﬁg{ (brﬁl/%%%g g g&gﬁ?&gl%yoghg
step (ii). 1@999Arﬂm0Mdoaﬁgaﬁdiamgltu®0 amy of the preceding clains, wherein
said solution of a soluble salt precursor of a netal oxide crystalline
ceramic is deposited onto said surface by a nethod selected fromthe group
consi st¢ ngqpf p g

met hod i?’;100(1)‘?d| né ??ﬂgﬁyacogkﬁﬁ%q%rag eﬁ ng g@ﬁ%@%@@ﬁg%& %&ﬁ?gklﬁ? f1zlor m ng
an at | eastlefored drayad sofface hftel congpletion eﬁsnepi yid-€iv) 23ving mﬁnd:imdssamicntcd ng to
claim22, heing a nethod of form at least o Iayer el ect oI yte
ot "ot el Bom B QB QRS ol S Ha. 00 mdFS thargt Brndgscan 0

met al - suppgit 8dn 1 TaSEC. 24. A method according to any of clains 1- 21,
being a nethod of formng an at | east one |ayer of an air separation device
el ectrolyte. 25. A surface of a substrate having deposited upon it at |east

ing 1| a}/&r ?g n’ekal{le é(l.i gCeCO(I"-:Cing liOa!aI‘llyl (8] g Srreg‘c-[:gmg (%%f:n% Q)x'fhe%m Salg IaXPOSItC& la%ICII'TB

of metal oxide crystalline ceramic has a thickness selected from the group consisting of:

100-999 nm, 200-800 nm, 250-700 nm, and 400-600 nm.

16. A method according to any of the preceding claims, wherein said layer of metal

15  oxide crystalline ceramic is at least 90% dense.

17. A method according to any of the preceding claims, wherein said metal oxide

crystalline ceramic layer is ion-impermeable, electrically insulating and gas

impermeable.
20
18. A method according to any of the preceding claims, additionally comprising the
step of:
(vi)  repeating at least once steps (i)-(v), the surface being the layer of metal
oxide crystalline ceramic previously produced in step (V).
25
19. A method according to claim 18, wherein:
in said first set of steps (i)-(v) said soluble salt precursor is selected from at least
one of the group consisting of: zirconium acetylacetonate, scandium
nitrate, and yttrium nitrate; and
30 in said second set of steps (i)-(v) said soluble salt precursor is selected from at

least one of the group consisting of: cerium acetylacetonate and

gadolinium nitrate.
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20. A method according to any of the preceding steps wherein at least 90% of the

solvent in said deposited solution of said soluble salt precursor is removed by the end of

drying step (ii).

21. A method according to any of the preceding claims, wherein said solution of a
soluble salt precursor of a metal oxide crystalline ceramic is deposited onto said surface
by a method selected from the group consisting of: spraying, dipping, inkjet printing

and spin-coating.

22. A method according to any of the preceding claims, being a method of forming

an at least one layer of a fuel cell electrolyte.

23. A method according to claim 22, being a method of forming an at least one layer
of an electrolyte of a fuel cell selected from the group consisting of: SOFC, IT-SOFC
and metal-supported IT-SOFC.

24. A method according to any of claims 1-21, being a method of forming an at least

one layer of an air separation device electrolyte.

25. A surface of a substrate having deposited upon it at least one layer of metal

oxide crystalline ceramic according to any of claims 1-21.



