'WO 2009/090419PCT/GB2009/001103 1 METHOD FOR DEPOSITION OF CERAMIC FILMS 5 The
present invention is concerned with methods for the deposition of ceramic films on ceramic or metallic
surfaces, particularly the deposition of sub-micron thickness ceramic films such as films of stabilised
zirconia and d¥{se¥ePa4dich as CGO (cerium gadolinium oxide). The pré@s8r&myemtidris particularly
useful in the manufacture of high and intermediate temperature operating fuel cells including solid
oxide fuel cells 10 (SOFC) and also metal supported ihtermediate temperature SOFC operating in the
450- 650 C range. Fuel cells, fuel cell stack assemblies, fuel cell stack system assemblies and the like
are well known in the prior art and relevant teachings include the likes of WO 02/35628, 15 WO
03/075382, WO 2004/089848, WO 2005/078843, 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 2008/1047 2 Emm%pomed herein by
reference in their entirety. 20 MBS Serrac o lower the operating
temperature of SOFts (Solid Oxide Fuel Cells) from the traditional 800-1000C, down to 600C or below.
It has been secogpised that,achisH A BNS AL IRR thandss R hdlissntsebetmalriiafigm those

traditionally used for SOECSs. In particular, this entails the use of cathode materials with increased

catalytic actwﬁy%ﬁ’&‘é%eefr%ﬁ*élh?at%ﬁ‘i@&e%wt%}@‘i‘%é‘?lkSﬁE?xﬁBHS}Bﬂ“cé’ﬁdi}%Wﬁrﬂ’i‘aﬂltﬂé“%d|t|onal

yttria-stabilised Z&@@f%(?ﬁSZﬁdﬂB@ﬁlﬁﬁ&fﬁ&lﬁ&@&ﬁl\bﬂ%rﬂé%ﬁ%@d AédheRIESE0GDEeitiigknown that
it is not possible t(& (?ffectlve Y40 o&lgce aYSz based fuel g‘i“ Ictrol % that,works t%elow 790C The
higher- performa%ce caﬁﬂmoge material§ are ylf)ll‘(’:ea §/°r|cl)e1? BRIdES Baded'6n™48'cob ?omde such
as LSCF (lanthdvghasdrontmmdiatb dtiriperatirel e 4timgtiizal wrils irohiiling cobdltiredeafvd SEEG
(samariumgiron{iggsohaliie) e MaE-onthsiva sleigidamalRsiRis At plea el ()
rare-earth-doped ceria such as SDC WO 20091090419P /682009/001 03 2 (samarium-doped
ceria) and GDC%&BW&% -doped ceria), or (ii) materials based on lanthanum gallate, such as LSGM

(lanthanum-strontium-magnesium gallate).

Fuel cells, fuel cell stack assemblies, fuel cell stack system assemblies and the like are
well known in the prior art and relevant teachings include the likes of WO 02/35628,
15 WO 03/075382, WO 2004/089848, WO 2005/078843, 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 improved by doping with scandia 5rather than
yttria, although this is a more costly material. Unfortunately, materials with higher performance at lower
temperatures are frequently less stable than the traditional high-temperature materials. Particular
problems freqWEhRPEHESIntered are: 10 High performance cathode mateHal&@ae WikHZirconia to
folio strontium or lanthanum zirconatc, which is a very poor ionic conductor, leading to performance
degradation. LSGM reacts with nickel oxide which is pormally found in the anode  Doped ceria can
be partially reduced when exposed to a fuel atmosphé&re, 15developing mixed ionic/electronic
conductivity. Thisamddnmehpsdsdtie)cal tGIIEgkaiplarumtdoped sladr;circil, reduisdapdrating

efficiency. Dopgdgeriae0dgtcqnie Sarviash L ASRaser AbIEMABIRLIRSIMgXpess of 1200C.

producing a poorly conductive mixed p?%se. O0To 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 moreritesianRis ]y Mathia¥ek Pesfesssiie fiinanpfnetipNahcoRsucRgiaxygen ions
from the ca;tpode 0 t?ﬁ anode, and ‘%otﬁigding a gas-ti t barrier to physically separate the reactants.
The interla er(sfaé g ﬁ?ﬁﬁﬁf‘sf l?%l TR 6?y‘f8 a%%f%hich 25separate the main electrolyte

layer from one or both electrodes, preventing detrimental interactions. Typical uses of interlayers

include: An integlawer. of doPReEatR ARRASIRG DefrRRmA-2iSeNa RalRElRstol e iayRrapd a

cobaltite cathode to avoid the formation of zirconates and to improve the catalytic activity of the

cathode. 30 An Ifteriggie oftaBpder canditensdshish tanperaiisn P3Citnaliieritope an anode
to avoid reactiomwyjtbniicketaxigesfoarsd in the anode. WO 2009/0911419PCT/GB2009/001103 3

10 e High performance cathode materials react with zirconia to form strontium or
lanthanum zirconate, which is a very poor ionic conductor, leading to
performance degradation.

e LSGM reacts with nickel oxide which is normally found in the anode
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, re(iucing 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.



It is known that production of a thin (<1000nm) even continuous impermeable film is not a
straightforward process for cost effective fuel cell production. Material quality, reproducibility and
process costs mean that traditional powder routes, sintering routes and plasma or vacuum spray
deposition routé34P&Het Ettractive for high-volume 5 manufacture. US 7 20AB8B32818416583 methods for
producing aqueous suspension of a crystalline nanoscale ceramic electrolyte material and modifying
the suspension by adding coarse particles of the cera§nic electrolyte material and at least one water
soluble additive 10 selected from a binder and a surfactant. It then discloses deposition of this
suspension ontdtpelowsvaribaeuidadsidode deifuell 66(rm)gereratetaimye irhPeBcabier dim ihick and

subsequently heatingto.geperate A dsnse film.of 340 mictaps dhick ANs ARk alse dissipses.

without significant details, (Col 10 Lines 32-44) that the same procéess can be used to genérate

interlayers betwEaFPEIRNGHEERIFRS erestidRA Behfediitnel andeeraysindttaivteiiyte and

also between boilitheanode aaeithe sathodepaskdherelesiralytaofaexampleis e tofimample 6 Col
16) for the positio? and high temperature sintering of a tri-layer LSM substrate, PSM and GDC

interlayer and Y87 %%t}lrrgryte 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 125051496, 63T Bis (10 FRAHNE 1$RrsHiaRIE I0ligh valme mapufachue where the

additional firing steps, high temperature add significant time and cost to the fuel cell manufacture
process. In addfBstAinGeRBIfcHEpET anate i ABE SerdibiteothmBtnessiopdieifing eetfésvhere such

high temperaturggtividscafisker agishiitetid peie snatigiation andaxidentayeitd Uitdib: ihadimtenosphere

involving ajr.is us d.Th{E 25 publication does not disclose .how to deposit thin.layers of interlayer
aterial (D00 BT ) B A SRS i A e deRh o B TR e
layers to an impesriapotsies staéeatf 215000 ideHg02860 gasaibedavaradfetbmigppurteidisanitl oxide fuel

cell where a ScSb{pigHANCh ks denesliar DetuRe i 0 SERARPSRICIMAaRIRANT 2 ScSZ

electrolyte to lower the fuel cell resistance at lower ozeralmg tem&eratures. The interlayer is a cennet
structure involvifigesakitosh s spiiett dsralmctalisd, FiRes idtetayBrida spBeiREersistea Bre-sintered,
tape cast electroge] andeabitecattellhp-examnpla ghieemetisclns eisesteeesi 1A/ Getween the cathode
2009/0904.19PCT/GB2009/ 103, 4. printing of the interlayer, followed by sintering.at, 1300 C. This
firing regimr?is RO suﬁté?%?%ergpr %?é'ﬁ \a}g u?ne(%av%hegnblféc?ﬂergn v%%%e%%k%%egaq&%en%}cﬁ{?ﬁg% lgférﬁsvﬁigh
temperature add\signifieriat iingivemn dtsesmls theCrlel €k fon s fepenitiqyrcodshigh aditkenufiring at
such temperatugg,is-ngt sitahle feor MapLstRRAetivelaedHNGI&1ayer 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 layf_:rs, 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  is 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



5 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 top of a porous electrode and processed to an impermeable layer at less than 1100
C. The patenPf0&¥ 18 dhise that obtaining thin, gas tight (impermeable Pal/&&28% ¢ Hificant issue
that leads to an increase in the 10thickness of such layers. W002/17420 describes the use of a barrier
layer between the anode and the electrolyte of a solig oxide fuel cell to control the chemical reactions
between the electrolyte and the anode and/or the use of a strengthening layer between the electrolyte

and the 15 catheidBing ipickea deteteyfradelieviass st siervriae B rolyldisThing Jrginstiastthat the

barrier layer shouidie Beiwegh Ladrmeicransthigk-Wiladhicknessanibrlowslimicspdeingrineffective
due to the non-uniformity of the barrier layer leaving areas, of gj}%el ctrolyt%gxposed. The
strengthening Ié?}@??ﬁaﬁ%tﬁﬁglai}%?lgﬁﬂ’étg@e\/\ﬁﬂ‘?ac?ﬁfc%é@s 8 FRPBRS RTS8 1alers for the

fuel cell are tapsidarirafiding|ledicly etinperasirgi L Aovalitkhlevictapet dademstartd fuelckutigwesrd-igure 5b

shows a cegia layer rolyte an i i ing Ni-YSZ.
The publicaﬁionsgoeg%%%ﬁ&%)ase égl gﬁ]%ag}%%gat%g&%&?g%%%ﬁgg?%%ﬁééat%%%%ﬁﬁouId be
expected that seeH{procEssimieEnipeshtingesinie HekcEs ptat oD e Athdisedessshom 2501 widely

used. This firingxegime i rwosuitpbls ferabighikelbmeyRanpiasctidrasmisie dhe pRocasiditional firing
steps, high temperature ig significant time and coiibto the fuel cell manufﬁfturgﬁroce s. In addition,
|

firing at such tefMBETRERASIaNET & eshibabl HGedr-sIPHBHEY ARSP SSTRENFR FRAE AR RIGR Whperatures
will cause rapidgaetiahs [jociesnmiapialitryandsoxiseddianbistdeuthdf dradstrmospheceanyolvithg air is
used. Thelgaate%g&%gs%qtsg%%cﬂg% 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. WO
20091090419PCT/GB2009/001103 5 layer grown in the air cathode layer - forming a continuous layer

around the ai]rI edm;rgdm%résda%émg aCHa B&ﬁ@&ﬁ‘éygﬂéélt{i&%l% ag@;@évm@ﬁm&e&d}}@éerisl
preparation, depgsition. and processjng to achjeve acceptable resulis; it is therefore costly, and is not
applicable to hi@ﬁ%ﬁ?&%(@xﬂﬁlﬁr}%’fﬁ@fw&gc% @%f i%e%clPé’Sfe[&ﬁPé"vgrlt f"o‘F’LefH %Sh Cf: variable
resisto_r_s) and ndmmw@eobm%cbdngesameqﬁpaﬂﬁngﬂynismgazhncb@m Thfvsqdmdnﬁ_ﬂatéoandgémrib_es the
depositionqf a sakgel anig.a.auRsU e fllowsd Y A HDG SIER AT NGRIDASIER W hich

crystallisation occurs. Notably, this publication makes no suggestion of depositing 10additional layers
of solution priorbesTifle layeRRtl) &g Seiteaion S yiconh ipFior dticnasssamlegsl sugonp
63293168 and JEifl 2RER3bvdIawearehdtdsnridebrieRosethdnaidihe dopositionohtviertdyaes within an
electrolyte 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 5b 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, though 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



15 can be difficult, particularly by means of conventional sintering processes. This is particularly the
case if there is a requirement 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 sirt€radgo428a0C), or when trying to sinter doped ceria and zirRGHaR¥Y&M&rtithout
forming a non-conductive phase 20(preferably sintering <1200C). 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-supportesd solid oxide fuel cell, and where doped ceria
and zirconia ardageberdsiieied dgetthedeThgse pribisms areoetsonsoley substamtiahwhen the

interlayer is to be formed within an electr of a metalksupported intermed; el e solid
oxide fuel ool (1S o P SHRE o B JoBuE ARLRRGUIEE NGNS SBiGlel AfEl”
invention seeksnsRaveticonfsRpEtenpred MOEsHng dataghisvT roecnidderaimytsoitotHbgseéuent

invention there g RIPVAEH & %gg@%mmtfm@er of metal oxide crystalline ceramic
upon a surface of a substrate, the method comprising the steps of: WO

200910904§9P}CT/G82009/001103 6 (i) depositing a solution of a soluble salt precursor of a metal
oxide crystallineweraaié it dssdicd sedface ofsaid @Gohsthate toadebieerasisyes) ahdaicdolision of said
soluble salt pregizal AR SHHAS 318% Ssdohg seiariash i an i OrRLR.6oMAIHIg Of: 2
metallic surface%aﬂlin%%g 5ceer’a%§glsuri§’c§' | %?r{é%g? said so?’utllﬁi)n oﬁj?sa%ﬁ%gle szfl? precursor to define

a layer of said s@l%@é&ﬂ%r@éﬁ@é‘ﬁ@nféw%ﬁéic%,dfy?ﬁ% FHeRdng anianssrkive dam Bravtifdor on said
surface to a tempekatiigieh RRIMEE N BNAHROPibicadesamirResad anchianohadnyepsitmgtal oxide

10film on said surface;g repeating steps @-(ii' at least one addlitional time, said solution of said
soluble safthreddr ﬁbe{ip@&g}f%’c% TS &%’(&?@%@éﬁf@?@ﬁ%ﬁ%‘ﬁ%aid metal oxide film on
said surface comprises a plurality of layers of metal oxide; and 15(v)firing said substrate with said
metal oxide filmgn Said SUHACE ALREP 1887843, JP 63293168 and JP 61261235.

However, it is widely reported that the deposition of interlayers within an electrolyte
15 can be difficult, particularly by means of conventional sintering processes. This is
particularly the case if there is a requirement 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:



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 perfoilled in an air atmosphere. This is
commercially MgBR3£dt#Ble and convenient since it avoids the need to pREBGBAIE/ I8 Ss steps in a
sealed or highly controlled gas environment using costly atmospheres. 25By "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 8xcludes liquid colloidal dispersion, colloidal
solutions, and mecharigal sufpeEsians IdiktpeHmanisubRektakencby-tbe presentisiveriass have
shown that the presence of any.slids In Ine auer ol step(). genciple,sices poiats which result in
cracking and therefore loss of fayer mteg?l’i?/. T us, the present inventors KaVe fotRd tha¥iPls desirable
to have a thin layer depositiosaidredagsrtvdisdideso btk st eadstrser borsmdendass, W@ surface

2009/090419PCT/G 112009/%99ﬂ 0&1&%@_&9&%@@%3 m%@gg% }g&gﬂﬁllmggrag@rgogeneous

drying and annealing with low risk of cracking. A layer made from a sol-gel mix or suspension

containing sblid particles will E#BGSHHRSH uneven way and also sinter in a non-homogeneous way

with the suspension aggigs diinadasiesshanihdse asouniktas: pasdicte b gelifcieaiing Medhanical

drying and annealing stresses yg&igga an lead to cra%iplgfaTo create a layer of sufficient thickness it is

therefore necessary to depossl? severa ?ﬁulrg%?g. Blr er,cﬁ;is noted that the method of WO 96/29712
explicitly excludes the (tigthoerefinhsgidesaEnblinvelh thoereisareoth gayd Isgdheratosititamspdirtettyab a

crystallised form at the 10 angegling lt%@rédyr@ﬁ@%i@ﬁ@mtihﬁ}@f&% E(‘I%%F%?‘lﬁ&?af%rﬂhé’f step (iii)
of the present invention. Thus, to gengrate a crack free layer it would be necessary to deposit and :

anneal seviétal times. This in@}@a%‘éiajﬂré‘&r&cf;time and cost, and if the annealing is carried out in air
using a metal substrat@yplsorépeseagas:poginpinbearefstinesatiditichal mataksidogiiaienvexgosed to

oxide layer growth conditions qggl lor etal ion m[i)grati n 15 fcriorrg1 t%h(saalm%al roﬁdeﬁkg}/esru'g% the fuel

cell electrode and electrolytesﬁayer:ss- dgtﬁcrlé.rssﬁfts arg u%%pesgﬁat?le, particular y0 orihe nianufacture,
operation and durability of fuBlatsHisl WeG1gEide fillp arserid autiaestbrmepiascopkivg)ils ostaysrith the sol,

inevitably resulting in of metal oxide; and
15 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
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 arineals in a homogenous



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 WRRMI@WaHsity of the metal oxide crystalline ceramic whicPE&GBOMIEYSd, 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 irﬁpermeable. As will be noted, the method of the
present inventionagllavegdiitrgep hsitiogent cudalpeerodl BvnRinhoide:aeystadinia cardmimednthihus the
manufacture of gglcoxidefuel celis Withol e repuirement for wnaconomic, Ineonvenientor
impractical processing conditions such as ?’gﬁ vacuum or temﬁera UTes in excess of LIOE. This
allows the use cbldirsrtitles sulHend seadiness vrertswstrendaisactings foratiosthomegenstwel. WO
2009/090419PGHEGRAQ0BOAIAAR P ialatally:thespaximmndrmpaiatics! fHagster gois no

greater than 1000 C. At process temperatures above 1000 C, more rapid oxidation of the steel occurs
and migration ofvafﬁﬂmgﬂ%gﬂé‘gmeﬁﬁ%cﬂﬁ?ﬁscwp&hiEﬁ?l IR serkingn SRIFRISS in e.g.
stainless steels slaghras feffitierntdiilarssStde thirtdobypieadssathaoé:poil e velaCthidiigand/or anode
materials is known to lead to loss of performance of the fuel cell. It will also be recognised that prior-art
embodiments (for example those of WO 10 02/17420) of a composite zirconia/ceria electrolyte

structure have plagbertifdsirefodithan il wethodat WO Q&P aht axmisitlydcindeithometbodath the

anode. This hasipertaiaingoraiienl achamiagnsounesin prewdad ihat sheZieenia 1ayR alseas
impermeable, the reduction of the COQ layer abagve is avqgided, thus entirely avmdéliréﬁntheggroblem of

mixed condictiFEPeRER STRPLRINFE 1S dReL AN JHH s MIRFE et PSR e MgDSvhich the
present inventigireseskimtendvear dine to gtabtyte Attavk F@HGyeprrating tenpesraiarnes @epositC) the

catalytic activity_of, the islikely. t impaired at the anade-electrolyte interfa using
zirconia for the g%(;tro %t?e%gv%]ﬂ%lhhﬁééé? %%C c?‘ca)a\l/sveésr 6%?%Sé£’#é°u%%‘\fi?§%tkﬁ§%ﬁd‘éﬁé% %le%rglgﬁxg R is difficult
to fabricate suchaERsBcIIRHE Witk atraeradimbpirricHdspirserfiscoda I aher &f diresh feriatite where

deleterious matgfigli HBERGIORTYYICE &Y 0,301 AR RN DREMND RO SNRY ﬁmﬁrﬁsacfa&e fora

metal-supported, SOFC. Thus, preferably the method of the present invention is a method of depositin
a fuel pFl)S c%i'om the metal oxp oxide E&}yer to the fuel cell e egtrode and electrolyte layers — both P g

results 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  anon-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.



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 additionalwwgﬁ%%at the at least one layer of metal oxide crystallFfeltBaHEUSES 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 invgntion cannot be used to fabricate a layer directly
onto a porous electrode substrate where the permeabllity of the electrode pores would result in the
solution of step (i) (solution of a WO 2009/090419PCT/OB2009/001103 9 soluble salt precursor of a

metal oxide CWQ‘?@AFQ@WEﬁﬂﬁ&ﬁﬂﬁh&%&fﬂ&éﬁ%%ﬁ%é%ﬁ@ﬁﬁ%%&é&@ﬁtf%ﬂﬁiﬂgoapé?%tinuous

layer on its surface which could then become an impermeabple layer. 5Thus the present invention is
particularly suitdBRETS FERSEHIMG BRI cifys TR BBt thalshitatecbrprEtotfed,
impermeable censipnititayeiscdnideantmiiBpesisdacenny papeimadaklesngiallwisuifdeesdity 6huads metal or
steel, e.g. Ferritic stainl el foil substrates. 10 The.present invention is particularly applicable to
metal suppcﬁteda%lnggmg%?g%%e%%grg%% ueTe(%ﬁcdesgig%r{essgstﬁ: e%su%hoogépéﬁglclgase(ﬁﬁn 568450
and GB243469 Elegieplyisaidiaraanpdh epicsisdnisifpention isagseflesh ehesranniaeert be dveinterlayer
of stabilised zircgunia deposited within a doped ceria main electrolyte of a fuel cell to 15electronically
insulate the fuel cell electrodes from one another and prevent internal 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 kowtihudreslhesnecaghis&f eferablyorthe 2thbudiacatof tfoe subaiktidlissgene @y

impermealgl@, '%2?%7%96)’ R L&%rﬁ}g&i@ Qﬁgmﬁggé%goelectmlﬁe structure have placed the zirconia
| layer between the ceria and the anode, i.e. in contact with the anode. This has certain
theoretical advantages wherein provided that the zirconia layer is gas impermeable, the
reduction of the CGO layer above is. avoided, thus entirely avoiding the problem of
mixed conductivity. However, such prior art embodiments have significant |
15  shortcomings which the present invention seeks to overcome, notably:

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 [t 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 electrblyte 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



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 oMRSHELEM Invention is well suited to the deposition of laye?S BEBRR8XIAE 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, ahd more preferably a foil 30 with a perforated
region surroundsdube asalopperforateftar egith oadidavery stplinth emmaalicy stimig ngy st fireppsingslimits upon

the maximum prgcegsdemperatirewhich. i Wil BePArARsiRi: OWREHIGsRNhivERRERR. WO
2009/090419PCT/G02009/001103 10 Thus, the surface is preferably an electrolyte layer, more

preferably an el82&BRABEAPE 1#%ke from a mixed ionic electronic conducting electrolyte material,
more preferably a COO electrolyte layer. Other preferred ceramic surfaces onto which the deposition

takes placegnclq%e s%%mdia stabilised zirconialﬁs
a lIly

SZ).an andia vttria co-stabilised zirconia 5
PRl o ol T P b e s ot o S

of metal oxide clastalint cheamiads off feabiroRdh varsméille aectemit DR shitvtedretudhaensity).
More preferably,ijsatleasiedl . Aai QLB IanseMashiRieiiably, 1 Atig &t lgast o3 dense. The

layer of metal oxide crystalline ceramic is preferably gas-impermeable. This is of particular relevance
to the use of theg‘ﬁﬁééaé?ﬁ invention in the manufacture of fuel cell electrolytes where the deposited
layer of metal oxide crystalline ceramic may comprise zirconia, and where it is desirable for an

interlayer tg,be igpn-permeable, electrically insulating, and gas-impermeable to prevent internal short-
150ircuitintg(.)lt IS %s?rraeﬁ?g?tﬁgﬁﬁtéogollﬁbf}/emgﬁfﬁﬁlﬁé’c%df?grc W eergode%%%lltesgp@r?fge&em S%Jrrrf]ég(g:itéa{s?preads and
dries as a contineopsaavefufilieel Riedgralsiychthe thosadinslosed sofoBlS &4l HradursadetePinetal oxide

crystalline ceramic is deposited onto the surface by a method selected

More particularly, the present invention is useful in the manufacture of an interlayer of
stabilised zirconia deposited within a doped ceria main electrolyte of a fuel cell to
15 electronically insulate the fuel cell electrodes from one another and prevent internal

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.



20from 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,
methoxypropall@ ¥ RHEw 25 as 1-methoxy-2-propanol, PGME, 1-methBRU(FBHANIP1H3 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 su} ace will even out due to surface tension effects.
Suitable solvent§hasll the sedatibyiaprdesbiyou pleafodBe idirarmekilpiefthabhrian \Al€trolyte layer

20091090419PGLIGRAANIALH 11 ogaig Al MR LNGANEARALP RIS geferred since

I
they typically form a good film. A preferred salt is an acetylacetonate. The appli asfound that an

even film may be@Rsdsteltrlsrcme berreénydreraniscudhsassmiondichbrderaritimdilesrganic

compound suchpagPpivathydentialyesl (R G)dmiResseitiesaliniacHis bob@iENNBIRofRs the
deposition %f (i)ﬁggsggia stabilised zirconia (ScSZ) film or (ii) a scandia yttria stabilised zirconia
itable

(SeYSz) film, s 'oluble salt precursors include 10 (respectively) (i) zirconium acetylacetonate
and scandium nitrate, and (ii) zirconium acetylaeetonate, scandium nitrate and yttrium nitrate. For the

deposition of a ¢etj.gAYOliNR(EQPN M suligbie SRS SALRIRCHESRLS IS SEHHY the

acetylaeetonate and gadoliniurm nitrate. A suitable solvent for such soluble Salt precursors is an

ethanol and melRGEypr S5l aPFdk costallingireseHe st trasinH dxige fitm aniges 08 akiity layer of

metal oxide crysialieacaeianiefions peeddshe: lunresiromoa singlaaetak oxee geethayefore the
soluble sal{(pre%ursotr an gom rise IeU{aIityoc%I ns{olulble. galts of i gluralit of metals.. 20Preferably, the

cnse. ef of met STABI A SBATE S S RY BSterably,

-deposition techmd%% uE84 713 Atomise spl%’(ylng, mo?eoﬁr‘*
spraying occursingirgeebionithitasmé pricalaruitiesonic tatdmissr o théepatshnt depmsitiomstiep (i) occurs

in a single sprayingpass-FIEARIAMY ARRORIIANALEDH iR SISHPARD 3\ AIAMIRAIALYG A E0-100 C,
more preferably 15-50 C, more preferably at room temperature. Préferably, the temperature is the
surface ceramic may comprise zirconia, and where it is desirable for an’interlayer to be ion-

permeable, electrically insulating, and gas-impermeable to prevent internal short-

15  circuiting.

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-



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 condit@AYLPELY preferably optimised to minimise the tendency M ¥R HSolution 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 WO v
2009/090419P QT3 240896k o4 foaltmsierpaftihiady degfosedd diteyeheY Hepadtititoral ase of a

sonic atomiser o@ﬁ‘_ﬁi%[?ﬁ pé@cglégg_iﬁpﬁ@}?gcgtigﬁctggngig_deposition process, achieving a good, even

and coherent deposited film. It Is typically not necessary to heat the substrate, a substrate temperature
from 15-50 C being sufficient to achieve a coherent, even film. 5 Preferably, the layer of soluble salt

precursor depogitpdagptieathesd itacR (Bhiaatalaxigienfiay iscallgwsibioupsaniauideRNBndgeneous
thickness prjor to drying step, (ii). Thus, the method may additionally comprise prios to s ii) the step
of allowing aidlggﬁgﬁ%‘% %ge%(g‘i%%é&%% 6’5 5id CaN TS0 SANPR S %)%cr&i)‘o i g’f%ehgs?n'g, %t%g °§5, 20, 25,
30, 10 35, 40, 4830), ibFherseidtdesalh ds:clitsis post-deposition dwell time preferably occurs in air at

standard atmospheric conditions at room temperature, more preferably at a temperature of 15-50 C.
During this dwell time, the film typically starts to dry. The drying step is important since incorrect drying

or heating condRRsrE&aPleckIthR depasiiigRafdh micrpliasabibitediEonrGittie B4R prédlfsor (after a
drying step) and@andguan dawisel retahRXiseY ) dmiheusabiacel(bierelepysidsofimcldde more

uneven that the layer of olué)le salt precursor is after dryi %or he metal oxid Eim is after heating, the
more IikeI;ll Itis f&egc/‘?gcék‘fa szr '%u gﬁ%?v eraéz?fbflsafﬁ?gﬂggt%g e&ﬁ)‘?réls%ﬁ%\’/eaﬁ 0 n)hé%o%‘ﬁrﬁd that in

pe

particular the contriylingwhtenspardivre muriegadd potition siteys, Partitglakbposipeatafepesiiion steps, is
- technically impogiangs; depesian g’ iaxey it salvtieaatihe seliblesalnracyrreismediately

after completion of heating step (iii) with the surface temperature of the substrate/metal oxide film
above 100 C redtf& AN HPERPAHITRG- o R tRIKe RN P HARCRoPRINEG TF Britisre Bea&ibf®cursor
layer having an a#aexemdkiglaessl iiturn resulting in increased cracking and mechanical defects in the
resulting Ialyser 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). AV@ilde90ed4the PECTRIGRBES(MMDE1d 08 tBulting 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 température 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



In certain conditions (for example when certain types of solvent are being used or in certain
atmospheric conditions), additional heating may be required during the drying step (ii) in order to
achieve >90% solvent evaporation. For example, during the drying 5step the solution of the soluble
salt precursor WAYHEA¥Ped to about 100C for a period sufficient to achieRFEABRIBILENEHt
evaporation. The drying step removes sufficient solvent (typically >90%) to create a stable, coherent,
even film for further processing. 10 The step of heatirl\I the soluble salt precursor on the surface to
decompose it and form a metal oxide film preferably involves heating the soluble salt precursor to a
temperature of 1560 ntnreapredposivdd tabolihd 50 GlidGT hsestepaofddatingptisersatudle salt

precursor on the,fHIARE IRefmlO R ,MavesH!J0,GHRIA LRIRN Sarlog Jo.06gMl: Js,fe metal

oxide film may therefore be considered to be a semi-crystalline metal oxi . However,
crystallisation isSPRGHpRERCEHIA ST ERGIbIERIAN SRS TRgeasrfiinbeatdpe(Gyhatein tsuhrae20

Preferably, the heapagrisafbigrsdbychrsseurfiadanisl RBRVBY barksAUECE sUsh as an infra-red heat
source. This can allow the heating to be evenly and conveniently achieved in less than five minutes,

preferably I€ss than four, three, two or one minute. More preferably, heating step (iii) occurs for less
than 60 second$rathisbizsipiteHexxting silobls falt pagidrshraiegbgiet ehtetls durfage toamdattxide

processing. 25 e maxiguan 18%sEigkaes sMich-ean e achisvad Per £YFIS 9%9%{?9%9& drying

and heating is dependent upon the avoidance of cracking either durlng drying or decomposition

(heating). 30 PrétermsHod Jeav Aditimalistas Snaissips taloastirc kHe dkeosien-9b g linaordidreferably

25-250 rim, morepirfie trplysiadt 306 il suarecpmaierbivr 654 pmtmeesesprefambly, 2803850 tun.

WO 2009/0904 P%RT/ B 001,103 14 Steps (i)- iii%lare repeated to define a plurality of layers of
metal oxidz8film]3§h ’e%ﬂr%gcog%j Bre erséctﬁ?)r/l,(%u sééﬁ"éﬁ B nega‘ﬁ%?glg%%epp(ﬁgeﬁa por?S‘FYrtsolfhe repeat
of deposition stefr (i, strndudsatnesahetimetaldgiode fitnTasrootiadestbelowdite prefoahpositien

temperature usegipheaiing $eno(id, MertRIR AR H0ifx MR siEaRMLp <50 C. In a high

volume manufacturing plant, rapid cooling can be achieved by placing the coated substrate (for
example a metal foil) onto a cool surface, such as a water cooled metal plate, where the rapid transfer
of heat can occUh# amitiga kgl alivepstan thegindrassisubgtsatedadheccinibve yalorgmiGaaler, thermal

mass of theyme(al caoliag plate- P heri59ne Mesenii ol be ARRRienLiaong skiled In the art
uneven layer of metal oxide film on the surface (or metal oxide film). The more uneven
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 fbrmation 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.



10In a simple process it is possible for the cells to cool in air prior to the next processing stage.
Different soluble salt precursors can be used at each repeat step (iv), thus resulting in the production
of a laminar structure within the metal oxide crystalline ceramic. Thus, 15 for example soluble salt
precursors selB8EWH B the group consisting of: zirconium acetylacetona®ET&eBHEN N Hitrate, 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 ace%acetonate 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 COO film. Both drying and

decompositon fheing, LERISAG BEIGa, HRRIRE! YsdRust sksalibla.salargeursor. |

the layer is sufficiently thin, the shrinkage stresses that bujld up as a result of drying and/or
decomposition G55t AERARPRPEFAEAG SRS idiianahiReattas Pavaht b sl disrdidiitetal oxide
film is formed. Heywdgiginibther lmysihisoottckdihenttbeapbririkagPos keaapk caurigathéalermgking or
even delamjnati t fail of the, resulting layer of metal oxide ¢r ine.ceramic. Further
shrinkagen(;%:cur‘sgggﬁgg;@%%%aotﬁﬁ? gﬁagtﬁégflggﬁﬁ%ﬂ%rrﬁg alf%(? tgéi Pnaga)&t?r:%{j(ngs%rwa}ﬁgﬁogan be
deposited and duérifmtseachisisra W Grydianseatipataitiat required to avoid cracking on crystallisation.
The metal oxide film thickness is determined by the number of successive depositions and
decompositions_performed WO 2009/090419PCT/G820,099%011(33 15 before crystallisation, and the
thickness of eacH HETHERESIER BROY Gt 52 SRNERLEYPIIEYY e 707) to create a stable, coherent,

even film for further processing. ©

10
The step of heating the soluble salt precursor on the surface to decompose it and form a
metal oxide film preferably involves heating the soluble salt precursor to a temperature
of 150-600 °C, more preferably to about.SSO °C.

15  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 Preferébly, 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.



The actual maximum allowable metal oxide film thickness before crystallisation will be 5 determined by
factors such as the material being deposited and its degree of shrinkage on crystallisation, the level of
residual material such as carbon left behind from the decomposition process, and the evenness of the
deposited layet.C 2°BIE-Ably, after the completion of steps (i)-(iv) the meESUIRRIMIAAYS a thickness
in 10 the range 100-999 nm, more preferably 400-600 nrn. Preferably, the layer of metal oxide
crystalline ceramic has a thickness of 100-999 nm, moye preferably 200-800 nrn, more preferably
250-700 rim, more preferably 400-600 mm 15 Preferably, at firing step (v) the metal oxide film is
substantially hillytepygstatiidie ermesreaedfeoadsifire|n phystalisédayate ef lmpstl ofyidetdilmxietbeystalline
ceramic. Prefesably. thedayaef mslaleridecistaling Leramias imperpeabla.Sreesally, the

20layer of metal oxide crystalline ceramic is continuous, i.e. is not cracked, porous, perforated,
permeable or otASHHEETEERak ey bihaRar And Feie@Xisipriimie s BaRicer 1ayBFlBYriBEal oxide
crystalline cerandizthewsitisnpessiblaie ispéat htapad Yty siireetbestiface<beinyhectayer of
metal oxide25 gyaialigeerginie PiRvotsl RIRAHESTLIRNEYEL BisVRICaIN ASRp0iG 1g.avold
additional sintering steps in order to avoi necessary me aflon f)’emés rﬁlgraﬁon from the substrate

into the fuel cellasizietieslyre Riacing: thteetntidesbyitkial St avuils anneebEdbromxieledelarfeewth on the

?l)Jt()S;ffaLe- 30 ]jmaagt&eam?wfogbséaf %%iiiﬁl%ﬂlm%lﬁﬂc??a}ﬁ@ %&&fbf\ﬂlﬁﬁl%@@%&ﬁ%%%‘q[mc(e )St?/F\JISO
i)-(v), the surface being the layer of etal oxide crystalline ceramic previgusly produced in step (v).
2009/090419P6’1”’¥%§‘§%&5 MOBTTRS FESt F BRI OnE g e L ifelrhdhrsreeb Ratatisifion and
then deposit furthetalayelingnliop Ofithreaslistottiseichidyey 40l fikthepirengasadheibve iailayear

thickness. 10 In a simple process it is possible for the cells to cool in air prior to the next processing

stage.

Different soluble salt precursors can be used at each repeat step (iv),A thus resulting in
the production of a laminar structure within the metal oxide crystalline ceramic. Thus,
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 is

determined by the number of successive depositions and decompositions performed



When utilising step (vi), each repeat of steps (i)-(v) does not need to be performed using 5 the same
conditions as the previous repeat. Thus, different solutions of a soluble salt precursor of the same or
different metal oxide crystalline ceramics may be used. Step (iv) may or may not be incorporated in a
repeat (v) and"HaQree¥88bed, steps (i)-(iii) may be repeated a different nuRfEEEBIHWS10B0 Thus, as
well as producing a series of layers of the same metal oxide crystalline ceramic by repeating steps
()-(v) a desired number of times (the product of whic? an be treated as a layer of a single material), it
is also possible to produce a plurality of discrete layers of metal oxide crystalline ceramic on a surface
one on top of théedthe creadliseer, ehdnibia tlogidessrystalinefdbeaenizy bsimgl viiffedenst destirdateviously
produced layer gf metal 150xide 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 invertignean BeiseshaltbementdatbkRIOfMIXERIaAS RIRsY oRiaannadating electrolyte
layers. Thus, the, method.of the present invention is. greferally a method.of formin at least one
31 T BT, BB DI TS M AP tOR Y An SCACRoC RS

layer of a fueél ¢ oré préfera y,n?t IS orming an SEfess oneal%ﬁ/er of an
electrolyte of a foelarpidiiettad thorietble drmsdudnsistinigl G BOF Catios B GOdat niroral hapported

IT-SOFC. For e@@&ﬂlﬁo@ﬂﬁzﬁo@@é}%ﬁ ﬁ,}gc%y@mg\gyymdggglg@gggg-eIectrolyte-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-impermeablercferig afealiie colapleigal pmapating piter németalexids kaystaliaasramic can be
deposited B toQ of a ngo.@&én Iayeg x(g;l?é’{g{agfynl%%ow&.2009/090419PCT/G82009/001103 17

he range nm; m

Preferably, the layer of metal oxide crystalline ceramic has a thickness of 100-999 nm,
more preferably 200-800 nm, more preferably 250-700 nm, more preferably 400-600
nm. ‘

15
"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 stép (V).



oxide crystalline ceramic), and an additional COO layer deposited on top of the interlayer.  Thus, the
method of the present invention may comprise step (vi) as detailed above" 5 wherein: in the first set of
steps (i)-(v) the soluble salt precursor is selected from at least one of the group consisting of:
zirconium aceWtBNE scandium nitrate, and yttrium nitrate; and  in tREREEBHY/QBES steps (i)-(v)
the soluble salt precursor is selected from at 10least one of the group consisting of: cerium
acetylacetonate and gadolinium nitrate. It will be app?éent to those skilled in the art that the method of
the present invention is equally applicable to a rangeof electrolyte dopant materials, and thus
reference to 15 Ipastioed posithderohhievenaneniaimsdieke asySeNiSHiappiyd dgnalbpositiertirdieyézamily of

electrolyte matqﬁép%fqgea&ﬁ&ﬁéegﬁ%&&%é Q&@QQ%_Q%%QQ] Hlisgdzirconia) 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 sysieres silehingseP L 4sarapriadtensd €L (19)dRRPso( Reaseosly peiimsiapashgeria) and
co-doped S)stte@s such as SGDC (S maria:g&;ldolinia c&%eddclgrei% Alﬁo the Cr)rfleth qf the present

invention is equaﬁyS%rBBIFé)a 8985 et\/v?}c?fgvrlansgéeg?aé‘opanst’ concentra |8fﬁ% Snovxa/insf’nli}lzlggarf such as

CG010, C0020 pasuszr afdht08uieYS AiZ§Tuse i eométalrpxialinerystattine meyamivsedpfdéerably a
doped stabilised;#rea0i3,0n A A G@ﬁﬁ&ggﬁl%éﬁoﬁeg 564 Rreltiabinchsometl eidecrysalline

ceramic is selected from the group consisting of. scandia stabilised zirconia (ScSZ), yttria stabilised
zirconia (YSZ), SRN6iE SHEEEHNE R SAIMScCeSZ), scandia yttria co-stabilised zirconia
(ScYSZ), samarium-doped ceria (SDC), gadolinium-doped ceria 30 (GDC), praseodymium doped
ceria (PDC), ansamaris;aadoliia doned ceris (SGDC), WO, 2009100041 SPCTICB2000I001103 13
material, and to secbndY;’/ ep85|t aced Fanyeroo Metal oxide crygfa Iné 'ceramic on top on the
previously depoxsitete8tysSteps 8r67 sadesite® mumbandltiotes {the pratis 66 rvhésdh haviprotitatedtructure

CGO-ScvSZ-000 P16 Sands ARk TSRy Bet b e sRALIRY SRR a8 hPerised in the

manufacture of a_fuel cell having the layer structure anode-first electrolyte ag\éer- deposited electrolyte

interlayersecon8fdBHBS REW SRR BIRS CRBRERAISTES IR rsel Sevdrrcad-Bifioe or
anode-CGO-ScadCéxidcaiiadind OAeietaiadafierat it ehpieseipuilyprifases pgatictiastyl useful in

depositing,a (prefera ct:)rlystalline 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



thin) zirconia layer on a base layer (surface) of doped ceria, with a (preferably thin) doped ceria
covering on the zirconia layer. In other embodiments, a doped ceria layer (preferably a thin doped
ceria layer) can be deposited on a zirconia base layer (surface). In such embodiments, there is no
absolute requifdht@48H&subsequent layer of metal 150xide crystalline C&AHR2P8YEHKS 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 interl@yiteatsudine (ceammigh- 8ol 87 -81di0onathoGe oleyeroderSesy -@0O0pcaththde. This
type of structurei}§egg§§lible where the processing temperature of the adjoining doped cella 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 methathef thie: pregest éfeatitaacanientisadiaythempase fasiurd ofadkielieelhhmving the
layer .structyre anode-electrolyte-first deposited electrolyte interlayer-cathode, e.g.
anode-CGO-ScY* ?%rrl'anode-CGO-ScSZ. Typical 30 cathodes include LSCF and LSC and LSM. This
type of structure is poskilihe Wisesetthestarsc@s e i resnpblaisale methsadivilagedobed ethastayers and

zirconia layers is never greatgpthan 400 mp QomRigipreferablynenesieaterdhan iifmand the
processing WO 2009/090419PCT/GB20091001103 19 temperature of the adjoining cathode and

zirconia layers is never greatF 514 S Mg mEApfeferably never greater than 1000 C.

in the second set of steps (i)-(v) the soluble salt precursor is selected from at
10 least one of the group consisting of: cerium acetylacetonate and

gadolinium nitrate.

It will be apparent to those skilled in the art that the method of the present invention is
equally applicable to a range of electrolyte dopant 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, 8ScSZ and 10SclYSZ.

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



In other embodiments, the layer of metal oxide crystalline ceramic thickness is graded 5 across the
surface. This is particularly useful when the method of the present invention is used in the manufacture
of fuel cells since the arrangement of the layer of metal oxide crystalline ceramic can be varied to

further improv‘é’Wi’ﬁ%‘% efficiency, specifically by varying the layer of rﬁgﬁﬁgﬁ%g{)@h’/galline

ceramic arrangement/thickness in order to improve the low temperature cell performance without
allowing excessive electronic 10 leakage. This is ach'L%ved by varying the thickness/arrangement of the
layer of metal oxide crystalline ceramic accordin&%o the in-use gas ,flow path and temperature profile

of the fuel cell. Faaiad dadn, saeraprdertyifcC el isslofmeahosidhearstallblg eermpErAmpn 5
tempeliature graﬂi&nﬁ W@J@%@Nﬁ@ﬁ@@@ Qlfsf,tzrw@% Fiang lgth@ilg@}foﬁwg%theofm@ell of
typically 50-150C. This is necessary as t eat generat fi el cell stack operation is
dissipated by ahﬁ&ﬂﬁ&%ﬁ%%%%%);%%y% éﬁéé ﬁftgﬁéldss‘i%%% orming 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 substagtialyjg.eRensaldate pte ol AVIERIGT NI ual ARl AERCR g gxcess airis

used to remove eai. However, the supply of a substantial amount of air to cool the stack has a
significant penalt§Vingdh BT sjRwHicamenensst sleatiobiierauty drparitcdriprirebitdgish®ie electrical
output of the stagkdfsANdeposRas eIBaEb ReiN £lftyiBaibe:b oy an RGO K YHIPHCG e sHRI@ LWt air. It

is therefore desirab%e inimi gﬁig)e amouynt of air required. However, assuming the heat to be
et AR

dissipated is fixE° 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 tagminiguise. ARl ARl daaAdalinnRLARISME RIS IENAIR 0L NBESE NI dctEapipg

temperature. In a fuel cell stack whose absolute maximum allowable operatln% emperature is around

650C, WO 20081Bbzaawidayes ppopdrsoiaxss Gywiestindrdesrd ey ibsiyRismbiaib@of cell
operating tempeisitdas:witbviie jesnnrsatieisinglana dhe favopatent theispaliogiailaytis well
known that therngteénallb esi%an e of an. SOFC increases ex nentiallgl Witkﬂ)a §dec ea er$1
temperature. TH& 1674 ééﬁy B REE ERASHIE LSHUDRATRY BT 1Y &ALEBRACHE RHES BB Hentially with
decreasing tempesatiirephndirtivetavibeip dsantiabsildierelpotndetsiime sabssyesqidmemtidl pephrticularly

the cathodg In addilion, (eenicaanduliyly ofriicopiaesines Baaudan ispdfmagnitude
between 600C and 500C. Thus, at 600C the additional electrdlyte resistance from an ScYSZ or ScSZ

10 barrier layer ‘éﬁi’@fh?%i@}d%‘/%rrystalline ceramic layer) is negligible, but at 500C it is a significant
proportion of the total cell resistance. It is thus highly desirable to minimise fuel cell resistance at lower
operational tempEratures,  olyte 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



It is also well known that the electronic conductivity of doped ceria under fuel-cell 15 conditions
increases exponentially with increasing temperature, and thus the problem of internal short-circuiting is
much worse at 600 C than 500 C. It is therefore desirable to have reduced electronic leakage in the
electrolyte at Hth& &Y atures. The electrically insulting layer, such as Thé/fHeMPEUA® 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 Ié\())/er at the end of the cell which will have a lower
in-use operatingtéatppenatusé thécrdfpiang leataraigrao G OBonio lnyimisriisaetize gdatitrahah iNFOSECell
resistance and improve the. in- owe i yer of 25 metal oxide crystalline ceramic is
then made thickSfﬁ%%g‘%a?éljgé%‘lg%}g’géeteﬁ%réﬁ?%%ﬁe%%Ir@e@ﬁd 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 crysigliiercerafiicehsCardiaitpra-stahlises ZitoRIadnRing derasited R surface
of CGO for a metal su%%orted IT;ﬁ_g)F,C, its.thjckness ma beﬁlrade fror?]t nm at the in-use 30 cooler

end up to le3s tHSFPTOBE HHE%: HUFdSPRTEFAIRY S TH) FIPEORF OhtAT BIESTRLIBEALCRr end.
WO 2009/0904 LisRéed io 82 IAidfaod:i€)3f FleT il sgriacknbecirtneztineknetthofaye ddyestdfaaidtal oxide

crystaline ceranic gaf [ RAMele s aslicued B AteLenired SRR RG M gRk R coessive

deposition steps (fepeats of steps (I)-(lii)) so that umber of layers deposited is varied In different
areas of the cellDANaTHAEFEIaeE ofr oAl adcEystiBIsBRENyRrE et tBigkaesatB Widetespect to

the sr;rayk directigpi@pRydine wt(r@hpérlﬂ_ﬁ&@esmﬁm%d aadéiwml ﬁtaqlbegﬂ%h%@sa%iéyewﬂi%ﬁed by the
use of ink-jet pripting techniques qr multi-spray heads, Thus, also provide carding to the present
invention é% me¥ Efocl"l%‘é b2g" #%@ |§%f§%§‘?a%ﬁﬂ8ﬁ??8féﬁngﬁf8%né&fl%ﬁﬁ?éeée? M&ipon a
surface of a subssidtesriisainckressioksaidiaty ¢astomenkmyssdlonepalioxideconpstatilinepogimic
varying across sgid syrface of said substrate, the method comprising the steps of: (i) 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 seleciagdrasmathefrayReangisting eflia metaligisuiiace andiacaerpmiesastage; (i)

drying said, solution of said soluble salt precursor to define er of said soluble salt pre
S a)i/d gu rfac %,O temperature grac{"llent ge%e tecf Hysa temperature ad@fxrence along t?xeu gas ﬁgw %atﬁ %I’fSOI’ on

the cell of typically 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 eells, air is fed to the cathode side of the stack at a
rate substantially in excess of that required to supply oxygeh 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,



20(ii)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 25tR& EYHOMEA oxide film on said surface comprises a pluraliRF&fEF%8 etal 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 metg},oxide crystalline ceramic bonded to said surface
of said 30substrate, the thickness of said at least one layer of metal oxide crystalline ceramic varying

across said surfbisetbérsire suplicste, wiarifedpnt aaneef stegsd! (Ypeidiiaadqmpisapaorivel idan air
atmosphere. WQ,2009/Q9041 986 @8 4004 LR 28 Aindated above, the thickness of the at least

one layer of metal oxide crystalline ceramic can be varied across said surface of the substrate by in
particular repeating steps (i)-(iii) to define areas of different thickness of metal oxide film, by the use of
masks when ddpasitilyikhessotbiiohofregelielisank st aurSOr O yniieastseeob daknigdl priwithg, and

5other grading (tiechnigue§. In_certain mboqlimelntg of fue{ cell stacks.con risipglat Iez%st one fuel cell,
. » : ecrea[s in tém er%EH;'e. 'Fthxs 1S ar%em ecause the 1onfc COBdu%W 0 Tel?c rolyte
in addition to air cooling some of the stack, cooling Is also supplied by the internal reforming of a
declines exponentially with decreasing temperature, and the over-potential of the
electrodes increases exponentially, particularly the cathode. In addition, the ionic
conductivity of zirconia declines by around an order of magnitude between 600°C and
500°C. Thus, at 600°C the additional electrolyte resistance from an ScYSZ or ScSZ
10  barrier layer (metal oxide crystalline ceramic layer) is negligible, but at 500°C it is a

significant proportion of the total cell resistance. It is thus highly desirable to minimise

fuel cell resistance at lower operational temperatures.

It is also well known that the electronic conductivity of doped ceria under fuel-cell
15  conditions increases exponentially with increasing temperature, and thus the problem of
internal short-circuiting is much worse at 600 °C than 500 °C. It is therefore desirable to

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.



fraction of the hydrocarbon fuel feed to the fuel cell. In such cases, the temperature 10 profile of the at
least one fuel cell will be different, with the hottest region of the at least one fuel cell typically being
located in the centre of the fuel cell rather than the end nearest the fuel cell air exhaust. Thus, the
thickness of tHEZ)&YBPthttal oxide crystalline ceramic is again varied acRSHFRPI B al in-use
operating temperature. However, it will result in a grading which is not arranged starting thinnest at the
fuel 15 inlet end of the fuel cell to thickest at die fuel.gxhaust end, rather the thickness being arranged

in relation to the operating temperature of the fuel cell. In this way the thickness can also bc arranged
to be graded actbtsgradingde Bfetitdcknsseoff. Ui layen e frmetid yoridhickistadlinsasetsanip geedfin all

directions to aceQuAbiOr AU QRALAUIRIGIASEATRYAUANEES %9!%@0@&%%8’4?&1&9&

electrochemicall}/ active area qf the fuel 20cell. As well as relating to the depagsition of layers of metal
oxide crystallind'EBtREBi S RLFRSr Lhifkibeto dheh the mumbsrrod| ‘eemrs denesitedrs ¥rE&ddbinvention
is also applicabtkfferelepasiiost o peftoAptandn siyiface grdddngnatnbeacHieyadeboshgiidbatpresent 25
invention can b ed in the deposition of layers of metal oxide crystalline ceramic for roll.or tube form
SOFCs, Wh%enre %ﬁé%ﬁﬁb gerﬂég‘jlts%rcgéﬁcr%ggrsg%a%ﬁ%ﬁcféoaé)ﬁé&%éﬁ Sgl}e(r.af%%gfylsﬁﬁa%ﬁfo %n}g#é?feng tube. In
other embodimé&pesiol e batsdly difiraadito theseia isleiskicp rentinoresbiigion @ golsrseitiyer one
surface of the tybgior 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 dip$laftenlite poevded atayriidpse diie gresethartvdtiobigpingathod YWOdepositing at

2009/ 09041309P%l%s??x?foi)a%/&o&fl%%éﬁo%ﬁg ?%s"éeﬁﬁ% QLRianar fuel cells, where, ”Ql?n%‘%%% i%hgsed to
pl‘OteCt areas o t_ ecellw eye the coatlng IS not reqqu oris urydeswa e OI"CII’CU ar éur aces such
as the surfacestbicknessiaf saisl adastangilayprpdesislamdsersiabing opmendyindieTiss evdting a disc.

In order to achigygathe,esr@ctiawaleohmatahridaprisia!inesepsanic thickness, the above
methodology of deposggon, decomposition and crystallisatjon %%n be used. Indeed ﬁ%radin can occur

across a surface suchtds a taFRASE, I dARE8r &St bl ta%r?B‘r“éoﬁlé’rﬁa?s‘ﬂ, EXiPrhus, the
method of the present inventioystiplinvdesfinic theosirip eidad of saidnigntrdepositfineaf layersf of metal

e cosine s, Pl S S UL SOV R B oot
(physical vapour deposition)bg®g 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 (iii)  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

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

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.



It is thus particularly 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 processin] MPAPAfPes cannot exceed 1100 'C. 20 Experiments haf&SRARA e method of
the present invention is advantageous for fanning excellent interfaces between the metal oxide
film/layer of metal oxide crystalline ceramic and the syrface (or metal oxide crystalline ceramic layer,
as appropriate) below, as the liquid precursor exactly follows the surface topography of the 25
surface. This is difficutdtabavhithegHigkoesnvaittiontlessiteniigyef digsital axidateyidtinsastieniarly if the

substrate has aigagY bR SNEISH PEIFLELSPAS AR AL VB ALONE s RoRSHAIRA e

sintering of the upper layer. Particularly where the interface in question is within an electrolyte,
a poor interface'vileiaf A gh dffireerd Stickmees £ wetrh Bl rbe dharnrariBaRks ofteRnd thus

resulting in incrergesl digptadsitifiaiuse A8elhorigl ayesiage Warihiagubéeof MO jet printing, and

2009/0904 PCEGBZ%O9/(%OJ&%IO3 24 Also provided according to the present invention is a surface of
Ooiner graarl C UEeS. . . . .

a substrate having dEpos! d:upo% it at least one layer of metal oxide crystalline ceramic according to

the method of the present invention. 5 The invention will be further apparent from the following

description withfe{Rrence i Jhmans YPRANKAOSIawes WHEhe NP LAY Sxamale.aniy metheds for

depositing at least one layer of metal oxide crystalline ceramic upon a surface of a substrate. Of the

figures: Figure T8REWOABE SAMMETdhectiRfk riRYSRE She s emplicrbey bedntnmat wixowsee! 2
magnification offprticaf ahtietyGraliattnlyiiel faduiachsr @tkbyetharmaidto dasdshb o reapatataxention,;
Figure 2shows an SEM.crossssection at x8 nification of.part af SOFEC electrolyte
manufactm b@rﬁgeg rﬁgﬁ%ﬁ?gﬁgnﬁéggﬁ?ﬁ?@eﬁﬁ%é&\%%\ep g@?égqé?%%% g&e‘f?aﬁrjl%agé%aﬁ}ing overlap

of the 15electroiue BisloctiletypisellyUipingiecaedure Bsivewiz ot thapasserllopgeritendhecnt metal
supported SOFGearest the fuel cell air exhaust. Thus, the thickness of the layer of metal oxide

crystalline ceramic is again varied according to the local in-use operating temperature.

However, it will result in a grading which is not arranged starting thinnest at the fuel
15 inlet end of the fuel cell to thickest 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 varranged 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 solﬁtion 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



. cells with and without ScSZ barrier layers operating at 570C at high fuel utilisation. X-axis shows
Current density/mAkmz2; left- most Y-axis shows Cell voltageN; right-most Y-axis shows 20 Power
density/mW/cm2. Reference signs: 100 - Power density with bather; 110 - Power density without

barrier; 120 - CENXBALYEwith barrier; 130 - Cell voltage without bather; FRIcHESB3PH arious fuel

cell layer structures that can be achieved with the method of the present invention; 25Figure 8shows
atop view of a graded thickness ScYSZ layer; Figurez%shows a cross-section through I-1 of Figure 8;
Figure 10shows a fuel cell layer structure having a graded thickness ScYSZ layer; Figure 11shows a

plot of in-use elé&Polpraseshiperitore BrefurallseMiere mBkingcit st RigueesaicarasvEahopetits A and

B. X-axis showswherd@HBRE58HM R 6Tt Sifg&OsresRANL R AMPOINt A, right side corresponds to point B; Y
axis shows electrolyte temperature; Figure 12shows a top view of a graded thickness ScYSZ layer;

and WO 2009/090419PCT/GB2009/001103 25 Figure 13shows a cross-section through II-1I of Figure
12. In a first embodicireuity adfefbkitic sichrde skesieghéos siitistidie {@d stitayvn spraygpdriguresibe

5 used which is suitable for coating a disc. In order to achieve the correct layer of metal
oxide crystalline ceramic thickness, the above methodology of deposition,
decomposition and crystallisation can be used. Indeed, grading can occur across a

surface such as a tubular, cylindrical or circular surface as for a planar surface.

10 Thus, the method of the present invention provides for the simple and convenient
deposition of layers of metal oxide crystalline ceramic, particularly sub-micron layers,
without the requirement for high processing temperatures, conventional sintering

operations or expensive high-vacuum techniques such as PVD (physical vapour

deposition).

15
It is thus particularly 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.



7) defining a perforated region surrounded by a non-perforated region is provided upon 5 which has
been deposited an anode layer and a gas impermeable, dense, COO electrolyte layer 10 which is
10-15 micron thick on top of the anode layer, as taught in 0B2434691 (foil substrate 4, anode layer la
and electrolyté’vf?ﬁ/‘g’l9 /I%Q)O‘Eﬁd WO 02/35628. In other embodiments (not shBWFBéW&l@féngoil
substrates upon which is deposited an anode layer and a gas impermeable, dense electrolyte layer
are used 10 (0B2440038, GB2386126, 0B2368450, L),57261969, EP1353394, and US7045243). In a
further embodiment (not shown) the graded metal substrate of US20070269701 is used, An interlayer
20 of crystalline/derapriridedrighoiding Cotbabitheat] Fyepiiva (BoSewv@®; aba substrate having

(Sc203)0i(Y203)03dit & QR 30 ciSethe B tpad-emien ehille cERIRKPYREHUIRING steme (2)-(f)

below. This is a particuléar y useful interlayer material since zirconium salts are not highly soluble and
have a tendencPSIPISLRTRESTE BETYWe 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

hich in >9% ScS . , ) > .
which can aecupip 534 RS20 Hioions B15; 4S) YT serae AlRGL RGN ot

Sc(NO3)3 and Y(NO3)3 a In 90% volume ethanol and 10%
volume methox/israpsameananbitzuess pldel shors yHsamplt fovneeheda ffidopesitingdatisathbilised

zirconia) at RIPppteaie §iGRiayskidtbigndnmdhe salublgsaltpieguesurlayaiairid Ron @k for 60
seconds duringg\éhich period the soluble salt precursor evens out across the surface, followed by

further drying at"88°C for 30 seconds.  (c) heating the soluble salt precursor to 550 C over a total
period of 60 seconds Busing an infrawed &jtieatale:tampnidiichoge c(RAM) sesardd®miacrystalises

it to form g jayer about 125 run thicjgz%gosegqggr%ﬁgggjﬂpe O'sfcag_g{j@ y&}fiaaﬁo-§@p@is%qeggg@ma film. (d)

repeating steps (a)-(c) 4 times, the substrate metal oxide Tfilm being cooled to a température of
35-80 C prior to each repeat of step@)fastuicd by thetapbridiafdhriprggont invention;

2009/090419PCT/GB2QR8d 901103 hows an SEM cross-section at X850 magniﬁcation of part of an
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



26 semi-crystalline film having a total thickness of about 500 nm. This film does not have any cracks in
it and is suitable for further processing. (e)firing at 800 C for 60 minutes in air, the metal oxide film of
scandia yttria co-  stabilised zirconia forms a fully crystalline ceramic layer 20 of scandia yttria co-5
stabilised zircSH2ZRHUAY A thickness of about 400 mm (ORepeating stepE FAIKBIWHEY Hdre to
achieve a final layer 20 thickness of about 800 nm The next steps are: 10(g)the repeating of steps
(a)-(e) once more but this time depositing a layer 30 Q£ CGO on top of the previously deposited
crystalline ceramic layer of scandia yttria co-stabilised zirconia. Specific conditions are: 0.1M cation
concentration Ce(C5HF@RYeald gadbimisiarriseatectivy Ovongilié efihitguot 4Ad 30% volume
methoxypropanol and spraying, depositing and processing as before but using a final crystallisation
firing 15 temperature of 980 C to achieve a COO layer with a final thickness of 250 rim. This layer acts
as a barrier layeP Bt EMRALREnh gifeyititseinlesireb b i BHmtlpa shAWHIS A8 EGUERYIS- deposited
cathode layer. (I)fiedllyn @ castfotigetbyetdisistthnddaposied-pariapeal e evinusli-dapesited
CGO layer. This Iﬁ.ﬁ)? e b){jg%rege%- einting an %%CF cathoge and processing.it in,20 accordance with

WOZOOG/O?%SOCY S g?/er as athickness of About50 glrrln, ‘?‘h%ass, ANSVEra lgtrﬁigfhs?é iS Created

comprising the fafesihieliaisrs] deyueitén16nl haifeentibickapnl des et supisday (A pN@aBGO anode;
25 (B) COO (105 seeqdigritriarzazntalilisgsgirggeia (PR R0) 45} calads @R
02/35628. In other embodiments (not shown) perforated foil substrates upon which is
deposited an anode layer and a gas impermeable, dense electrolyte layer are used
10 (GB2440038, GB2386126, GB2368450, US7261969, EP1353394, and US7045243). In
a further embodiment (not shown) the graded metal substrate of US20070269701 is

used.

An interlayer 20 of crystalline ceramic scandia yttria co-stabilised zirconia (10Sc1YSZ;
15 (5¢203)0.1(Y203)0.01(ZrO2)0.80) 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 atomisved spraying a layer of 0.1M cation concentration solution of Sc(NOs)s
and Y(NOs); 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



30 The results of the method detailed above are shown in Figure 1. The main COO layer 10 has been
deposited on top of the anode layer (not shown in Figure 1). NVO 20091090419PCT/GB20091001103

27 1t should b%noteglothat the maximum processing temperature used in the manufg/cture3of the
zirconia layer AR REUES layer was 980 C, which is significantly below tﬂ%ygl%@grgfﬂ}g at which
zirconia and COO start to react, which is 1200 C. 5 The results of the above method are shown in the

Figures. On top of main COO layer 10 is ScYSZ intedgayer 20 which has a thickness of 800 nm Testing
shows it to have high ionic conductivity and good phase stability. ScYSZ interlayer 20 has density

comparable withsmiRTEelinmpiibn bovigrd e hidoesrréabre Withmmaithes Gl does a6 bevss layer is
present to electgppicalbkdnsulaia caiieme-46: ramdhaesaigglectrolyte 10 layer 10 whilst allowing the

passage of an ignic cutrent, apd thys. eliminate the internal short-circuiting inherent in operating a
COO or other dg%ed céﬂ%ge%gﬁ%lﬁj%léﬁé@@%%ﬁlmh ChaE Qﬁlgse ﬁ%%ﬁ%ﬁ%%% §Which has a
thickness of .0.2&bihisdhsrieyes ipnsserfutly sepstriiedherativotyan 2@ rid] $rendithetaircania of
interlayer 20, 1%{59@%%@9&@&&3&%@% ﬁﬁ@ﬁh@s%ﬁ%@@%&%y an effective electrolyte-cathode

interface of high ionic conductivity. This also avoids potentially detrimental chemical interactions
between cathod®40 aRePAIENEHERI4DIFAteRRSyBPTO'R AFE VLRI HG P rereisshiiskisss sbAPMiring
service. 20 An iggoattant 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
COQO, patrticularly in its reduced state, has significant catalytic activity for the reduction of oxygen.
Thus, if the inteTayee2CGiernategas-impermeable (say, is <=93% dense), oxygen will diffuse through

interlayer 39 angsjedugg. QiliEPBOLBRINRAS GRS 1r HANIAG ARBULIAY IR0 o

short-circuiting, bypassing Cathode 40 éntirely.”As can be seen from Figure 2, it shows a cross-section
of the edge (60 ST@Ratiuelifhe Ry erpeite iy tialHacsrsepitiavrgafetrretie MtEERAr anode
layer deposited sunsa@taretia-stapaless siasksubsieate. 5, aubtovsatdsttheotettdiand sideasd the figure

main COO layer 1 1 e st oo Qo G P I SS03te S RS U S propanol and
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.
) finally, a cathode layer 40 is then deposited on top of the previously deposited
CGO layer. This is done by screen-printing an LSCF cathdde and processing it in
20  accordance with WO2006/079800. This layer has a thickness of about 50 pm.

Thus, an overall structure is created comprising the following layers deposited on the
ferritic stainless steel support:
(A)  NiO-CGO anode;
25 (B) CGOU0)
(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).



WO 2009/090419PCT/GB2009/001103 28 Figure 2 also shows the relative scale of main COO layer
as compared to ScYSZ interlayer 20 and COO interlayer 30. Cathode 40 can be seen to comprise
cathode active layer 70 and cathode current collector 80. 5 Figure 3 shows a com[(:))arison of VI and
power curves%?%?g?/g?%lgecond metal supported SOFCs with COO mairt gfg&%?y?éosm S 3owing the
benefit of a thin ScYSZ barrier layer deposited using the method of the present invention. The first
SOFC is constructed according to the first embodiment (above). The second 10SOFC is constructed
identically to the first SOFC except that it does not include the scandia yttria co-stabilised zirconia

layer 20 and th& serifbbrneteddhajhs BESRUBIPrORS BE B LREH TR Mghsd e Vs ahes and
power densitiesiRreifighiicantyamriaasedoinparticiaggthere ishamischidighaenopesreloul voltage as

a result of the 15 blockage of electronic.lea g hrough the CQO eJe%r&dyotS. In a second embodiment
Ry B AR e o B e MRl B

(not shown), thS Y [@yer. The doping iS'used as a sintering aid to
aid densification of the COO electrolyte at a lowered sintering temperature compared to an un-doped

COO electplytgy Ihe 56 L Ph L VEHRYR 2Rt WheAeld i %&&dem%%e@rﬁ gregl and

deposited and processed in the same way as for the first embodiment In a third embodiment the

“deposition of thié Ryt ointerieysr ophishivassrdvickness aES0Qiney Erbrsrkewndidohars bisktabilised
zirconia is precegigd bynduepest ehitegsod Stakde) iaMiigh sevaRlitesabieyer@f soantdiaiyitria
co-stabilised zirconia is depasited (i to the,previously deposited layer of dja yttria
co-stabilised zircé)glrﬁgﬁ??ilr? éB}%lur ‘%r%egc@dr}%eﬁg aaarda%élar?’h%&grﬁ%% %/cgr% meta 2?(? efgyggtalline
ceramic is providedlis lay©OOpstsdfaicty fectusediyansulses ratimslerfinifae threnafimsliTUSIIRC. In-

10 layer 10 whilst allowing the passage of an ionic current, and thus eliminate the internal

short-circuiting inherent in operating a CGO or other doped ceria electrolyte alone.

On top 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.



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. WO ‘
2009/090419PCHEEI8HS/001103 29 Figures 4-7 show various fuel cell |59€@?8%‘i’8?é§’%hat can be
achieved with the method of the present invention. 5 As can be seen from Figure 4, in a fourth
embodiment a fuel cell is to be constructed, and a fegjfic stainless steel metal substrate 200 with an
anode layer 210 on top of it and an electrolyte layer 220 are provided. Electrolyte layer 220 surrounds
anode layer 21678ustde aep presish o sefivi goaieotigmainod e Q levse ieermppspdife 58954nd oxidant

side 240. Scangigeyiyia 80-sidlitiRechzifROBIacryaialiRe oMY, 488 s dbenapasiied 10 on top
of ceramic CO%Iaeyeér %ég and COO crystalline %ramic layer 260 is then deposited on top of layer
Lieh

250. The sprayitig SBIHH 61tf5HPbF tayers 250 and 260 results in a "layer cake" type
structure.  Subsequent to the deposition of layers 250 and 260, the fuel cell is completed with the 15

addition of gath sse Fi s a fif badimenti ' 60
overlaps angd cogn%glf%s%hgeﬂg%ezg I%?/Els Zg%é, %%%Nﬁléb yﬁ%}this emb%gdg}r%gg]nt t ce’;gl%:al%ek’ri )g?gnt%etal oxide

crystalline cerafiiEPEDSRYES 268) G Inaimctl st brroshos g dpi@9asiEr el dhieafY feandia

20yttria co-stabyigfierZirerigplavies 250y archaispderitie stalpless/stashsubstrate 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 COO layer 220. Again, in
this embodimerithbditstyBOBCnretahsxide® Bocnydiaginethe @stiertibothisenasebsean dibeystdand

co-stabilisggl zirgapa |aygfanfllds %Rﬁé&%‘gt@oﬂ% P Sosrerarnie Iayer Hde e A (GORelaver 220)

and also ferritic stainless steel substrate 200. The spraying steps used in this embodiment results in
an "overlap" typs2ifctiiFee ostabiliredzinemalavseve atd S Bedifinest GO QR Seeitapytiria
co-stabilised zirconia layer 250 overlaps.COO layer 220 and in turn is overlapped by COO layer 260.

In this embodiment bo Izla§yers f metal oxige CWS\}aEL“ne cer mic“r%c%gnla er 260 an scapycha yttria
Yy

co-stabilised zi vcgnclﬁnlafe SBoj are l@ﬁﬁesi ad Bhte OaER B TN d5yHes are signthcant

increased. In particular, there is a much higher open-circuit voltage as a result of the

15  blockage of electronic leakage through the CGO electrolyte.

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.



WO 2009/090419PCT/G82009/001103 30 undermeath (and scandia yttria co-stabilised zirconia layer
250 and CGO layer 220 respectively) and also ferritic stainless steel substrate 200. The spraying steps
used in this embodiment results in a "contained overlap" type structure. 5Fi$ures 8 and 9 show an

RAtR ERBOUAHE, graded

eighth embodimen i aHich a scandia yttria co-stabilised zirconia (ScYSZ‘S
thickness across the surface of CGO layer 220. As detailed above for the first embodiment, a fenitic
stainless steel foil substrate 200 defining a perforatedgegion 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 10 electrolyte layer 220 1045 micron thick on top of the anode layer 210. The ScYSZ

layer 300 is therideresitednom toRiwit i fiEsh $ee: ReiRe A WRiIR0BSAANRE ARRBHGRUSING the

basic method a%fd scribed above for the first embodiment. The layer 300 is crystalline ceramic

scandia yttria co-sia €& ti%%?ﬁfﬁ“(lOScl YSZ; 15 (Sc203)0.1(Y203)0.01(Zr02)089) and is fanned as

follows: First, steps (a)-(d) (above) are performed to give a first area 320 of metal oxide film. A mask is

then placedsoves e MRl axiamiTan 3 tpdanyaionha.8acien Al QPR A alghzda)-(d) are

then repeated to define a second area 330 in which the layer of metal oxi m consists two films of

metal oxide. 2028t:p EEyiHe SRRl EhBa b IHERALAMAS e aivde BryS204pdpPBOBItPAS area 320
has a thicknessaafeidanistyo tiyn 20d i prevre B Blbasipd nigkness vlabagyl QR4 Ry showd be noted

that the crystalline ceramic ScYSZ layer 300 dpes npt lly overlap 25.C electrplyte layer 220 - as
can be seen at gr%rt e ée?’sexgrggsréé) where o %Peété,ﬁé?%é/%"’fé?% %9%%%?@%’8@%% ©210 but
which is then nG¥8vEekdirerithy coysithilisedcareomic SyYtSlnayera800laFgii® 10tshotvpaifed| cell
electrolyte giruciiirg, 34 &sfrtatesbrbowe 495 e diek80-AMBRAIMERLASSINEC sipinlegR steel fol

substrate 200 defining a perforated region 201 surrounded by a non-perforated region 202 is provided

upon which hasSFRHHNR KR aTdAvahSeR Reiran iR yasiipdirrdasdicrative® & iectrolyte
layer 220 10-15afdonirébits prattpyef takcangdetayeand 10.

Subsequent to the deposition of layers 250 and 260, the fuel cell is completed with the
15  addition of cathode assembly 270.

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



WO 2009/090419PCT/GB2009/001103 31 An ScYSZ layer 350 is then deposited on top in a
multi-stage spraying operation using the basic method as described above for the first embodiment.
The layer 350 js crystallineceramicscandiayttriaco-stabilisedzirconia(10SclYSZ; 5 (Sc203)o i(Y203)o
ca(Zr02)089) TEIE Y by performing steps (a)-(d) above, but with st@ﬁféﬁ%ﬁ’ﬁ@%&@omplished
using inkjet printing. This results in a first area 360 of soluble salt precursor which is heated to give a
metal oxide film. A series of repeats of steps (a)-(d)Sare then perfommd, each repeat occurring over
only a 10portion of the area from the previous inkjet printing step, thus defining second, third, fourth

and fifth areas 3rgenBateGod seande. yistepocaniilisrdnziemimlareto2defiend GO drEstdarystalline

ceramic layer, afgasc-a08y$ 40d 380, RARiant ANV REkREsGESTOE aBRHido Ge 300458, 600 and
' is then performed to deposit CGO interlayer 410 on top of ScYSZ

750 nm 15respectively. Step (g )
layer 350 havinéﬁ%f’ﬁﬂ%i?gggg“g&%t&ﬁﬁnfo B RPHERSSEMEMFfed to deposit cathode layer 420.

In-use operating temperatures of the COO layer (electrolyte) 220 are shown in Figure 11. As can be

seen, the gipdatigni, QPerapIabie P eIAt < imBiaiesd Py g, radalian RdhidieagRlactS2

layer 350. 25 Figures 12 and 13 show an'embodiment similar to that for Figares 8 and 9 in which a
crystalline scandiseQHAASET 3fanavsed 8 feasarades hiokreps poues aassyrfieeiCERkpes 2 Heross the
surface of COO Agy@rARA avstwheredha grysislingseramiai86 ¥@dless steel foil substrate 200

defining a perforated regiori 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
10 electrolyte layer 220 10-15 micron thick on top of the anode layer 210.

-The ScYSZ layer 300 is then deposited on top with a first step being a two-stage
spraying operation using the basic method as described above for the first embodiment.
The layer 300 is crystalline ceramic scandia yttria co-stabilised zirconia (10Sc]1YSZ;
15 (8¢203)0.1(Y203)0.01(ZrO2)080) and is formed as follows: First, steps (a)-(d) (above) are
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.



layer 500 does not totally overlap COO 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 an area where COO
electrolyte Iay@‘P 96%8‘féps anode layer 210 but WO 20091090419PCHEHSBYSAII11B3 32 which
neither the COO electrolyte layer 220 or the anode layer 210 is then overlapped by crystalline ceramic
ScYSZ layer 500. As detailed above for the first embggdiment, a ferritic stainless steel foil substrate 200
5 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, COO electrolyte layer 220

10-15 micron thigk Saviop 1féhe ANRARIRIEIR1 dJhe s SAlRYehpO i henogerasiiedian top with a
- first step being raltwo-sgtalj;ge‘rﬂlé%‘gpraying Qperation rt:fl the_basic method as described above for the

n
first embodimen P TR® S Foife s shnfifsty fnbedurenibifbs diaviEontd (Foscl Ysz:
(Sc203)o i(Y208ypslii#202)&eBR)iand sdadimed gsriolloves:Fdislissie psAiajetdd (ab@0sy BYSrerformed
to give a firgt ar o(gn@tl ide {il ISt | .over nefeloxide filmsoasto
leave only 2 por%?f?% it Q)%pé%@g,ﬁggzjosgr%}e%&r(%?%\égg g?eg_ ?f%r%%%grfeﬁe%é%%g] gitffl?r?é( ag’zbe({:(;\r’&area 530
in which the lay8fpf(mdeing ageomplidsdsisisavirkinhisistinge s xietalis tapa(&yss arran388ridrmed to

form crystalline e@EBRIGIBErEQEsYRRiR D HERR AIS giv2h Magid tiekngss of about 400 run 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 COO electrolyte layer 220 or the anode layer 210- as can be seen at
540 there is an Arsaigshdne OO Biegts ¢hyia! ) ayeth2 poiertads eanio dpdayerciirthp wiverhisly aeither the

COO elecyplyte, lax& 42%h0%108 ANRARIPHESdLilR NS RUEL R HBY SNFIRYINR ond, third,
fourth and fifth areas 370, 380, 390 and 400.

Step (e) is then performed to define a metal oxide crystalline ceramic layer, areas 360,
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 ~0.25um.

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 tempera‘fure‘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 cryétalline 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 whjch is then not overlapped by crystalline ceramic ScYSZ layer 500, and
at 540 there is an area where CGO electrolyte layer 220 overlaps anode layer 210 but



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 COO Ia(}/er 20 - ScSz
interlayer 33 -z@ggoﬁ}f)erlayer 40 cathode 50 - ferritic stainless steel sGHHEREBYYUHdde edge 570
- cathode active layer 80 - cathode current collector 100 - Power density with barrier 110 - Power
density without barrier 120 - Cell voltage with barrier }9130- Cell voltage without barrier 200 - ferritic

stainless steel substrate 201 - perforated region
which neither the CGO electrolyte layer 220 or the anode layer 210 is then overlapped

by crystalline ceramic ScYSZ layer 500.

As detailed above for the first embodiment, a ferritic stainless steel foil substrate 200
5  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.

The ScYSZ layer 500 is then deposited on top with a first stép being a two-stage
10 spraying operation using the basic method as described above for the first embodiment.
The layer 500 is crystalline ceramic scandia yttria co-stabilised zirconia (10Sc1YSZ;
(5¢203)0.1(Y203)0.01(Zr02)0.39) and is formed as follows: First, steps (a)-(d) (above) are
performed to give a first area 520 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 »
15 repeated to define a second area 530 in which the layer of metal oxide film consists two

ﬁlins 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



202 - non-perforated region 210- anode layer 15 220- COOQO 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 COO electrolyte layer 220 not overlapped by
ceramic ScY SYA3YEY368%320- first area of scandia yttria co-stabilised zirdSH&4E3Y8R 93y er 300 330
- second area of scandia yttria co-stabilised zirconia (ScYSZ) layer 300 25340 - fuel cell electrolyte

. structure 350 -ScYSZ layer 360 - first area 370 - secqnd area 380- third area 30 390 - fourth area 400
- fifth area 410- COO interlayer 420- cathode layer 2009/090419PCT/GB2009/001 0 34 500 -
crystalline scandfy@6iQ dgestatsitised zirconia (ScYSZ) layer

40 - cathode
50 — ferritic stainless steel substrate
60 — anode edge
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



510- area of COO electrolyte layer 220 not overlapped by ceramic ScYSZ layer 500 520 - first area of
scandia yttria co-stabilised zirconia (ScYSZ) layer 500 530 - second area of scandia yttria co-stabilised
zirconia (ScYSZ) layer 500 5 540- area of anode layer 210 and COO elecl'grolyé% I(‘%%ro%%g) not
overlapped byge%? ey sz layer 500 MCSLLP 35 CLAIMS 1.A methdd 157 eposiiing at least two
layers of an SOFC electrolyte, comprising depositing at least two layers of metal oxide crystalline
ceramic. upon a surface of a 5substrate, the method ggmprising the steps of: (i) depositing a solution of
~ asoluble salt precursor of a metal oxide crystalline ceramic onto said surface of said substrate to
define a layer of@hieseiatiing sfasdia ¥eriase-gahibredarsarianSsai§Luadee; (i) drying said solution of
said soluble salt pyecysser LGB inetlaan i DOsaisk solillssalpeeruirB Orsgaigaustace; (i)

heating said solyble salt precyrsor on said surface to a temperature of betwegen 150 and 600 C to
decompose it a f6f?ff5%5@8?8%%?%%&8'%%%?lecs{aazfr %uﬁﬁé&;/%% }g’ﬁéaﬁﬁ)‘g steps (i)-(iii) at least
one additional ti®e-saidsutiont easwiid yifisohtitbibatdmecmisdPHEHT) Herpodied onto said metal
oxide film, suchethat said spathoxide BID Qi tRbUEIACH ROMREISE ABUalityRhiByes-alinetal

oxide;
ScYSZ layer 500



(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 20layer of metal oxide crystalline ceramic bonded to $Hid suFface
of said substrate; and (vi) repeating at least once steps (i)-(v), wherein the surface is the layer of
metal oxide crystalline ceramic previously produced in step (v), wherein each of steps (ii), (iii) and (v)
is performed in an air atmosphere, 25wherein: in said fifst set of steps (i)-(v) said substrate is a
substantially impermeable mixed ionic electronic copgljgiing electrolyte ceramic material, and said
metal oxide crystalline ceramic is ion-permeable, eléctrically insulating, and gas-impermeable; and
3Din a final set of steps (gt-(v), said metal oxide crystalline ceramic which is produced is a mixed ionic
e

electronic conductifg eleCtfBRREHRIEIRISIENA ahieasbivalRsraifRLSRAPeE e FPBRMEBA bStrate in
said first set of steperOsitingistldas Ovelegtrolytoriapenxdh dWaafirel cdradic Apmethedfaceafding to claim

1 or 2, wherein: in gaidtfiist ﬁ%t,ﬂétﬁg@%r(‘ih@{}@ﬁﬂig§@é§me salt precursor is selected from at least one

of the group consisting of: zwcogeg(r)g‘tahcet&ylso el Qag scap%| ar"{ltrpar\égwggrd Alfttgu%neg‘trg)g%éand

crystallme ceramic onto said surface of said substrate to define a layer
of said solution of said soiubie salt precursor on said surface;

(i) drying said solution of said soluble salt precursor to define a layer of

10 sajd soluble salt precursor on said surface;

(iii) 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

15 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;

(v) firing said substrate with said metal oxide fitm on said surface at a
temperature of 500-1100 °C to crystallise said metal oxide film into a

20 layer of metal oxide crystalline ceramic bonded to said surface of said
supstrate; and

(vi) repeating at least once steps (i)-(v), wherein the surface is the layer of
metal oxide crystalline ceramic previously produced in step (v),

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

in said first set of steps (i)-(v) said substrate is a substantially impermeable
mixed ionic electronic conducting electrolyte ceramic material, and said
metal oxide crystalline ceramic is ion-permeable, electrically insulating,
and gas-impermeable; and

30 in a final set of steps (i)~(v), said metal oxide crystalline ceramic which is
produced is a mixed ionic electronic conducting electrolyte material.

2. A method according to claim 1, wherein said substrate in said first set of steps
(i)-(v) is a CGO electrolyte layer.
35



5in sa}id final 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. 4.A method for depositing%?l%&%[two
layers of an SOFC electrolyte, comprising 10depositing a layer of metal oxide crystalline ceramic upon
a surface of a substrate, the method comprising the steps of: (i)depositing a solution of a soluble salt
precursor of a metal oxide crystalline ceramic onto sait’surface of said substrate to define a layer of
said solution of said soluble salt precursor on said surface; 15(ii)drying said solution of said soluble
salt precursor to défine &IM%&WML&!@%&R B"r@c‘ﬁ?gfﬁ"bn said surface; (iii)heating said soluble
salt precursor on said suifaae thrst sempestans ¢)afbetiveeluls 83 IBOGT lﬁ)%&féﬁﬁﬁ@%iﬁ and form a
layer of metal oxide film on saig syrfgee; A0tharepadingsisng (M(iiRiebiaast anayadeditienal time, said
solution of said soluble salt precursor I beltn d%RQ?{ ggn% tlg,aamdmetal oxide film, such that said metal
oxide film on said surface comprises a \ura ity of layers o? metal oxide; and |r| % ald substrate

Sta

with said mefal oxide fllmno??’gafia"élﬁﬁa?,feséﬁpé ﬁ*jf@nﬁﬁgraquéeoﬁa'gdﬁeﬂ'aar(‘f to cry 5% Said metal
oxide film into a layer of metal Britecor/stlline ceamiesistioe o REsAFSHEAETRALE sttrate
wherein each of steps (ii),and adsip@maige. in an air atmosphere, wherein:

4. ‘A method for depositing at least two layers of an SOFC electrolyte, comprising

10 depositing a layer of metal oxide crystaliine ceramic upon a surface of a substrate, the

method comprising the steps. of:

(i) 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 said solution of said soluble salt precursor on said surface;

15 (i) 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 sufface to a temperature of
between 150 and 600 °C to decompose it and form a layer of metal
oxide film on said surface;

20 (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

™) fiing said substrate with said metal oxide film on said surface at a

25 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), (ii). and (v) is performed in an air atmosphere,
wherein:

30 said substrate is a substantially impermeable mixed ionic electronic conducting
electrolyte ceramic material,

in said first set of steps (i)-(iii) said soluble salt precursor is of a metal oxide

© crystalline ceramic which is ion-permeable, electrically insulating, and
gas-impermeabile; and



30said substrate is a substantially impermeable mixed ionic electronic conducting electrolyte ceramic
material; in said first set of steps (i)-(iii) said soluble salt precursor is of a metal oxide cry ifd-P
ceramic which is ion-permeable, electrically insulating, and gas-impermeable; and MCSU 37 in a final
set of steps (i)-(iii) said soluble salt precursor is of a metal oxide crystalline ceramic which is a mixed
ionic electronic conducting electrolyte material. 55.A méthod according to claim 4, wherein said
substrate is a CGO electlrolg/t? Ialyseert. O@.s,?\egge@]gﬁ accor irg)gteto laim 4 or 5, \(/)vperein: oXilraasaid first set

of steps (i)-fiii) said soluble sa‘l?aprecursor IS's esai rSAa ﬁﬂ(ta ¥ é’r()FtheagrnS%tBlconS|sting of:

zirconium acetylacetonate, scaffRiAMtreREBMHAINRIGIUNS rAtrteeani@nis selRFRE sener<iaps (i)-(iii)
said soluble salt precursor is selectet/feomtaideast one of the group consisting of: cerium
acetylacetonate and gadolinium nitrate. 15 7. A method according to any of the preceding claims,

wherein each,depasition sie () js undaiakenuiih g suiacs oL ihe subaaleay metal ggde film
having a temperature of 10100. 56% ethod accor Ing to any o?t e preceding claims, wherein
said surface of saifbstrate is substantially impermeable to said soluble salt precursor. 9. A
method according to any of the preceding claims, wherein where a metal oxide crystalline ceramic is
ion-permeable, elegtrically tithdatirgornehdasHmpesieahigsigit comprises doped stabilised zirconia.
in-said first set of steps (i)-(iii) said soluble salt precursor is selected from at
10 least one of the group  consisting . of zirconium  acetylacetonate,
scandium nitrate, and yttrium nitrate; and
in-said final set of steps (i)-(iii) said soluble salt precursor is selected from at
lsast -one .of .the group -consisting of. -cerium acetylacetonate and
. gadolinium nitrate.
15
7. A method according to any of the preceding claims, wherein each deposition
step (i) is-undertaken with -the -surface -of the substrate or metal oxide film having a
temperature of 10-100-°C

20 8. A method according to any of the preceding claims, wherein said surface of
said substrate is substantially impermeable to said soluble salt precursor.

9. A method according to any of the preceding claims, wherein where a metal
oxide crystalline ceramic ision-permeable, electrically insulating and gas-impermeable,
25 it comprises doped stabilised zirconia.

10. A method according to claim 9, wherein said ion-permeable, electrically
insulating -and - gas-impermeable metal oxide crystaliine .ceramic-is selected from the
group consisting of: scandia stabilised zirconia (ScSZ), yttria stabilised zirconia (YSZ),

30 scandia ceria co-stabilised zirconia (ScCeSZ), and scandia yttria co-stabilised zirconia
(ScYSZ).

11, A method according :to any of claims 1-8, -wherein where a metal oxide
crystalline ceramic is a mixed ionic electronic -conducting electrolyte material, it
35 comprises rare earth oxide doped ceria.



10. A method according to claim 9, wherein said ion-permeable, electrically insulating and
gas-impermeable metal oxide crystalline ceramic is selected from the group consisting of; sc ndlj:‘a
stabilised zirconia (ScSZ), yttria stabilised zirconia (YSZ), 30scandia ceria co-stabilised ZM o%’r&
(SeCeSz), and scandia yttria co-stabilised zirconia (Se%'gSZ). 11. A method according to any of
claims 1-8, wherein where a metal oxide crystalline ceramic is a mixed ionic electronic conducting
electrolyte material, it 35comprises rare earth oxide doped ceria. MCSLLP 38 12. A method
according to claim 11, wherein said mixed ionic electronic condu,ctigg ele&ter%%tnelzarpoat tg&gl‘énetal oxide
crystalline ceramidds sefeEl8lRARF RGO AEOA SIS B RS MERHR Foped ceria (§ );
gadolinium-dopedetetial{E DEYebpraseatarilencasinec D ), WRFEANTT-§5d8IMR doped
ceria (SGDC). 13.édnretgodraceartingriiairy otéie pepeyingadiainig)-ddpereiveiad €dhable salt
precursor is selected from at le r iSH i Zd IR placetonate, scandium
nitrate, yttriu?n nitr%rt%s:egg¥ﬁ%$a%%§%£%ﬁ§é%%@f%%%§£ I?}%&Eﬁ?gfg 14%;??n§r?od according to
any of the preceding claims, wherein the solvent for said soluble salt precursor is selectedI from at
least one of the gré®ip congiethed BfcoritiadnE et At PrEreliat SRR MBI SAENBEt8he and buty!
carbitol. 15 15. A metheshacsasslisngeto toy of thegrerediigtotaionsraddiisially Sorfifiesig prior to
step (H) the step of allaning-said selitiam daRaritegini Saidisurtaaeno statytdetoasperiod of at least
5, 10, 15, 20, 25, 30, 35,40, 45, 50, 55 or 60 seconds. 2016.A method according to any of the
preceding c?gims, §5?8|1'3§}'é"rn§fast3'id soluble salt precursor on said surface having a thickness selected
from the group consisting of: 10-999 nm, 100-200 nm, and about 150 nm. 17. A method according to
any of the preceding. claimsetaid soetairaxicientiloh ths rietasity sleisiavaareiicbetrreebiipi@tlon of steps
(i)-(iv) having a thigkpgissaelactarkfroadheteraum coraiaiong dftlesstbanrbBingrf; leebaheln 400 nm,

less than 800 nm, S‘tﬂgn'c‘ﬁisﬁ’réﬁé‘r'ﬂo& &k%%%propanol, acetone and buty! carbitol.

15
15, A method according to any of the preceding claims, additionally comprising
prior to step (i) 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.

20 16. A method according to any of the preceding claims, said layer of said soluble

salt precursor on said surface having a thickness selected from the group consisting of:
10-999 nm, 100-200 nm, and about 150 nm.

17. A method according to any of the preceding claims, said metal oxide film
25 defined on said surface after completion of steps (i)-(iv) having a thickness selected
from the group consisting of: less than 100 nm, less than 400 nm, less than 800 nm,

and less than 1 micron.

18. A method according to any of the preceding claims, wherein said deposited

30 layer of metal oxide crystaliine ceramic bound to said surface after completion of step
(v) has a thickness selected from the group consisting of: 100-999 nm, 200-800 nm,
250-700 nm, and 400-600 nm.



18. A method according to any of the preceding claims, wherein said deposited 30 layer of metal oxide
crystalline ceramic bound to said surface after completion of step (v) has a thickness selegted fnoggn the
group consisting of: 100-999 nm, 200-800 nm, 250-700 nm, and 400-600 nm. MCSLLP 39 19.A
method according to any of the preceding claims, Wheﬁgin said layer of metal oxide crystalline ceramic
bound to said surface after completion of step (v) is at'léast 90% dense, 520.A method according to
any of the preceding.stes metiere ivairtirasio WY ootHi precivag tinins i diskegn sirisetdioneti said

soluble salt precursqiscrosnmRcbbi e RACLUING SRR fhbr 2br eI pdias g ding lagqny of the

preceding claims, W orctj-:-eirr]ls%aid solution of a 10 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 when
dependent upgon claém 15 hethbereirvidirgpid dngbfdteofretepisg i3t} shictaubsteate 999%C 68 and said
metal oxide crystalifigeRernsais ifeReNea%AMNitRR 7 sandonriaid fipabsrbrksiRsb-tykmaignetal oxide

crystalline ceramichsdgﬁé)ste b (i),

21. A method according to any of the preceding claims, wherein said solution of a

10 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 when dependent upon claim

15 1, wherein in said first set of steps (i)-(v) said substrate is CGO and said metal oxide
crystalline ceramic is ScYSZ or ScSZ, and in said final set of steps (i)-(v) said metal
oxide crystalline ceramic.is CGO.



