TI TLE OF THE | NVENTI ON [ 0001] H GH PERFORMANCE
MULTI LAYER ELECTRODES FOR USE | N OXYGENCONTAI NI NG
WE2HES763ROSS- REFERENCE TO RELATED APPLI CATI ONSP¢DOSR)S/085906

Not applicabl e. STATEMENT REGARDI NG FEDERALLY

SPONSORED RESEARCH [ 0003] Not applicabl e. REFERENCE TO

M CROFI CHE APPENDI X [ 0004] Not applicable. FIELD OF

THE | NVENTI ON [ 0005] This invention relates to

materials and fabrication processes for planar

el ectrochem cal cells. The disclosed materials and
TITLPOICTEEENVENTRON | cul arly wel | sui ted to applications

00011t sk O iR T 28k kT B, s WL ORNDEN-

CONTATRW AR A§Es pover densities of stacks of planar cells
are eswa? This invention may be useful in

el ect r ocheni cal gas separation systens and catal ytic

crossERFHERINCR O MR FR BRI KGR or ocar bons. and

[0002] )6 SpERa@Nt ai ning fuel s, solid oxide electrolysis
systens for producing hydrogen or other fuels from

steam or ot her feedstocks, and ceram c oxygen

STATEM@Eﬁh@%ﬁ%@@ﬁ%ﬁmﬁ%ﬁ&%@wm r
[0003]INM51‘@[1Q1§1(£ 0006] Demand for efficient and reliable

el ectrical power is escalating, outpacing the
i mprovenents in conventi onal pomer sour ces.

REFEﬁENéIﬁgie ROTRAFICHE A F i ght wei ght,

nerqy nse power supplres vvoul d find i medi ate

[0004] el appltdbden) | ncl ude portabl e power generators,
conbi ned heat and power systens, and auxiliary power
units for vehicles. Concernsabout global climte

F[ELWWEWWENTEQQSI ng with the level of CO2 in our

at nosphere caused by the use of conbustion based
[0005] ik ﬂd'snﬂlcm @Em@rtamtqamhemdffabnm;ahos pidcefsdefn pldﬁuﬁ‘électrochemical

el |.s offer a roachto i ncrease efficie
cells. e ¢jgklese TP ASRESRITiOYLEFY e A g aBaqaions in which
high lofclgl@éiﬁi éi‘:ﬂ)lﬁt‘}q ﬁl%h Qﬁﬁ:l&{cyf?)‘ﬁlaxlaHB@@h&u%ﬁar c@ %ﬂ@/gf'ﬁl%h%ﬁﬁﬁetnc and

the various types of fuel pro

gravimetric power densities of stacks of planar cells are desuable ThiS mventmn may be useful
in electrochemical gas separation systems and catalytic reactors, including but not limited to
solid oxide fuel cells for producing power from hydrocarbons and hydrogen-containing fuels,
solid oxide electrolysis systems for producing hydrogen or other fuels from steam or other
feedstocks, and ceramic oxygen generation systems for producing pure oxygen from air or

another oxygen-containing gas.

BACKGROUND OF THE INVENTION

[0006] Demand for efficient and reliable electrical power is escalating, outpacing the
improvements in conventional power sources. Applications in which compact, lightweight,
energy-dense power supplies would find immediate application include portable power

generators, combined heat and power systems, and auxiliary power units for vehicles. Concerns



exchange nmenbrane (PEM fuel cell, which operates with
hydrogen as a fuel, has received consi derable
wa@tdoentdzon due to its | ow wei ght, | owtenperatPCEUS2008/085906

operation, and ease of manufacture. However, the

operation of PEMfuel cells with fossil-based

hydr ocarbon fuel s requires extensive pre-processing

(reformng) to convert the hydrocarbons into a

hydrogen rich gas and subseguent gas purification

steps to reduce carbon nonoxi de and sul fur to very | ow
about globsiallimateGNasigd Brepmpareasivg wWitlsthe 18¢:1 ppOY; irSolr aimosph@de: caused by the

fuel cells (S , Which operate at hjg enperatuyre .
use of cotstE R tpsed BIDO o BSBBOROvaF SO sl WE. FBREiCL ooy pisble
approach W HictdabE8friclinby 8f AR RRRerh 4G ﬁom%és?l%@% Wh_'lﬁﬁ iégédﬂ{y h&tucing

~anmount of gas purification steps require
emissiony efgrdliputanisand gsesmhpnsagasagye (8the varue tyres b€ ficy callsdthe proton

reduces s C exity. It also is theoreticall .
exchangs ST ERaC HINITLEERT! Shtonstatert R oo & epk bes Sogihed
conside@®ld Rehtibty Qe aishoR wWdiglt SlolbeethperaiiRé Bp&tationBhdanelrand

et hanol) via internal reform ng, ., W thout an

l1.e
manufagtyie; Fiwaver, draenstptionss PEM 66t pells with fagsibkasgd hydeicarben ffuels

- L . X ion t N erami c .
e SRR ST INAED b Pl ShUBERGoAT G crosen in
gas and eligeduat gay ARddelorstehsAb réduce ehrbeh hPUBxid6 ahd O to very low

r is generated by passing air_ (or ox¥%en) over tﬁe

P
levels (CRE PR Tt 0. SHadeiebtalls (SaF Lo whosbomierss at igh
ol . _ ) ‘
tempera?ﬁg tftyfxfg,gl(l:ﬁ %@Q ?(a ?&b teﬂealrcg{nggl? Qasg sﬁlk/g ;f(; {ﬂé@%{tlleg HH{ %‘fd%carbon

reat e rochem ca
tuels, which genimiz¢sihé ambutitwfigas purifiesion ateds cauibveh Thiexicddy intheises
to siccessfu evel opnent o{ he

ke SOFC systens is t _
power g&l%efthno sleney;andlgsycey tnapl COmE e-xgy.agl@fs%ds theoretically possible to
operate SO &G4 Rl QM Qiﬁr_e&%]y ort g@taﬁ@fﬂﬁﬁécaﬁ‘ﬁbn"ﬂgg I'Qes.%:.oé‘gﬁl%bg{fgﬁlﬁml and

5
are configured withHin a power produc
cthanol)ia titérgalrefpaminig, i-e., wehoutpaorinitint refompersem | ar ge amount

0007 P 05 eSSBS AR o SR

membraht @lat @&ahdwichéd BER Bl bR RO anctid) bR 4P aivRlcbSo R (cRAVES). Power
for every 100 cn? of active area this translates to

1s generated By PRSHZANO@r OBVEF0) eva thy catieadeiad fudd fe.gohydrogén plwacarbon

. 0 r N i.m,zi ng the.el ectrical
monoxigh L an SIS B QPTG LSRRI b,
electrochamies] hotiod@d okygdnheith fiseto fogaisieag andlddfboafdidige. | THley to

Egbgl ). A reasonable target for commercially viable
SUcCCcess QV@

ippmeqt of (e ispdemeafsrthe pleplegrhemigt eelt dasianpnd “stacking”

: | . ) ' ‘
conis 300K P, i LS TR SRS ol
producingg8OBGsnadkilld). dmthistegedd, tlésingroriaht terpaelt h \ege aneunt of active area for

i scussed. in the foll ow ng paragraphs. [0008] Tubul ar
clectrocfic 5stigas MBI G Pralisship s Breaer A MaiFak fligisgide fucl cell

will genb@RY dbeat STHoMI a3 RYRT for every 100 cm? of active area — this translates to
more than about 3000 cm” of active area for a kilowatt of power. Another key is maximizing the
electrical efficiency of power generation (defined as the output power divided by the lower
heating value of the input firel). A reasonable target for commercially viable systems is electrical

efficiency of greater than approximately 50 percent. This requires that most of the fuel fed to the



el ectrolyte, anode |layers, and in sone cases
i nterconnect | ayers. Tubular SOFCs may be supported by
w@nmde7edeat hode, or electrolyte materials or aP@EDUS288/085906
inert and electrically insulating material wth
subsequent|ly deposited thin-filmanode, electrolyte,
cat hode and i nterconnect |ayers. Conventional tubular
cells typically suffer fromlow volunetric or
gravimetric power density because | arge tubes do not
pack well and have a | ow surface area to volune ratio.
SOFC beawsed todgensiatd meveac Mhe vadibws celi tahd siacly ésigroneinativbiidradiscussed in
ells also.,are limted by the long current collection

'heﬁﬂkﬁgpﬁga?ﬁFPP%S|c to | ong-1ength tubular cells.

[0008] %sﬂilgr §d1&|at8x?de ROFCRs idcYddeGathhi- Ms(ér*ﬂﬂﬂé échRﬂ chRSS
t han about nm overcone sone | Sa Vant ages of

electrolr,t@m@dc iao'ml andiipusbrne chseslinterbiusect Byedsi Agbulkr SORCE may be

r m,cr.,ot ubes er than sealin .
support g B oAU <B el e BRTEI=4 S0 b CRes dey insulating
material gh htﬂWe@éﬁﬂ?@@% [t@@tlﬁ@fﬁﬁ'aﬁﬁ& EREIO yRS SRR £ iMetdinnect

conventi onal ul ar cell However, ~m crot ubul ar
layers. Genyentipay]iphudarcsptyicattu ﬁuiff@n ﬁmm dovanolusieus ori grawimetric power

density B&ta%e %ﬁﬁészﬁﬁa E%%ﬁ\?elﬁ%ﬁf havF la::[é:\aa} ls{ér ¥£?£@%P?ume ratio. Power

densmeg @ﬂﬂaﬂabﬁl wittacorSehiidhalmpue cSERRY dre dmbted %iyttﬁkﬁﬁmg B&rrent
ode naterlal or_ the electrolyte materia al so have

collcetiGRANBITEREY tp Jengalength dtlararells. Miwadulppyr iy tastally with
diameteR d188s M o8 $hine §1| Y VP @%%?m%el?)?ﬁ{ae cﬁ?ald%? ge of sonveptional tubular

acconmodat e a ayer
fuel cell20Sedlmgad’ S])‘J.all Thinscteranicnaesbed |1s3ﬂh1pd)§ryﬁ3h sehlii Coff@aV &itidAsAubes.

: Ln the c and al ration at relatively |ow
Mmmb@ﬁﬁ%fﬁéﬁﬁ?é@%ﬂ@ﬂl@ e 1?"‘@“%%‘69@)63 tgylHEe r&?ﬂ)%ﬁé%@iﬁ% ¥ithed
conventfofhl Sb@hEc IR 'Ho@s)‘élv@ir crdhibhpe EélYSQ‘eélﬂf ﬁ%ldl and

cost-driven applications because o e|r ar ear
electricab gviencortmaton schamds shthiat scabivm ot hgmm@WpMmg than about 100 watts)
1sdﬁﬁm$ ficiency. Performance of anode-supported cells at

00C has been denonstrated to be over 1 WcnR in

[0009] BrBAISOREY Sapbe hnqwoﬁe&by efier tMV Addde RREGRA bAlHS %%1Matena1

i nterconnect technol ogy, power densities greater t
also havg bgendemanstroted Bé@ﬂSIV@Eo Anede-supodnd dellsafispare pdfaretllbecause
these celgé @a\%;o ?(1591\8@\%6 2 ﬂ(‘l:lg Sk r&ﬁ%ﬁ g&%lﬁ oS gklralnsabglrltezm r?l}crgylss ’91%5 reduces
electrolyox bhielcyresistane ia tiedx dlli a:d Gllaive ©perator M refaldy 160 E@ﬁ%ﬁtﬁ&s (eg.,

sed as support materials, the reduction of

T < 8005, Jfnak anode wbperteskocls preguriylarieatisation ol Wess maxfety cost-driven
apphcatlmé E&aﬁ?&y (%ﬁéﬂ"hitgh aﬂe Wérd(fe'h@l S dRER &a%&a%g?\]?s Spag?mg efficiency.

er at i°’ng nar anode- suppor
Performhncgmf pnu@’-s@pm?.ed g.ella at700°0thak bedn dseorsiraed ket b¥dr dUWIcm? in

hi{ﬁ‘gl)}f)or Iayer prevents rapid diffusion of

small ce ? ; AT ve8] Sndanterronped deahgology, power densities
greater thit60.8a8RH:°¢4ald l))/%er@p(?rféﬁ%lf bfodkSpst e AR, Bwilenode-

current densit
suppotted cells are not w1thout drawbacks. When conventional nickel oxide/yttrium-stabilized
zirconia (N1O/YSZ) composites are used as support materials, the reduction of NiO to nickel
metal creates siress in the electrolyte layer, which may result in considerable deformation of the

support. Operating planar anode-supported cells at high power density and high fuel use also is



[0010] El ectrol yte-supported planar cells have an
el ectrolyte | ayer that provides the nechanica
waoengihs of the cell. El ectrol yte-supported ceiT/8S2008/085906

of fer nunerous advantages in the production of SOFCs.

The sealing of electrolyte-supported cells is sinpler

t han el ectrode-supported planar cells because a dense

el ectrolyte perineter can be preserved during cel

processi ng, which provides 4 dense, snooth surface for

seal ing operations. Electrolyte-supported cells also
difficulththgdhigl pdrows ddyet preyerdsirapivhdiffesios bf staam Beagidioe thelelectrolyte and

results i Mers B €31 5 JRGHEeESuBhes ST b HehiRreRathiibace on
[0010] E&lc{:rol?&ﬁﬂ%@bﬁ:&l plahakicl1s hate aﬁ%@ec%ﬁd@ia%ﬂﬁﬁh@ioﬂ@&kﬂhk thechanical

and out the thinner anode | ayer is short, making
strengthfof dhe epile Hecdratvterispanesicd selly offerammsraus ladwantages &n the production of

[ er. i.depti cal .operati _
sOFCe. e Rpftng SR e iiinet SPAE b BB BEEHT ot ot swapirted planar
cells becaibendenb ielctrolfieqferit Pdiehn B peessived Lty éiSiroécREiag, which

.. val .ues than anqgde-supported cells because the
provides: denise.oimaoth sutaes for sealgsanevationnaRlegtielyienaigpomsed cells also have

good stabftht ﬁgﬁn ﬁEﬁc?H %ecl@se%wif ﬂ‘lzr‘fi‘%ag/exf o a%nhgé fb a@feg{%ﬁ;’bg rﬂée reduction

area-specific resistance, er at enpera
process,fthis pedcest ganksally hap pulktimgacten csll geeramtdl ytablithi Thegas diffusion

path in dndiout GBS FiBHERRA ik sort Rk e angeteaudi usion limitations

less of a@oﬁ@é_rﬁpi—]}b%v&uﬁl%‘icfe‘i’ltigeﬁlo:pgra%ﬁg cOfliGordl @émgtk%na} T:llc%trolyte—

particularly _for devel ope hing to use neta
supportédrnedls ofemexdtibitatueh highsr arp86det] ficTweistapcevaiudd itin gmatiestpported

appl i cati Nos. 11/109,47 uhl i she t ober, 1
cels beJBBR e 31ek 305045 Pose TSR e s EE Eh ROl
compen&itc [ XS Gixhbbdred-kdcHic debiStance ARUpeRSnE QURperRUANBE el6&ttdiyte-
structures that overcone technical barriers associ ated

supportag) qehis Berarallyig hibEChen anede-swpportesiorelie meing tad sapleanaterials set. The
Y RO SN L T ——

for develdpats wishifg edasu mekity istdizpandce thakytials, " honeyconb” nesh
r of_electrolyte materi al

| aye I ésee FIGS. 1 and 2).
[0011] '[P &eqeRpH-S7 gatsatapptieations.Nes- 410943 (rubliskadiideinker 19, 2006) and
H t H . H .. i = 40
117220, 40 G NS 20128y s LOREIEN G, L, kb uct pan
cell stru&hiees thap deercamneo thehaical teadidre despelatedarvith i RlispSOPQ wewkd with

deposi ted ontqg the jor faces within_the active cell,
COHVGHUPQSH' Pﬂﬂ%ﬁf F%l?sc &ﬁ‘ﬁl fl&ft@r}&#éeffﬁ el 4¢ pothed¥exssl/seyrepivgs adhin

o e A g 4 1 FROREE DS il oo

electrolytenateriaBGee BIGH.dramds). dors thmnsiSqerdset sitbe elebizolyeshembrane

witin (2 QRO e B AR NG P05 B B B g
dense. BiybfdddCatddehng cahbdy) oyl s@hieentfabpned dRo4Be major faces
m crons) and the peripher fv;:@o'fatt he cell” is dense. The
HE

within thegacHyelecl] regions taeemplatsshe ijon of an SOFC based on the FlexCell
structure. The second structure, referred to as the HybridCell, comprises an anode layer (30-40

microns) co-sintered between the mesh support layer and the electrolyte membrane layer (see

FIGS. 3 and 4). The entire active cell area of the HybridCell has a thin electrolyte membrane



deposited onto the major faces within the active cell

region to conplete the fabrication of an SOFC based on
WO 989/¢39Bf15i dCel | structure. Specific advant ageP@TUR2HEB485906

two types of cells are summari zed bel ow. " Thin

El ectrol yte Menbrane Layers for H gh Performance. Both

the FlexCell and HybridCell feature a thin electrolyte

menbrane | ayer (10-40 microns), which mnimzes

el ectrolyte ohm c | osses at5| ower operating

tenperatures. Thus, SOFC performance | evel s achieved

(10-20 mpictdms} aimisthe paﬁ}blmry: affthb eclimdiensy Theadathotle layetsios snbséquently

depostcBGRE HBGTH Goc S DAV AT HkIFECE (b PO Rieeahe Hegk plof

SOFC bh%éﬁfdnC{ﬁ;@thbﬁ&@elk SRR ulrBaBpP Mvah@bs AfthQE 186 g\q;%% gg &dlls are

el ectrodes, which corrpar es to nore than 60

summarized bekew: t hi ckness of conventional anode support ed

tly
Thllf EE c?rogrtfe ﬁ\?g?{%fneﬂ% Ihaéregsg ﬁr Fif'ltgﬁ I%ﬁfo@ﬁ%{lﬁ? ﬁe Flexgﬁl{ and
Hybaﬁdeﬂ €atiire a tHif BictrBiyE mpabeihe 8B8s( 1K)y4(ﬁﬂw_£misl) achish adimizes
be constructed. | Mechanical Strength and Flexibility.

electrplyte phnip fosgesrat |lcawr>¢p§1taaag tqmnegatynep.c Sanss SOFC parprgance levels
achiSRAHEHARPEHS APbe RELEARAURRG (oo BIRIE Wprdheel BOls,
SmallRepxak Unﬁas‘meﬂxgloPmadl)aasﬂmr i Tring tsthhﬂhickﬁeds foif et FlexCell and

o] tlons Thi s al so reduces the unt
Hybﬁ?é%@ i ESét%#Qﬂefamnédl [ ‘?%’@“’QPQ?EEB‘B@%%‘H}I FRRRRSHto more
thanm"ogsm@b nibdnk ﬁﬂa&kﬁ%mhveﬁﬁnﬂ%ea@é@ pOfst &élﬁhfrhﬁe%éaily

not to keep the cells flat (as 1S the case wt
reduaerciitee andppaghtednibiuiie)s ofithOedlisdo Fertoiabstack WoighBaslevodfme. Thus,

Seal | el ectrol erimeter of the
hlghﬁoé%ﬁg%'s“gggxﬁggfﬁﬁ §?I?%ré]ftl? es aids sealing. The
Meeﬁﬁﬁichnstrﬁﬂgti]wnahsuﬂy NYhe a&doﬂmﬁm@fstamz%h %Irbé/rﬁli ]{/yttrla or

inert electrolyte material rather than ﬁorous and de

scangdfa doped) P&tthwuew supgett icompenent of 6@@6\%&@8@ $ il high mphamcal
strerfnl? W 1!:19 : %Félf‘éj s;rcgJ % ﬂ%d%e%/lirlhnlgns ’i\,bg.h%ﬁ 8pe¥ﬁ?ons This also

’n "anode rornsic

redublidotht dfseliht &t];ii‘éb@ﬁmiaﬁSn i) | tltmﬁlg-lﬁthcl@@ferz&fontbécﬂfs@ Pressure is
cells that are tolerant to both redox and _therna

requirgd angto mRigin gag-tightiepls and astodscnthe oels ﬂa%(qmsﬁh%l cgsg with
anode in its fully reduced state during

anoc{%ﬁél ent o%ér ation of SOFC stacks. | Anode Materi al

DenEé Buttiiwetertfyr EdsesqfeSrialing. Tty derisaglecdlytdyerintator@eithe FlexCell and

%lgn is that th an(,)F(fll

Hybrzd ell structures aids sealing. The sealing surfaces are dense and made of a relatively

inert electrolyte material rather than porous and made of a relatively reactive electrode

material..

Thin Anode for Redox and Thermal Cycling Tolerance. The thin anode layer intrinsic to

the FlexCell and HybridCell structures makes it much easier to produce cells that are tolerant

to both redox and thermal cycling. Thus, excessive measures are not required to maintain the

anode in its fully reduced state during transient operation of SOFC stacks.

Anode Material Flexibility. A specific advantage of the FlexCell design is that the anodes

are deposited in a separate manufacturing operation. This makes it easy to incorporate new



are deposited in a separate manufacturing operation.
This nakes it easy to incorporate newanode material s
wo bab/opisevi de greater functionality (e.g., anoPerUsivas/085906
are tolerant to sulfur inmpurities). [0012] For SOFCs
to be of practical application, they nust operate
using fuels that are easily available. This requires
t hat power supplies operate on conventional fuels,
such as gasoline, natural gas, and diesel. The
hydrocarbon fuel is pre-reacted (reforned) over a
anodeamaieyals that provide graatell unctimelity (eg. . prodesdbataratiolcrant éo eflfur
xnmﬁghﬁﬂd CO (and in sone cases CH4) gas before delivery
e fuel cell. Prom sing devel opnent is underway to
[0012] P6OSOHEs PG GIrackied] dppUbitiRi By ntuef S5RE %sﬁag fuels that are easily
conventional fuels. However, traditional fuéls contain
available.o dris|requares giat goversupp s qmrat@gmcmmetlm frslsasiahqs gasohne

v 1 5580, RO 5 S AR BB b
and/or s{edfitoqurodHoE) maikeirs bEHMEE COqERDM sSﬁEQa@dNﬂ%g gabbéfor Rlivery to

C i.hle to_sul fur pojsoning in concentrati ons as
the fuel gl %%S%QF mepfy F%ue}déaw tpg’r%‘fl%wmaaah@nd lightweight reformers

for convRRf&H RRAC eHQ\? gcg%al @h%ﬁec%hﬁ b %3@ 1&&1@ Ful%g@@lpgan have

t enper at ures ( Ich are desire
devastatstga&ifmtstdmatonusﬁmnah@@ﬁ@ perfernmmical Ceandt Eatmmc@rtﬂ"aidkel metal with

e RIS PSR B SAFEL et
sulfur ptﬁb&hnéh} coﬁb&tfa@ibh@ﬂ 8¢ ﬁ%%@%ﬁ@rﬁl?%%d@%@%ﬁia&(ﬁ?ﬁ%mance

i Stage | Degradation: The first stage of
degradatienyrespretallyrat layvar loperating tampethityps é700a8ﬂ0&C)jwb1ph m ctaeiréd for SOFC
ntroduction of s

stacks t}ﬁ?r geoﬁw ggf,ewg ﬁa&]’llc infereonneet cog{pgagﬂf f ]g $ Bq{mleg anodes

expenerica ragﬁbystafge @@Nﬁv@ﬁétﬁwﬁé&@@xﬁo@é@%eﬁulfﬁf (SE@FI@ W Ihe following
contam nant. The Stage | degradation process is

mechanisms hayekeenmsonsscdel at ed to the coverage of active

- s a4 o APPSO STl oo

in ceﬂl’rmanfmhexh@vupoﬁ 11)trd‘du@1dn S2sulur to the @ eDendis né@ fastantafidous. Stage
+ 2 H2S Ni3S2 +2 H2 DG at 7500C = -68

I de&{ﬁsi%’m 1%{3%/ weP¥erahle kBon siovebef the siEiricontaminangt The Stage 1

LB it O EOBE NS BLANS 3L 000 M st e
phass bofuzdaes ragies) mth cedider &adrdagti@wahati cmcmenWﬂYﬂZ Hfdes are shown

bel concentrations. Surface sulfidation (but not in the
®°Bul k) of nickel to Ni S has been observed

@XPENIRALR! HXi WD RN SpeciG PPy PY4a0Rhd N9 2

(2) 3Ni+2H;S & NiS;+2H, AG at 750°C = -68 kJ/mol
While bulk nickel sulfide formation is not favored in low concentrations of H,S
(<2000 ppm), suifidation of small nickel particles and rough surfaces does proceed readily
even in very low H,S concentrations. Surface sulfidation (but not in the bulk) of nickel to
NisS; has been observed experimentally with Raman spectroscopy by analyzing a Ni/'YSZ
cermet exposed to 100 ppm H,S.



cernet exposed to 100 ppmH S.j Stage Il Degradati on:
The second stage is characterized by a sl ower
waolegwadavs on of cell performance, which i s notPCT/US2008/085906
recoverabl e. Some researchers have reported a
cascadi ng effect at l[onger tinmes. The nechani sm of
this degradation is theorized to be due to a | oss of
ni ckel surface area through surface rearrangenent and
sintering of the nickel par?icles. N ckel sulfide
(N 3S2) has a nelting point of 7870C, thus, sulfide
" Stagedd Regragation The @@mmg istage & ahragtesizedby a slowsi dégshdation of cell

' i 00 Lfurjizers are being devel oped.to
pertBi ke Wi ok Fleoliathe. S8 T Eathiis Bl HpHIg o BE S erecta
londeattii@s. Neamyclamine onplsalegfadntistbiR thedpPiRed oHd diee a loss of nickel

accounting for 10-50% of total system weight, )
surfareFEeRANFREE Futipre reatFaecmgntiand|sitdering afdhenickel particlasi Nigkel

R L . $Alr i
s R Spfie 8 A Yelnky 4TI LRG0 fefiBRbn S gqpribuc
exteBER€Ely 3y sickehsnnertings. t ol erate sul fur wi thout the cost,

i gt . | | t hough. f
00131 BenlBirzofigon ban foveioneiics oisicsn st cef Giogh Fram AL B4tthay are too
large, h@ 89@ cBhpie8 b edany ﬂ)@ﬁ@&tkbﬁﬁ%%&l%mggﬁgm;?%m& !t(%t%ysggﬂf‘erenrweight,

_ anodes to resi degradat i on
dependiag oo pipotetgeteidtiyeltand nisefiihiesel futizer dide. addditienddlyt desefurizers add cost

S N T
without GRSEcst 2, I-d V?E}Lléﬁéléf th|@ beduiitiz@EnfodiPRe st dif Elgﬂlﬁﬁﬁons

are a critica enabl i ng t echnol ogy need. On

inclusion 9 8 desrdtwrizer stillteapbeprefrrredn Ve sucheystems ahe eapabilisy gf HEHRC
pRrgach t.o.achi eving.sulfur tolerance in.soli xi de
anodes (B AR R GTY Gli? Fi dhhin dfiofhERE Huplhip s sbe flghins
betweerCreplibethaht s ed fib@sorbait el ks trandl] BEthR Adsul fuptzeviHesityl 8 be used
uni que capability to achi eve sulfur tolerance in SOFCs

and servjgeg qp@mre@%@#.i :Sp]@qlrrfglem,gngfea@ﬂgsyt’heqeggg Rfe a¢fiticgl and enabling
conol ) UL Ko T 0 1 A RS e g

achievirgosit fuf tolgrhvaredn sslid oxddeRietieelfsued neel knsleandteridls syshedn, baged on
or the interconnect conponents,

f | ow t netals ) In
Commmﬁwﬁiq S anategiple methpds, groyides sha g cappOiibciqrckigye sulfur
toleranck $ASOFEIRAY upgacffﬁfilfl%#)?g«gf &Hn@ftﬁ,%‘sr(‘) g (FRLELLRLE hi EOFC

~including but not T to tHernmal “expansion natc
operatingjtethpSamEspert asidireg sgnificapih costi dati on resi stance at

0014 355 BRSBTS OTRE Se oB oo

metals f6Ofhk iMercaRtkcs EARPHRals. 1R ad@Rbh (AL doBl BHerO@RR GG umber of technical
materials of desired shapes. Many alloys have been

requirenagrds efameldlligunternonyech natsuaksa s uskiegnbus mothmited frothemsad expansion
match \&éﬁlﬁ%(ﬁf@ %ag%ﬁjﬂ?% ?%Prﬁ?x;c}dﬁlifa%iopx rehRirck G tlslg{rdted temperatures in oxidizing

environments, and the ability to use low cost fabrication methods (e.g., rolling and stamping) to

fabricate interconnect materials of desired shapes. Many alloys have been evaluated but only a
few have been shown to possess the desired properties. In particular, chromium-containing
ferritic alloys (e.g., Crofer 22-APU, E-Brite, SS-441, and others known in the art) have shown

promise for SOFC applications. Although these alloys are not completely immune to oxidation



fepa tic alloys (e.g., Crofer 22-APU, E-Brite, SS-441,

and others known in the art) have shown prom se for
wWEH0aEps | cati ons. Al t hough these all oys ar e POL/US2008/085906

conpl etely i mmune to oxi dationat SOFC operati ng

tenperatures (i.e., on the cathode faces), the scale

that forns during oxidation is itself electrically

conducti ng. However, these alloys do show a tendency

for chrone evaporation duri Eg SOFC operation, with

chrome mgrating to the cathode material and causing

at SOF @ 8p&hieS t@f-rifp@ﬁtlﬁ‘fes G2l bade REEJIRIHREL the G 91% tﬁeﬂ fSmisSRPIAB oxidation
consi derabl e effort has been focused on

is itself Ql@o@m@&h@mdugfﬂng; daewenss, thmwllcmdcdshw a@pﬁm@ ferochrorge
ode tthe tﬁ;\rll opnect s for. t d
evaporsiih A0Fy KOFE ety EPRotsTple e O IRl i s PBna causing

deterior@fiorSoiRaLRESs pedorm@cat Femhifredsb, doabidtrablezErtaiak 68 focused on
speci es. Al though progress i s bein a made in

the devei%%%&ﬁemﬁr@ﬁ ﬂsﬂaewlé aepiisd, o Hisorafhede Sapspaf themetallic

o (NSl TS SIS 085y R
migratief éfahé velhtilizudebeomospoies.nglthBiihirofeSGRbEhE @Ndefn dbklopment of
s col G5 0012 Theep 1 (A O 0202, L8 v o
stabiliziﬂ?%éﬂhb@@mg%ﬁﬁfs ngzuhmh Fi&eridud SRt @q Ghhe Peiéoﬁn | anar

ectrol yte menbrane based on i structure.
FIG 2 is a schematic diagram of the FlexCell

BRIEFMM ﬁ&éhﬁ%ﬁm . Ergﬁgngfbgged on the

[0015] W@sfe' ﬂ@%ﬁh@?%}é@k%ﬁ“ ae iléatioh will IRcGRO SFFAkdE fdhAHE ‘f@[‘ld%ffmg
he HybridCel I architecture. FIG 5 is a plot of SOFC

detaﬂeddbs‘a’lmmlal ned at 7500C for the solid oxide fuel cell

ohal t - d ed SDC. i n
G, g5 ARt 20 eReBRIR n ERBR G NGB G e
HEACHk Y athodinticditesn bY tHel et CUIr ehitkhes Of H2S. FI G 6
is a conparison of button-cel]l SOFC data obtaine

Bisn 3cds £ pictie of ap pnodsielecgrobae bilaysy membiaas bassriog ﬂ@ﬁ Hybrdeell

anples 6 and 7, showi ng the performnce advant ages
obt ai ned by repl acing the conventional Ni/YSZ anode
RIG.14 it heoﬁﬁ@ﬁem&ﬁg%mmﬁﬂﬁd{ymadﬂawﬂecmmde syst em of

the present invention. is a schematic di agram

BRE e Sic et SOYE AR hiainghat BOr dor b paionides NS HGRL of Example 4
having #65Ha8opEd 5B RIEBFEH and ARV éRidnal Ni/GDC anode, showing two modes of
deactivation caused by the introduction of H,S.

FIG. 6 is a comparison of button-cell SOFC data obtained at 800°C for FlexCell based

L

structur

solid oxide fuel cells of Examples 6 and 7, showing the performance advantages obtained by
replacing the conventional Ni/YSZ anode with the high-performance, multilayer anode system of
the present invention.

FIG. 7 is a schematic diagram of the high-performance and sulfur-tolerant anode
design of the present invention.

FIG. 8 shows plots of electrical conductivity of samarium-doped ceria (SDC) in air and

reducing atmospheres (top) and SOFC data obtained via button cell testing of an electrolyte



FIG 8 shows plots of electrical conductivity of
samari um doped ceria (SDC) in air and reduci ng
w@romspises es (top) and SOFC data obtai ned vi a bCt/USI008/085906
cell testing of an electrolytesupported solid oxide
fuel cell with a pure ceram c gadolini umdoped ceria
(A&DC) anode at 8500C (bottom). FIG 9 is a conparison
of area-specific resistance of anodes at 8000C,
nmeasured by el ectrochem cal ¢i npedance spectroscopy
wi th various sulfur contents, showi ng the inportance
supported sdHieoxi@s fudl @Miosiel & beetdefinit @addltinaih Aep&d cdrRYED)Qhode at
.~ reducing the level of Stage | deactivation upon
850°C (peifem8Huct i on of sulfur: the FlexCell based solid oxide

I cel . | | i ~Co/ SDC
il 68 BT R B e GRL
electrochaméal mepedhndeaspectrdst@dyt with amtbushel i @xntentd, shasag teahipdriance of

the crif OH(HECTOB BT HSIFC L SPIST SIS BEAhEler PONT e 1 deactivation upon
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oo O RS o PXEC bl L o AR ety
Ni-Co/SIPe enods witle s ophpdir dapad SHIG ahode/etietrblytd incefacinl layei(l¢feand the

xR SO0 T BBt Raee b GRER! a0 hout o cobat
doped SPW @hddefidnad 2 Xmaneaelseeaidhpl yt e interfacial layer

and a Ni/GDC anode;, and’the solid oxide fuel cell of
Eaipliea sompirisey o4 budratell HOHE dlaBDdtaingbs/76D%E for elegtrelyte-

' f aci aver . a Nir GDC, anpde. FIG 11.is
soportb 85T AF4 el A1 Bl LR35 SIBHR. oS s i ncces
the solid oxidEliesx Cell bf Pagesle g dhbidg @@:ioﬁﬂt-ﬁg@d ST8t lafodbAAbdiblyte interfacial

i dentical LSZF-based cat hodes and different anodes,

layer angysi NHGRRGwede:rad dhg wdidexistc fukapilieg Exmwile Shaving spobalt-doped
SDC anh3e(@3%: A @Had 8 15%%&%%'-@@?%%0@8' |'s operating at

a consta curren of 0.5 AcnP:
Fle 1464 a domparibenfoflitt@etdll S@F{E)damﬂbeaiﬂectmwi{m‘@; for FlexCell based

oot atgi tional N /YSZ anode and, not havi ng_ a ceria )
solid oxjqs gekesly EFVIP%%“PH%%I b y--baner ¢atkodss pndididlerant anqsiss, wldph shows
the effe@f oﬂﬁ%ﬂgednﬁ)uﬁﬁvdﬂmsqopﬁg?kg‘) gﬁ %ﬁag%qgab&hit_y &_g pells operating at

anode/ el ectrol yte interf ayer,
800°C witlt 4 canstanbaleTdnbjersity afi 6. 5aA M’ CoicSoBa osiderfecltcelt af Eyimpie 7

. | tt FI.G .12 ovi des .| -t .
S Pt T T
oxide fifel €16 Exabipiea haahi d c@E‘dlﬂ&bﬁeﬁ@D(}? ﬁﬁédeﬁéﬁecﬁ%ﬂﬁ@irﬁern eiai layer, a

. wi th the high-performance, nultilayer anodé of o
Ni-Co/ M aetiviesmnpdolayeand aNefio/SndZ aimeni crgrytitgpansile dagyes (bottom).

2SS .0n_vol t age, st ahi i dur i ng const ant
A BRI B ! SR RB Y C a0 8RR P pagype-arcn
FlexCelBbidea b6liB&HEOC cFEER of Bk antpl@l Blvwith ©f hi%l‘lnﬁ:rfcﬁﬁlﬁhce, multilayer anode
ar g

si.ngl e-cel |l testing data obtai ned on e- area
of one epvqgg}r@@@ pf the invention, showing the effects of 200 ppm H,S on voltage stability

during constant current testing (0.7 A/cm®) at temperatures of 750, 800 and 850°C.

FIG. 13 is a plot of long-term, single-cell testing data obtained on large-area HybridCell
based solid oxide fuel cell of Example 13, with a multilayer cathode materials system comprising

a cobalt-doped SDC cathode/electrolyte interfacial layer, an clectrochemically active



based solid oxide fuel cell of Exanple 13, with a
mul til ayer cathode materials systemconprising a
wa@odmaltesdoped SDC cat hode/ el ectrol yte i nterfacPel/Uus2008/085906
| ayer, an electrochem cally active(LSZF/ GO Pd)
cat hode | ayer, and a current carrying (LSZF/ Pd)
cat hode | ayer, denonstrating exceptional voltage
stability during constant current testing (0.71 A/lcm
2) at 7500C. FIG 14 is a ggnparison of x-ray
diffraction patterns of calcined (N o.76Cgo.24)0 solid
(LSZF/@pbmd)Qatha@Mﬁgér ahtla bigert 0akwEas (N ZF/BE Qo 1@& Q¥monstrating
powder of Exanple 1. FIG 15 is a comparisgn o
exceptiyal Ydtage sirbilisOba@inggonstent cameate@unao%@%/ﬁm) at ﬁéO"C
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based s BMde el UE TEampRRE Aiving s SRt T T WAL Bngor it

versus cdeast deysituonres. FIG. 17 is a conparlson of button-cel
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on volfage stability of cé&l
200 panHe$ an pmyelaqlensmjbmsw quireat depsiy amves ur r ent den3| ty of

P T o By hg B St BT P18 B based

solid oxﬂﬁffﬁéltc)éhs ot Biehgled Sittblﬁ)e§ éﬁhﬁddzg)oancﬁﬂﬂ(b@ﬂgm? @%Hg‘lﬁe Eff6ets of

| ar ge- area Fl exCel | based soli'd oxide fue
varying ggipfs of HaS (0r88@ ppadion nelsage stabdity pﬁﬁ@lsmeta@mg ﬁU%QO"G gdtha

ConStanJ;Jgﬁé’Hﬂ‘?%’Fﬁ\f,gf@%% Qf SOFC performance data (cell

ersus current density) at tenperatures of

HI6D 181la BROSOBC ﬁei‘fﬁnhaﬁfc@ aatar(eal patenfae khd ﬁt&s@dieﬁﬂty wkrsus
oxi de fuel cell 12, neasured unde

|
current QgAY 4" STE0GTSS O 750 DG 8 SwCor B lﬁfgeé‘ffﬁi Tejex Gl sd solid
|
oxide ﬁl}égé%ﬂ?c%gix\ggfp?%ﬁ B 0P LAIRR EP fé%{c‘r}‘ | wd e(gq} eCycling

e’larger-area solid oxide
FlGeli9 c'tsezh plooﬁf mﬁﬁmeﬁ“oﬁﬂancmAdauamce/]/hpotmmﬂa acsuk aairtehdddnsity) at

temperafifes S 30enaap R o edgist s Feeteisbaped sclid i bl el Example

12, mea¥ifRbd &%&%ﬁﬁ&ﬁd%}?ﬁ%ﬁﬁé&ed during thermal cycling
testing of the larger-area FlexCell-bascd solid oxide

Fle 20 ¢4 plobdt @klavqbﬂage 1§sustie bbtamed gnepgathetnalicybling testing of the
larger—aJ{eﬁ yg’g%geb aﬁ;-%:%oll aﬂ’% S@éltecc i.}]o?%;c FeaM Whie tvlva\llseprlel;‘;jl & w&ﬁou‘[

nanoscale SDC in the electrochemically active layer of the anode materials system.

FIG. 21 is a plot of cell voltage versus time obtained during thermal cycling testing of the
larger-area FFlexCell-based solid oxide fuel cell of Example 15, which was prepared with
nanoscale SDC in the electrochemically active layer of the anode materials system.

FIG. 22 is a comparison of button-cell SOFC data obtained at 600°C (top) and 650°C
(bottom) for FiexCell-based solid oxide fuel cells of Examples 16 and 17, both with a



FIG 22 is a conparison of button-cell SOFC data
obt ai ned at 600 OC (top) and 650 OC (bottom for
wo-b@/0ad3bs based solid oxide fuel cells of ExanptEESH88/085906
and 17, both with aU gadol i ni um doped ceria
el ectrolyte material, showing the effects of the
cobal t-doped SDC interl ayer on power density versus
current density curves DESCRI PTI ON OF THE | NVENTI ON
[0016] The present inventiof provides el ectrode
materials systens for planar solid oxide fuel cells
gadoliniint-BofHdaRrig kRers QN ARAA| sﬁéﬁﬁﬁ?ﬂﬁ%@fégts of iR dag¥IRldopRosISC
mat eri al s provide exceptl onal Tong-termdurability
interlayQihenpayss densityr werys chgerjalsesty cpmessnovel cat hode
materials provide exceptional |long-termdurability
when used i n oxygen-containing gases. [0017] The
DESCRIPIION OF PHEIINVENTDONdes novel cernet anode
rials in which the netal conponent of the cernet
[0016] T, nge Rresglantenipe REvides clsgtrods lﬁé'ieﬂﬁ]ﬁ avsteine kaplangt salid oxide fuel
1%
cels N R BB AR P ARl e AR e cptional
long-term duralsilityf whercwsatl amradatlag ghses] The hoveel pathsdntnaterivie prdvide

.al rovi node havi ng,a m xedconducti ng
excepn%’éfﬁ’élgﬂ%@é i PE‘&B{W ?‘WS& AR PEYSERICONRITNES 818N a

[0017] TREBERLARRNLBY fa?dv)’de's %{/él%lehﬂet%ﬁ%&ﬁﬁﬂeﬂgls %%Qh the metal
zirconia electrolyte materi al I'n addition,

compown@tsféht cerrm@emaa @halpnmkablzdk)yaatbcﬂ @yremchclcml@als t"JFh;vset anode materials

I Im el ecfrochem cal acti vi as.
providere Rk ERRHO e Rt iPnuTy St BEd IR Breon e T SOPCH it sulfr
contamipkR8 §idls. | THER AN 1rfvb!ﬁt‘id?ﬁaﬂsd3%@\lid@§§ e bnddNHA¥INgR mixed-

based interfacial |layer wth m xed electronic and

conductingriegiadsrital edtxotyte matdrial edthss thas| moewamtml puwlerrmmedly

conduclﬁlr%t/c[b%%@ erg&ﬁ]elgétrélgt% éﬁﬁérgag ggﬂ%kﬁt‘?(? b Sprlg:)sfﬁan C%‘Lﬁgntho&pirgwges a bi-

layer anofle btesurk lftﬁﬁepafalte aid dpnegnias fleatshetnlval SRty N@s it@Rspdlrt, and current
t hese aspects nmay offer particular advantages.

collectl([lb@a}gt}onﬁh d b pEsserinyiien fdher arqywea@sceﬁwm@ahqq iterfacial
layer wi %Eédgéh%:{t‘g h%xﬁg c&}dﬁ%ﬁ&p&etﬂe lal?@t}&?f%%b ngef}feflc?.?AétPough

or an alternative ferr
cach of mecfblealgamg aslmtmnfcth@imemtmﬂaam ededahdapandeatly oh ancombinations of

co ntional | anthanum str.o m nmangani t e .. The
less thayy 3 A ths 2RCEy ﬂ’§|°§H§F@80Hﬁ§ FLADEC twaéer%lébme g
advanta& | a- based el ectrolyte mat er| al rather than a purely

ronically conducting doped zirconia electrolyte
[0018] Whe presertsnvestion provites nendl icathaile metepiebicoppcisingaitesdopttie

Ianthamg%%gw%lunilnﬁ G‘:O(%?Eﬁgrs &%F%qagxgg efm%e c&a’fi%le lo?g{cﬂgfate ceramic
electrode material rather than conventional lanthanum strontium manganite (LSM). The cathode
materials also may comprise a mixed-conducting ceria-based electrolyte material rather than a
purely ionically conducting doped zirconia electrolyte materials used in conventional composite
cathodes. The cathode materials also may comprise a palladium dopant. In addition, the present
invention provides a bi-layer cathode structure to separate and optimize electrochemical activity,
gas transport and current collection functions. The present invention further provides a ceria-

based interfacial layer with mixed electronic and ionic conduction at the electrolyte/cathode



i nvention provides a bi-layer cathode structure to
separate and optim ze el ectrochem cal activity, gas
wo e@nspsn: and current collection functions. TheT/US2008/085906
present invention further provides a ceriabased
interfacial layer with m xed el ectronic and ionic
conduction at the el ectrol yte/cathodei nterface.
Al t hough each of the foregoing aspects of the
invention may b e used independently or in
conbi nations of less than all of the aspects, the
interface OANhO@EH &4ah of (Rl fbre@hink G@[%tsaﬁﬁﬁ&ﬁﬁeﬁtﬁﬁl%ﬁysbé sed IndepEifdently or

cat hode with S;ﬁfe” or el ectrochem cal perfornance
in combiations ablesothaw A efthe gapdcts, Bv combination f ald e §thesseappats results in

t ltila cat hode .
wn SOFECAAEH, A p s i) e S Bt El GiFgprigpt Lo
based cﬁhbﬂd@lu&e@ﬂn)@geﬁﬁgﬂﬁmngfgaiﬁl %M@ltﬂ@eﬁ&ﬁtlmeléﬁﬁtem and its
tion during operation with netallic

t am n
palladiur deped sathors meieria) plse exhibia igh dagres of selereneeialdhjomivme
t hﬁt‘f&[‘&ﬁ PfoH St 63P£ onprising a

con amcer am c&% (E{?t rloge mat gtraﬁgq%r %&%ltezgl gsal | adi um
[0019] Moapdcificiie theaneniian redadds r oatbodvataterial Icorma'ysn-tga caramic electrode

- r a
L T G T
zine ferrjt@a ptldnthaowm slqummml mamgadtha lenthapmatrbmivtrhfaniteye $nrthamirh stontium

. C it m-Ss i f ern
cohaticr b ERobt e o R LA A TR ek i sronr
nickelatg; @ B@Mﬁutn@tromiunacqbalmeumr@ thiRretbéreofTge anmnnodf paﬂadlum dopant is

: I t nt, t vi, de reLsta
sufﬁmen?g) ﬂé@%eﬁgd%%tgfbsc%oﬁrﬁ% 13&{1 ehe(r:lg}%fﬁ ode m éslus G S cathode
during operatipniofia @11@1@@{1&@ desl d?llllr lPdTgmap'e:lbathememtﬁon@r@mdes d cﬂkmdéematenal
compns&lg?h rgﬁzl fglrc%lg{ Qaggdnépﬁ%t%llyﬁet rnﬁerlzaﬁ]\z{rle a}cl:e?arzlmg ?lgcgu'oge RaBrial selected
from a lapghanan emtidm gine ¢rrio) @/hﬁhmhmtmmiunameh@mmea fnihenum strontium ferrite,
a lanthalﬁllknﬁsglroptg&?f@ﬁ&r L éﬁz gllﬁ %}r%%g m co n'it 36%1%2315 Qa%ﬂl%nhgrgt{él%ngob%p}enite, a
lanthanuiregtrohizmumizleate p samamufnestroitivey c@alltlamﬂnlamumes theesof, ithemomposite

obal.t ferrit

material %ﬁp@ I‘% ;ptglrlagﬁltnlk %ta%gtgyﬁrﬁéugﬁ ment o rov1é rg%%% forcgrc{
poisoning whiiethg tethodg metemiak ik used &1t 7 @ﬂtqdel dmrmgh»atmmdxmf aaoldl oxide fuel cell.

m xtures thereof, the conposite material including a
[0020] ’B)&Ilmvadtilqmmlsa@pafides # patlznde forewnlid sudef fudicelh thetoathpdeohmpesing a first

[ n t hode

cathode la {]gé 05151 S o gl}inlgﬁ'l‘f g Egrﬁﬁ’] sc‘eg% Qolﬁh %aga‘flgl?aél I% S%rargF electrode
material gy flrdt Qaihpdlfelaﬁm bhviggd fine hiod®DictuThendi smé-ntalmrf&ifﬁﬂnd a second
cathode B{/é?\ébxg@'?sg% r‘fa"p S‘r'f}%gik%%gse a{: I;al I Setﬁé)c:ltljo??%%emff the srec%ngﬁaaff haVH‘lé a_coarser
mwrostr@@np@m lprgerotalap@reyiiy dhdp dlscft stk doda layey.t ’éhermtwosﬂa Imaguniell raay
cormpri seiiaeé/a?l%&dﬁrg %#}%%Lﬁl%g 51}10 r@t&f%i?%l}t é& g&%\aldé E‘?n%tlalgcggg e(?nggmﬁ:mspr;/mg when
the cathod & vacdsbiciog dpasation ofiesdlidpeide §whysili si ng a singl e phase

ceram c electrode material, the second | ayer having a
[0021] Ideanvsetionfighep provides ahiéayandedhadqglﬂct@b@ iptepfaxia ﬁybyfot feparating a
cathode fr&ﬁ alfl EIE&:FOI F&ﬁﬁgné ¥ Emnuc@?ecﬁ'géﬁgrgﬁ:ﬁlt &l nﬁi %1 cﬁ‘ode%?%(:tr lyte

conpri se [ opan I'n an anount - Sut T Py
interfacig dayor ehEpriess |asﬂn13a dense taviaddyeon thersurbsanicagmivhdetirolyte membrane and a

thin porous ceria layer on the dense ceria layer. The thin dense ceria layer may comprise a doped ceria

electrolyte material and the thin porous ceria layer may comprise a doped ceria electrolyte material. The



the cathode is used during operation of a solid oxide
fuel cell. [0021] The invention further provides a
whreobayesos el ectrode/ el ectrolyte interfacial | aper/ufmns/ 085906

separating a cathode froman el ectrolyte nenbrane in a

ceranic el ectrochem cal cell. The

el ectrode/ el ectrolyte interfacial |ayer conprises a

thin dense ceria |ayer on the surface of a ceramc

el ectrolyte nenbrane and a thin porous ceria | ayer on

t he dense ceria Iayer The *thin dense ceria | ayer may
ceramic (glﬁc%iylt%ne’%]{ ! Cegnr%%/ ac%f%é}lse a A nﬁé: Zrll%lolylg. ge%‘%}% llngt]elazﬁng.t fegs? one of the
ceria layek eay b@ﬂg{ieéwnthb@:altal Thecer am c electrolyte msnbr ane

may conprise a doped zirconia electrolyte material. At
[0022] Thearstentoomerlsofprdvinies & eathogle bﬁyem for aspfidiveidd fpbetlvihe bathode system
comprlsm%g) {:tl,rgm [ef%ctro it -rglrtl.glbrang g% t t%lﬁ?/rﬁ;(%%% érg%gatcﬁl lggetr I@&Q@mmg a thin
dense cenmhrpcrloslthwg:earrmlmbfteehedtrmt g/weonﬂ@&ﬁbmimefcataoctei mtsxtfaCIaI layer
comprisi{elilalg ﬁ'xtl Arl]‘éslues%clgara]%ge(i) ﬁl? fHe I?'trsg ele%ﬁc; eﬁ%:/cezelt}g(%ﬁﬁg E;nt%ﬁ‘gﬁ{}ld élr gﬁrﬂ cathode layer
on the smmwmlatrelyteaaﬁedﬁomdrfml@ biyerpihy tiest cailhdde thyrer qmtneriﬁlag:a @dmposﬂe ofa

|

cena-basfeg xlgéf:tmg}ﬁ teﬁ+1 Q? {]‘{;}10 8&8{0@? gnra egléll agifl h?\)ﬁ?g a fl} lﬁle%sm{cture and
small-scdapdroglty, elrdwsr:coodu ca:t]mie wammdh@ﬁmmaﬁmﬂqlhﬁdrﬂm fvoutd cathode layer

interf.ac r t I
comprlsmga sm 1@ imise cer%xl%‘ efgcét%c?lg é:glél 8 1?%(? oat[% qﬁlﬁéﬁgﬁggjiréénﬁgarger scale
porosity &xan ﬁteath"a;ta:athdxbda}feo cFawhnaf the eladtroamﬁcalﬂa}de rm@prfacmll lmy@rs may comprise a

doped cegrrllg ledr tl)r/tu cLiLG an ?eﬁg‘c ofic O !)f tﬁ C&éc%rogfgééc%ﬁéééé ipfe%%gq?éggﬁag%e doped

th
with cobglat Tﬂmd:enip;yﬁz ;na?agabnaysnongnsr agl;-?aﬁgiuan phrsgein ee praging sufficient to provide
resistanc ICGHEBAR JIREEAE Bhe MCABUL N9 FARE S8EFiBh 6 LIAE BEELAR cent.

arge SCa por osi ty ant | rs
[0023] I}‘l%);{ﬁ{mn El%(}tlﬂregtﬁo ﬁcgvé&lglg $l{docl cfceg(rle(f get,lg ?Hxﬁgﬂs%%rcgﬁﬁicaélectrolyte
membramrameclenauiolyteﬁctatHOé‘amter@nd lafer @dm@n@mg@tthlmﬂms@imaﬂdym the ceramic
clectro]}JtJ]I{*lg"ElIr e a%!i l&fﬁ)[ﬁ r?usr@l)fa ﬁger (38 H’l%qhﬁMd&EF ?&g%dfer, -gnﬁmr cathode
Mposi mat e may conprise a pal l'adi Um’dopant I'n

comprisiaga ﬁmbcmllods lefyesi api thaporéus ceniaduyed end ewtand aatbedetlayer bir herfirsheathode
layer, thzgJ ﬁllstS (%H‘lgﬁgla%%g?ﬁp ?ng a Fh?)g?tg Sgg]gé}ﬁq)a& Iietg;g(ggtg ﬁ{a%h'al%d 9 ceramic
clectrodé mvteml |agrhhqymgwf'me mqo@mbm apst prg@l-fealsporveityt and diwrpeond athode layer
comprisﬁ %?irnglg] ? Tel"gl;ﬂrc eXIIrO%e %@1 Pfﬂlﬁ ’ha aeé Gfblf C}Iotst% ﬁ?é Bﬁ’iqgrger scale

| ﬁ er ag ayer conpri sing %’1 ense ceria
porosity dmn_ttﬁeeﬁrsi@aiandeda)@h @od armnpdﬁesyn@mbpﬁwé tatd opposity ﬁacqcnf ﬂlmpsramlc
electrolyge:%%rgbd'ér%g g\t 18%&805E &t tﬁ@%lgcu%ﬁ)?ezgatt %g% i %aélﬁgygﬁ qm% be d@?e%l with cobalt.
The compegsiie analteatybnammpasesaepa@m@um doeotlie ah alylelmt ouftitibe td pnosrtie resistance to

i ' i

chrormuﬁ'%)oﬂ&%g% l;vﬁé/ et{l% catéljébr%?e a'urgcgcfs deug]ﬂ% Péeqaﬁ 011 %?? th%%?fgé :fu§| &gh 3‘h% anode
system m*rcanmnseedneo@de@&etrm grtq:rﬁimahhﬂerh’awhen:gramicf glgegrolyte membrane and a
sulfir- to@rﬁg% ?ﬁ‘ hure. and soml | -scal e porosity and the second

ayer conprising a single phase ceramc

[0024] 'gllﬁeﬁﬁ{em& gggag’g\ﬁ(lieglasamjoxhﬁ\ﬁmﬂgelﬁfo 8526l 0.5 Ra%glégug‘a*sééfﬁe solid

ar ger ale porosity ft . o
oxide futlaplk pompisthgaeramirddect glyteapanzipici mlcholm@n@ﬁspmrifacetl comprising a

thin denge%%ﬁa ﬁgzertog ?heccgfaﬁfig éiectrolyte membrane surface and a porous ceria layer on the thin

dense ceria layer, a bi-layer anode comprising a first anode layer on the porous electrolyte/anode



el ectrol yte nenbrane. At |east one of the

el ectrol yte/ cathode interfacial |ayers may be doped
wowdok/oosbal t. The conposite material may conprPGEUS2008/085906

pal | adi um dopant in an anmount sufficient to provide

resi stance to chrom um poi soni ng when the cathode is

used during operation of a solid oxide fuel cell. The

anode system may conprise an anode/ el ectrol yte

interfacial layer on the ceram c el ectrol yte nmenbrane

and a sul fur-tol erant anodé?on the interfaci al | ayer .

i L0 B SRR BB P s

cermet iDwhidee the uetall@alompomrpiongring atleast veenif @ickéleatatloy yingining nickel and
manbr'atﬂ%’ ankegl eﬁft oLLef aQOde idQﬁere];a?ncici: glm %og{%r(i) Sir]régs a mixed

copper, apdainiXirg ol aickel 2p¢ COPPGRIPESIIOpH AN Hag CEMIC aqmupopcr FOrpRg

conducting cdviadbaeed sleragte matdalang bavingsa firerscde noyestrudres thesdebridranode layer

. dense ceri a. er bi -1 ayer anode conprisin figst .
comprsi 5Py afich it e ne ST kPPt BIRBE el pLafo pomaining
nickel arldaypger,and a aisee onticlahadieopsey esmmpaitibisentl itteseramivodenponent

. layer, .the first anode.|layer conpri si a cernet. in.
comprisgyhecinga e e In LB B YERE Ui Sedtte FaL g sr dicky conten
than the ﬁ:rsc ke lager, aﬁi_dlvﬂmreﬁﬂmh@écﬂb pgﬁﬂé@dfalcel_amﬁ: cbopplgte, mazani] @e resident
within t}%néi;(atél?l%ro% t}gsx}?gzg cg e%npglge%{)gf? ag [eégsrt 8% 0 rg(%lges ! é%eglgieés? Ignﬁ E.]l'écqr%lyte/cathode
interfacigl@ayienedngsieitlg e iiest thirodeptescerimtagerioaltheanpgodir@wide®f the ceramic electrolyte

fine-scal m crostructure; .the second anode r
membraye e s SE3nE el SR b T R o 0 BROREe PDRS gl b s camoce
comprisig Affifst SadisodalaybiemShe @neus efectiil pkvedthoda intaffdcmy layering ianedogd cathode

i | and.copper, .an m xture. of nickel d _copper, ..
ayeron s 88 Er TS ARG @ ot ARt TRk e FE Sl PR R Rhucrng
ceria-baed eRbiralyte ineetiflahy b ecraraik elebtadde anckriaband hevigg € Hsr sierostructure and

i crostruct.ure and _a higher ni.ckel .cont.ent than .t he )
smallscfp Pigpiy F5e nisSipBY St AP PH RGP ST e fogy material
and havifig £ esagdat Micedseodtire biwd lergnidede padosigrtbanrtbsfidiamnthoid hijxrnAt laast one of

rains .of the netallic c nent t. | east .one of
e teof B0 Aot B0 O Pop G SRR bk Asrs R LPP BiPlgrestod
interfacibldysers mayredosddngithacobdlr B thelviompokita s@tecielthay doapsse aqnllidinen dopant

s GBASER T 5 0 S5] BRSBTS, TR,

operation ef 4 @il ayide fuebwetl. a bi - | ayer cat hode conprising a first
cat hode | ayer on the porous el ectrol yte/cathode
High Pérfoaniiece] MulliBiyer Aabde Systemond cat hode | ayer on the

00251 Do e e grod eSS b ncorportes o o
embodi %ﬁﬂs?(@?&ﬁuﬁ{ &SH{ R ﬁﬁ&%c?enil e¥mlﬁix9@51%@ﬂr&lic and ionic

el ectrode material and having ine mcrostructure
conductamuatshad betedpeanodyr intirfaye; dBpa bhkysenodel stoatire desdpasagr and

. . CO i gin singl e phase ceram c el ectr.od teri.al
optimiz RlroadieRteal etbats & tnspart s g calfralion figehions: (g cermet
anode iPYhRD thy elte&?&?rfehﬁatéﬂiil%bm?ﬁ&&oﬁﬁiﬂeﬁ%%ﬁducﬁhg e basedelceirolyte
the electrol yte/ anode interfacial |ayers naybe dh%ﬁ(gtg vl all
ckel alloy.

materialyjandh (Datcsrmet anpd¢ awhich the mftal ¢ranprinest qomipyisey Ter
.interfacial ]ayers may, be d W Lh ¢ [t. an h .

combinfy B P mb@fPais BRY-EENESPEE Aol Basshtemica

performafcactmiireSiol dohCdriohall 10/ PE D Ceitieet GG es (@R EEGE 6). Churbet, ik

. poi soning when _the cathode is used duri ngr
multilayer anode system exhibits a high degree of sulfur tolerance. The structure of the

multilayer anode system is depicted in FIG. 7 and described in detail below.



operation of a solid oxide fuel cell. Hi gh

Performance, Miultilayer Anode System [0025] The high
w@edoborgsance, nultilayer anode system di scl oseRPCTEs®0$085906

i ncorporates four major enbodinments: (1) a cerium

oxi de based interfacial layer with m xed el ectronic

and ionic conduction at the el ectrol yte/anode

interface; (2) a bi-layer anode structure to separate

and optim ze el ectrochem cal activity, gas transport

and current coIIectlon funéélons (3) a cernet anode

ou26) 4h g Pt B P B IR e bt et

material(Wikh Phi€RI bRk aﬁﬂ Qlé%trbﬂﬂc %@ﬂcﬁﬂtﬂn'ﬂ)earfﬂiﬁ allokdmienRiticture is deposited
conprises a cobal t-nickel alloy. Conbined, these four
at the mg@wcmm@nm@g@c“éh@mtml layeris dgpasitcd Upkyq Beps, whereby the

st RO SUR6RL  S0 THE  COPRNL i RFRS LS o

step profide b b@mé caiwfbn Sithtaamextonaily sexaurbd gl fate gnake th_fin dense ceria
sul fur tolerance. The structure of the nultilay

film. Thgioird ceyastigraysr Biskness dganpsormatelyy2-drpiceasc Deptificatipn and
svsiof§ AL SPEEN SOP AL M BE bl oo i
cobalt. €1he dt:ﬂiselp)bttﬁ)ﬂrﬁ'ttber lagtbr dﬂaﬁ@:slﬂle(ﬁdune@jf itlee elexirodyte senfame leaving only

conductivity and a t red, mcrostructure is :
mixed ceé%lefémsé@eré%ceﬁ Retviad e SrcBiopis o Shdhs W Ssthdipgthe active

electrode %‘@J l’odsgy)ﬁ{oﬂ St tHERR Fc Bl 1dyBr IR astds MRSyol e Bgﬁﬁale—phase

flrs step provides a thin dense ceria filmon the
boundam xeglbns;)htyile amietulextrolweintatee dnd redveingaes pidncst te pxygen transport

r.ovi des. a porous cer.i,a ntentio .
and profigdy g SR PRIBR o e ohERbdreuSR o} PSReRly geabsited anode
coatingd. OT 1% higk ldval d)ifﬂx%rgla@ibﬁrcoh&k&llﬁﬁg %cﬂt&a%ﬁfr@@@nﬂﬁg ellfidaioh of
m crons. DensifiCation and adhesion of the two ceria

surface nivkek ditge insthe Iaaty@ranodarqgngls Qridativg @rmk&l $HEdetoeSOx is a critical
enhanced ,b W, T h n r
reactlon( 'S émf“é&%]rhlé}h <gdg g% iyity tflg Blaesé ce 0? Sulg?e i[t%lr)%ﬁyz{hogz@ tlQJ high
dependé&i¢e o fidé edidatich &ﬂie)vhpma)ﬁﬁé rélainaio loitheg ahsdeatiaioas, explaining the
between the el ectrolyte and anode, while extending the
well-kngpnirdlatien elcimpsenedasular togs@cs sy B ECsaTRg isnsratinge
interfacial |ayer increases the volune of triple-phase
boundary regi ons at the anode/el ectrolyte interface

thus r a(i)lllg | 'r@lb'b %ﬂeé %ﬁé}gl%s bﬁre?t&(tycgﬁ nn lﬁﬂg Qﬁﬁ:&r sﬁgcqes

ﬂrﬂ\/l rn Iﬂ S.LLL hrﬂ\ll

adhesmn of subsequently dep03| t ed anode_ colt;tRantT'I(?(e)
“high I of “oBepetionon conducti vity i'§critica
grPeq |8|90tre850-

preventlng;sulfldatlon of surface nickel}:

AR TS TN s SIS N R I

ijvity in tfq%sgmzeﬂg@qqugg@lfur Tablfe 4gsrov\@2tre -4

H nlr Hanr\nrlr\nr\n af da naa e
U\,|u\, TOCTIoC Ol oul I } UC UI\I UOI.LI UII UII LCII’JCI Clt'ul T
(BEI at i vé Qathei hérd4dhSdeCetnbtt bad H20xpl ai nilg |t hé2 -14
4) Cer0,S + O, = Ce;04 + SO 162 | -163 | -164
(5) SO +1/2 0, =S50, 224 | 220 | -216

[0027] Reaction 2, above, is more favorable at higher temperatures and can proceed quickly

only if the active nickel phase is in direct contact with a high-conductivity mixed conductor.



wel | -known rel ation of inproved sulfur tolerance wth

i ncreasing tenperature. [0027] Reaction 2, above, is
wonee/ofauor abl e at hi gher tenperatures and canp@I/Os®esgl085906

quickly only if the active nickel phase is in direct

contact with a high-conductivity m xed conductor. Thus,

the m xed conducting ceria interfacial |ayer provides

for the facile oxidation of sulfu ded nickel in the

active anode region. A typical material wth high

m xed conductivity in reduéﬁng at nospheres i s cerium

Thus, 1 S SR B S S e Rli R bRS Fraced
nickel it @RABGYd Mol n%fioxﬁ AR LAHRRAY we@high Adld@cohdudtiofy & Rgucing

atnospheres is shownin FIG 8. The electronic
atmosphecesdsicgriuni pyido floBIcvithn sanharivas teadeliniwoder dthsraarecsrith gpd/or

. elegctron transfer, by . ncreasing tri - § ] .
acatne o1 ARab, A5 B RGBT R M it
atmospHefdsas Eiafh inBEGaBs FhotletfieniotatlictAndofSDE én drchctive anode layer

catalytic nature of ceria, it _also partici ﬁ{ates in
extends glestren transder byrincreasies Eple-Dhasy bewndgayyrs Hite Hedwpdgrom the

eria ( [ i i. i ..
ot LG S DA hifoMUSRRFR AL LARORS oot
participhtB€ininbée fdaci@no dhe dobatynftgadeliibmt duped oéridNiGRCY anode for
or Ni/ceria cernmet anaodes & activity is subg antia
hydrogearfaiion is %J@thyuflﬂaelw%%aﬁo _tiﬁ'é&}f%mﬁ panaTHg @?P_“Ie be
anode dﬁ]\gs;ﬁébg Uolcit gt 98/ RfcoRiaol NiReli Nt Ghlepfiodiks, iRY6hviBf R\ iskeMmtial

conductivity at the interface between thé anode
enough énecbrttilwae roodnptle pesfiincdncé.ncr eases anode activity, a

re inportant benefjt_i.s jts positive inpact. .on .
10028] &lihptigh 1155 Ahe EETFRIST PHiB YR FERIGT I SR Qi Py at the interface
betweerd ﬁk ShedCHIIURARRE WhithintREsRaRoddi@ivitacd Rbrd iadREtahtDenefit is its

shown by anode resi stance neasurenents nmade using ,
positivedhpetranciuéin toddranaep ddla moproypwentraf soodssulfar )lerapcembtined with

. ode ASR. i s | ower en the cerij . hterfacial
the SDG g0 165 e A RS Bl Bt bR, e
elecuocﬁaﬁ&%nﬁ@p@ﬁn&%eamwg BIFG §i aaodd ¥ SRvldvesr wiearthe ceria
w thout the ceria interfacial |ayer. égozg] Si - Layer
(SDC) introfaeiablayercs inchuded apd thedpereasecy FaedeadR dn Hierigsenecot 200 ppm
. OpLEM - 1L cal: : t carrying
s is ST hrbG, B SHOREIRELER i BMGBIRIEY P20 L age of
[0029] B ayer ARbdeStyudtorgdrA belager teemst amode stodctieoptnizeathe
al | oy cont ai ni ng ni ckel, and copper, m xture of .
clectrochFKG AHIATHhHET AT GEMERe &L (he HipdEIsEuemodRe meialip stage of the
: avar ol : A . _
cermet i oY R 1edsd BRATH AT, ok PEERHGLI, Bhd 8536Rl, a mixture of
nickel andcoppmcamepssitiens. dFisatetochauitaly actize yre(depdsited ontecghe ceria
) ceram ¢ phase and a cobalt-nickel alloy as .the .
interfaoigldayepiiiad BEE SRl RO B0 PIQBLIHE B Ths arqlyg material
as the cBrafiAPRAE aflll § cOSNEkdl afiohs theMh@RNEE phaee TRBbadrent collecting
(nickel and cobalt) content to
anode layer has a coarser microstructure with higher base metal (nickel and cobalt) content to

provide low resistance to electrical current flow. The composition of the ceramic electrolyte
material in the current collecting cermet anode layer need not be the same as the composition of
the ceramic electrolyte material in the active anode layer. In fact, it may be preferable for the

electrolyte material in the current carrying layer to be a zirconia electrolyle material, to reduce



provi de | ow resistance to electrical current flow The
conposition of the ceramc electrolyte material in the
wQ2909/818805col | ecting cermet anode | ayer need ndtCTHES20084085906

same as the conposition of the ceramc electrolyte
material in the active anode layer. In fact, it may be
preferable for the electrolyte material in the current
carrying layer to be a zirconia electrolyte materi al,

to reducet hermal expansion msmatch with the primary
structural support materiallZin the cell (i.e., the

doped, zirconja ceramc electrolyte material). The . .
thermal epapisnRmEtshEHt (€ BPPY SR PRy Fatelialingge el G.c. the
doped zRBHKIQ¥EHRE EAYctiotytEIntHADS). tTHcGktive BRBQkreM &@8/ing anode layers are
ope ZConp}ucting Ceria Electrolyte Phase in CErnetAﬁ%de: Tﬁé
each apprioxbatelyridumictong thiek.i a- based el ectrolyte in the cernet

ode _not onl y.enhance lectrochem er for man :
o030 364 gl @b AR uB bt P CEMT BneBE G AR GEepnducting
ceria-baB@NEUOTIIVE i€ HePREmAAYISRS ofDY éhafdes CRcGbiRmiéLherformance but
sul fur oxidation and nore facile nickel sulfide

also is impiriantite Aulfu toleriace ahke miwd sAsdustize perpslPTOYideR oap asfiye sites for
sulfur oRRANS AR rdiftShifEN \AFUL LEIEASH Rl ol Ao rodtBfis Bl in the
conducting el ectrol'yte material nay be a doped ceria
above dﬁcessidlxﬂﬂth@cefi"ﬁtiﬁfﬁ'rfatial layeto[Ithe rﬂikﬁd:ﬂiﬂdactfﬁigeaiéc:tllmil)ytb enaterial may
mat erial, a |anthanum_strontium nesi um g ium
be a dopggjcgea 6{99@}@@6 e Het d@%@ﬂ@ﬁ@%ﬁ%&%’&@ﬁ%@ a/laprhagum
: : : il ] r el €
oL SELCShH BITRHSE 810 SOM, bt BE ST e
electrolgte maer{aGR@Y miatisentheicufn Hepiged ecriael ¢ S0 te natarial amyiberm

. doped cgeri.a candi um doped cerj a vitri.um doped .
gadotinfagf fepedgepia] GP i P EETIPaY oGSt A UUBdoRgT ez
scandiufh §plell USD%ASBAORFA Wehid) a@hlcnBR IbpdNRrig] £&RMum doped ceria, a

sel ected fromrare earth and al kali ne earth el enents,

cerium axide doprsi with atdeast pheelontnt sglegted Heong tase earihi andoriadine earth

electrolyte nmateri al e ttrium.dqoped. zirconi .
ctement. &3 oo EirEfoR apiiie el At b 08 b S be 2 virium
doped zitep@d (YBZY; antandivn op&LAidemaqRtsiE), d eplethnvidpgtdafircb®iasd zirconium

~one elenment selected fromrare earth and al kaline

oxide depad;witlepidprshonrs clamenteslesied dtanprase ety agralkatipe caxapisments, and
. . I ! .

combinfi kot 18t Ytprise d Stinbl ochTEF Sl BORG MRUE vl may

compriszI0eRl wit, teramiaclgeteilic mdtenid aplecied Gdinta gaidliaivsadmcid stia and a
. doped ceria. The ceram c_electrolyte materi ehl S .may

samarium, denedcopt-h Ehe eyt decdivlyte myterals may nglids sther derdntssiodong as

' I :i%nﬁ j 0031] Ml ti-Conponent Met al
they do\équsﬁé&%%&%gtgf e%gﬂ-)fi af’ftg{/hs[ as t]he metal | i (r:rp phase of
C 1l t [ evi '
10031) WA CARIneAERF ol Hifiof' PlabPCoind R St phase of the cermer

anode atetirablolicRic0ingthigh MNrfdomandd aMissubfttoldigncell The highbemelting
melting tenperature of cobalt sulfide

temperature of the Ni-Co alloys and the much higher melting temperature of cobalt sulfide

appear to significantly reduce steady-state degradation during operation in the presence of sulfur.

When exposed to sulfur, electrolyte-supported SOFCs with binary alloy cermet anodes (Ni-

Co/GDC) exhibit significantly reduced Stage II (steady-state) degradation in direct contrast to

SOFCs with more conventional (N/GDC) anodes (see FIG. 10). This observation can be

explained by the hypothesis that the sulfided form of the Ni/Co alloy has a higher melting point



appear to significantly reduce steady-state

degradation during operation in the presence of
WaE09/0T6303When exposed to sul fur, el ectrolyte- SRIPFOSAER/A85906

SOFCs with binary alloy cernet anodes (N - Co/ GDC)

exhibit significantly reduced Stage Il (steady-state)

degradation in direct contrast to SOFCs with nore

conventional (Ni/GDC) anodes (see FIG 10). This

observation can be expl ained by the hypothesis that

the sulfided formof the NifCo al | oy has a hi gher

il S A AR e SE e b SR B BRI gRRk A s
are shovidt &1 BAWIWD. THe RRRIH pdint b Nl{&' thé BgkcRRidetectell M B&isonetifitckel
speci es detected in gm soned ni ckel _anodes, is only

anodes, 7SMILT8T°6. dospnizast, co dbwlﬁd%hﬁsm i Aepntly Wﬁﬂﬁ@ﬁﬁ%‘}ﬁ Thus,
one wouﬂg gwe&éﬂf &) lﬁﬁe (93 % al %1\&}2@@ %ﬁ 81‘1?%18&8&1@ &ﬁltlopared to pure

nickel a8 @ WRATdEikbt sihtd? 4k @eaﬂilsi kEﬂ als%ﬁﬁi thoaghtthaddi-Go bised aﬂedes provide
readily. It also is thought that N -Co based age(r)de
improvesr deqtigehsmiseiestoraprsetpoRYEPg B idibion sraTHARES Y present lower

r I t I
o YU TR S 07 5 00 SNBSS
reasonabl@ th¥xifcegthat eoballalsoeontriBytes xd ﬂi&&latatyt1C|dX1da$0n efisdfvalobrtaining

to.expect that  caobalt also con es to the
species @hch) Rpg b E%B@Ei%ﬁ dps agiticay fFﬁH‘“ "ﬁh‘? NG 8eci es whi ch

has been identified as a crltlcal feature for sul fur
toI erance. [0032] Conbining these four aspects, the

éﬂf tb‘é?&dﬁﬂoﬁﬁ\fi%%&%%oﬁﬁﬂuﬂ%

ur |anelt1}1g|I§msﬂ((ﬁh by
ca—FrexCe/ /- pased bU:(,S
Wit h dlfferentl\hnodes in FIG 11. The ST with the
hi gh- performa ]?) mul tilayen anode systjggyexhi bited
onlly_a .2 5% pertformance drop with

2090 ppm sul fungmer 100 hours while the78OFC with a
copverttofrat—N—YSZanode—fgrt+ed—Tmrediat ety upon

i nfroducti on oNi%nly 20 ppm|H2S. The ¥ 14 | ayer anodeg
sygtemi1s substantialTy nore tol erant tlgf97fur t han
t hd_convention Ni / YSZ anode. [0033] The SCEC results
pr¢gsent ed above,yer e obt ai ned u5| ng "butgon- ceII

t et--rg—ret-hods—tnAvetvinrg—sHatt—eeHs—(—1—er2—in
actli ve area) adeS|ow fuel uge (-2-3 perldéﬁt)

Si ngte-ctert—SOFCtESTS Were at so conpleted on T arger
area cells (28 cn2) to all ow anode performance to be

[0032] &&ﬁﬂﬁiﬁm@ tha%ﬁ eiﬁurraﬁp&ct? }:Heampa?tdiﬂﬂheaﬂm& debetiatipn psEassesicambe

re 12 show the effect of operati t rature.in . .
reduced asih shigh Aagiet BRI RIorRge7 BAACH o o) TRISEVGl b Si T gty is
shown ?ﬁg@%@%a t4 BbtdmtP bn 1&81?1&11 0L BHU88PG0OFOs Wi’thtd@@&eﬁ%ﬁgé in FIG.

egradation) was observed upon 1 ntroduction of
11. ThpS®FE2Eith fiel Highvp el fiaynanee, yndtilayen anpde ofstan eddbitest ertlga 2.5%

erforma%&:g reopI v|v1)th gcﬁﬁtﬁgr?saotf Iu% r‘Eo 9§ {)pt%élsgﬂﬁrogv[é 186 h(t)ueg tv\}hﬁg theTéﬁFC with a

conventional Ni-YSZ anode failed immediately upon introduction of only 20 ppm HS. The

multilayer anode system is substantially more tolerant to sulfur than the conventional Ni/YSZ

anode.



initial voltage |oss was fully recovered when H2S was

removed fromthe fuel feed. At 8000C, the cell
wexp/bised a very slight (and recoverabl e) vol RGRIESA0085E85906

and no steady-state deactivation was observed over 195

hours of testing. H2S had no effect whatsoever on the

cell at 8500C. Power densities were 470 nmiWcnR at

7500C, 530 mWcnR at 8000C and 575 nmWcnR at 8500C in

200 ppm H2S. Stabilization of Anode Performance in

SOFCs [0034] As stated abov%’ sintering of nicke

00331 54 B e e R B B B S5 o

involvirtleaedll o6l i(ONcHtim 4cfive BRa) MuBbwhRkIhise ¢-1-8 HerkeR) USRighfcell SOFC
ni ckel sulfl de conpared to nickel nmetal. Even in the

tests wegpalem eempletodiginflaiger arex eslisded p@dhﬂouaéiﬁwmﬁ%\mréq@aamﬁorbg
assessefi Bﬁc%q 'aﬁllgfc" é gon%nt% _r Dta{a %#e?lﬁt%i if %?aél% ﬁ??hcﬁ?v th%q: fegtl cﬂ’)&'pgleatmg

SIS Sln erin es’'1n

tempera@l@rléﬁEtesﬁ%ﬂ@&te{cﬁaﬂmﬁMmﬁhﬁt}nﬁEKﬁée dlxlisemm 68 @brca:htl MF50°C, a slight
contalnlﬁ cobalt, iraon and/or cop gpvmth interin
decreasg HvQJ agF RS1geo b epreatiankws oRsprved mnl figgpionis PH@ ppm S,

followcB 3y @Pél@&f'rxte %gg%@*%%ﬂggsﬁgé ng; aféTQ&e&fag ovEYS4) H&m@éﬂéﬁ{ng The

I oNn- oxl he present
initial vohtageribssomassolly escotvtried wiien lﬂzl mdsyerpomdl ftbm ghenfarbfsed| &t 800°C, the

cell ex}ﬁlyelgaag \?eﬁglg gg t ' m(ﬁﬁe&fé}'a%gq IV8 a?gjltlggs:?gﬁ% s\f\g@hg Iégltet ge%ctivation was

observeﬁ%ﬁlsm RS eQieheSPES @H%B%Heéﬂvhzﬂﬁe%eﬂ@%h@ 8cll at 850°C. Power
acconpl i shed, for "exanpl e, di spersing a snall

densmeawmn@ﬁ(bmWanngtaﬂECcﬁﬁ(hm%’cmf ac3008C yand STameWiem” at 850°C in
200 r?‘ﬁ'k her zirconia or ceria based electrolyte material s)
pp "Ni O powder (or into other mxed base netal oxide

Stablllmmﬁﬁffﬁﬂdﬂ*elﬁeﬁﬁ)}nﬁhh@in $OQFMsXi ng with additional
ereciro powder during e anode synthesis step

[0034] m %atafbmacﬁnﬁegn&pbmdé%l mhesalmartipdestwighin g S&F.Cdféwﬂg &) the
presenc% é’ff F%l grgﬁl%mécp f: e dj 1{& %g‘l 1Ior 3 leé?((i:%?ﬁ‘éﬁl%ﬁ RGE Eoeﬁlle lower

I Ona suppor

meltingl te ?bﬂaﬁ.@@@f mekacstﬂfﬂbytbmpsm@ ponickel raghll Eveamnstheladsake of sulfur, a
cells of the FlexCell and HybrjdCell K designs. [Ooﬂ]é(l 3
key deggedaging mogbanismy dursgosiesdutatate e tamsicncenaraiogrotsplid oxide fuel

cells is g#g@ég?ggt&%?iggﬁ exéehﬁglegl‘fﬁ Le LRSS &Ethﬁrgphﬁ'@gwﬂ@lro? nllckel alloys

was prepared Wt t nanosca
containBligobalt titvd dndie copen), mﬂnrqmimemg aralf graimgrowth of nickel or nickel alloys

el ectroch caII act e la nd t he .ot her
being PRYIGRIBEY PRET Hc PRI Cangetdper e “Gpdftigredon)

' RabiremmiRleldtrol
cydmg Ftthg g&g%tgﬁg&hggtg?jve%%&mgﬁgnW?ljgbﬁg I denti cal cerel atro yie
partlclels m¢saieﬁlawuthin thapizkel roetalaorodekehallox gtainsde rédaceeqarsening during

SORC S e Bk Ao AT T e o
nanoscale ceramic electrolyte material (either zirconia or ceria based electrolyte materials) into
NiQ powder (or into other mixed base metal oxide powder mixtures) prior to mixing with
additional electrolyte powder during the anode synthesis step. This approach is applicable to
most solid oxide fuel cell designs, including traditional anode-supported cells, traditional cathode
supported cells, traditional electrolyte-supported cells, and planar cells of the FlexCell and
HybridCell designs.



detail later in this application, the FlexCell having

an anode wth di spersed nanoscal e SDC exhi bi ted
WO resi st ance to degradation during th&@CHAIS2008/085906

cycling tests. High-Performance, Miltilayer Cathode

System [ 0036] Cat hode/ El ectrolyte Interfacial Layer:

An interfacial |layer of a ceria-based electrolyte

material with m xed ionic and el ectronic conductivity

and a tailored mcrostructure is deposited at the

cat hode/ el ectrol yte interfa@. The interfaci al | ayer

o081 5 BRSNS o e EERnd PRRInE Pabl bt seive arns
of 28 cfeWbic3NG 94l fGEEFRRCe/! R8s HREABE wAihS Rt IINBWalESD@ i He®4Se metal
ceriafirmwth an intentionally textured surface on

componehieoftthé elecleonrbemécatly active anoddkayet anddhe ether ElexqeléMagprepared with

hickness ig. roxi mately 2-3 mi n | f.] '
s EET S, BB Yo i B B PERR BT o
layer. BARFIAT//ShAd Aentdaneald il@riatial kpienaadodd mmddahode fasks, identical
cobalt. The dense portion of the |ayer changes the_ .
current pTYing aesidetipyers ad 1deaiical bi-laver eatkodep.e Ay Al b Apsprifed dymore
. . Lh tr
ot EQTYTA W B PR AP e LB sl spc
exhibitqisupersorfrediftiugoe todegradationtdarihg theminal eyeling tasesr eases t he
ol une of _tripl e-phase, boundary regi ons at the
ormanec Multilayiey Cathode S and reduces resi st ance
: eri.a; L
00361 IR ARG i B AL Pl AL
materiabeithveeined foaiceind cgotdopiceonditotivitaland z tailoowl micoestructure is deposited

e R I PRl S LS SNV vy o
first stePRtRAAR! Sthf a8t difthe 30RsktbembRRe suifics aall kiecond

'gher annealing tenperatures to be used, which aids )
step pravides efrioeatisregria filthevifredn iptentionally tesinred gurfagacaroibe thin deiss ceria

hat .does.not change during S i
sim. e SR BBk BT AR, BB
adhesioRITiIQ (R WEla GRETRAS 1Mpk @6dtilgS duiheagleeliig o kahianead via doping
with Cog&r f ormance of conventional | ant hanum stronti um

hgBhe dans¢ patipn eathedaer shanges Hie nairserths sfesrobis gefice, lcaving
oty o SOYSHL SR Ht A SEaba  iv
electrodd gber Tipepdrons@ottien ef the intedaidhsyer imkesessthe olame of triple-phase
al ant hanum strontium zing ferrit ant hanum

, |
boundag FegiREs ahiP ARG PIECToly RAMEHATRARLSETUSEE SSIFFREY I9 Pyeen transport
The ceéﬁ@%ﬁcﬁaﬁ}a@%ﬁ%ﬁ?ﬁ?ﬁg@Bﬁ%%b%@ Qb JehlsQiclcferl AR FHRAGKS between the

rite, a bariumstrontium cobalt .
clectrolfytermatertal (air¢cnnd dulanthesin gallstehaseil ckel pereyskde stauntured manganite,

et BT b LB L L Lo i
annealifﬁg Ritratuted td BEuRAL WHRh GRIsR 88niEANER thedRURY Shble Chis8e

rgher performance materials may be used only if their
microstsuciniclthatyoes not change during SOFC operation at elevated temperature.

[0037] Replacement of LSM with Higher Performance Cathode Materials: The

O

electrochemical performance of conventional lanthanum strontium manganite (LSM) cathode
material in SOFCs for oxygen reduction reactions is fairly limited at temperatures below about

800°C. It would be advantageous to use higher performance electrode materials, such as a



under operating conditions (and specifically in the

presence of volatilized chromunm can be naintai ned
WO3H076¥5er al t housands of hours. O parti cul EFT/US2008/085906

interest to the nultilayer cathode system of the

present invention is zinc-doped | anthanum strontium

ferrite (LSZF), which has been described in U S.

Pat ent No. 6, 946,213. However, the teachings of this

di scl osure woul d apply to g@y ceram c el ectrode

material that can be used an SOFC cat hode. As noted

abovye, ..t he. u f the,ceria interfacial I .
lanthan B3 G0u T e adONERE SR AR Bl g IR i Sutium
ferrite (PBRY i l&@hanuhPQ253iuBi cdbalties, aGaithanién Stontigindobalt Aerrite, a barium

bi -1 ayer cathode structure optim zes the i X
strontiug] eabaf demenhdenthamem duntam nekelHgiafgnIspnaRares cgpaltite (SSC),
ot A ASSEHBRAEKTE B TR HOED S ko Lt el B
cathodcClayero Sidhwee v, Miews Righér peroemanicansbeas imagdenmédonlplf their stability

(e.g., LSM LSF, LSCE, LSZF, etc.) a?d a_.ceria-base
under oefr@gns emiteonsdang spapifically n thpyeresqyseof yelatilzed; (hrqpaumy can be
maintaihbd &Vt QQJC??,IQH&ISQ&{S%%OE}SP CIabctaldr rRere¥th if fliRilayer cathode

current collecting cathode l'ayer 1s a single-phase
system ofthamiresentl inedntiod és mint-dopedclonthsmmisicorgBin fertiier(&SERY which has

v 2SS S, BN B Bk B BR Sy v

apply t& &1\ QUeEnicRYRES d@hftBREMaPRRLRUsERELAYSOBC Ba@b8EISAs noted above,
t hi'ck. The conposition of the ceram ¢ el ectrode

the use whthercen inteabifl dayerdreakasthaure of drasy pdianred eathageganterials more
e the sane as the conposition of the el ectrode
terial in the active (conposite) cathode |ayer. For

oot 50 e e L G BTl B
and curPir? Eﬁﬁ'ﬁﬁ% gé?f&ﬁ{an@@ bi thk Litho@estchfe TIRMBSSdch@Ricafly bdtRve layer

current carrying ceram c el ectrode material for )
(deposildento cartl incodatiaysn) tsya cqn@BBH$ mixtotandiagsrasfic cirgde material

0 e i tive . (Copposite hode L '
(e LEHE S05T LIGR C7E e o roal et B el €0 - 88 oo,
etc.) anfA RS AERERA e Bld PREuLhesbitRlchir€ whileahé adrrotit bolleh dathode layer is
based el ectrolyte material in conposite cathodes al so

a singleaphasaseramihelectend e aeparserpisresiiysiace angd Ipgensede pagosity to

. ..conjunction. w the i r-Ror.at:i '

i A o P DL OBl RN orar

cach appen@matefye1 9 mnic@sns thithalThe cempasidombLthe catesy electtaletrerial used
active (conposite) cathaode | ayer. [0040']t' In ﬁ{p ration . .

for the gyrrond crraving FYSE NeEdmeh B thejsame e e fompget 195;?% e heciggematerial in
. . Z C o a .

e s PRRERFURERE Y 1% GRIONE. OShS SEDE AR shin r e

ceramiclelpétngleafiatetia in dtehdporing yerabr viettrochemmal hctmyyand thé

al  adi um The pal | adi um cont aj ni ng. ) ..
composﬁtion of the current ¢ yljng ceramic electrocie matgrlal for electrical conductivity.

practic

[0039] Inclusion of Ceria Electrolyte Phase in Active (Composite) Cathode Layer: In addition
to enhancing cathode performance, replacement of YSZ electrolyte material with ceria based
electrolyte material in composite cathodes also allows higher annealing temperatures to be used

in conjunction with the incorporation of more reactive (and more electrochemically active)



cathode layers are deposited using convention nethods

such as screen printing, spraying, or painting,
WORBIYEMa by anneal ing. To denonstrate this aBEFB@é‘W?/O&”%

pl anar cell of the HybridCell structure was prepared

with an active area of 28 cnR and a nmultil ayer cathode

was applied, including a ceria interlayer (as

descri bed above), an active cathode | ayer that was a

conposite of (Lao.60Sro. 40)(JFeo.90Zno. 0) B- X (LSZF)

and gadoliniun}doped ceria %%IXD and a current

Xfﬁ 1teg and Hic el%t%é ntcﬁhg ?J:t v%ﬁe&gh?slitgécathode

arr cat
electrocf tﬁlcﬂg (¢ ne vi/el DErc en

layer. cathode Iayer and a two wei ght percent addition of

lumwas nmade to the current collecting cathode
{00401 llagxarpommsmgf ﬁyﬂ«ﬂwwq a Dapantde theCerbpdglanghi Poneys! papach for
a0yl B Bt BBk B ot
doping mlf the cathbderindietiabetith pdma emounesf milsdiGBE O teqratthdivmf cobf2ining
bei%? fed to the anode side of the . cell and.alr (1500

cathodeclaysi e dsapiigd MsSconYHEOR oads SUThAs scien PEnUpg, fRrayRe, of

inting; 'fGH &8 bp 4 b1harERIRoME
pinin Sy TNl LIRS bolh, THAAEIALAR My
strucmwwasaog@amfdtmth amadtivietareal of 28 emfiand emmmglay?rmaﬂmde ®fas applied,

150 hour.s ch is at ut ed,t tabiljzati
includifi S P BRSBTS 1 AP RoaPo S BV Rar LA Dposit of
(Lao, 605@949)(1%0952110 Qd)©3 HD@ZF)@&E%@BOI%%&Q%E@ 8&(GIDE), knd a current carrying
performance due to poisonin e cat hode by
cathodeclayesreif prre T30 14 peliadivmi admtwawf pae wekht peycent stagmiade sethe active

o TR ST RSSO SRR3R Mgt

cathodedlafmn ThisokiCelhesaesed iatemanifplds fHat wes mide dﬂmhml&e-chrome
nt hanum stronti um mangani te, a | ant hanum stronti

alloy (Tnegnel-p@1)( [I8rpell ap gperats @ 30 far o & 3B (#>P@) wigh a humidified
hydrog%xgﬁl‘gr ?&%@S@EJ/&E}{ bPﬁ‘ 3%%&%‘ fod tEHklahde adér tké' FUPLALRHF T um

ferrite um strontium nickelate, a
(1500 ceanin being sddreortié eathcdiplsalet iAsas @1&8@ in FIChaB, Wﬂiﬂl hodestant current of

own to . those skill in the Xt ures

rials k
0.71 A/Fe BeigR AR cteth thech » amero Resibrionor e Yepaee s & iniia

condltﬂﬁﬁﬁga’gieﬁﬁﬂ oF ault I1 EGhowFRYwhieh iNRRIHRRaD SHbi1RERor! H8he anode
ayers, for exanple, by m xing palladium netal

microstorctya). | Wathow thx paléadwin hddmen, G noglet expel degrahatioorad cell

ration of t scr.ee t|n I nk, incorporating
perfo“%§F$§ @rﬁoﬂﬁ’?flﬁlgtoﬁzhet%ﬁﬂ?? * bytraditional
[0041] Imghﬁhﬁmay\sé ﬁ&a%s mgialbgfi%r Q%ahm cﬁ@mmk ipBohing 1S SOPE tathodes
ladiumsalts into the

other tkg-{; Irtlgélqu%F qudwglth%zgs IXA@E %@n the Begusrdesenibedigmongiratignh ddese cathode
compof P 160y fRE l%d% ﬁ]alﬁuﬁle:m # ﬁrgxl g!saﬁftf% | t1 flz!lrﬂlgn aror}tlum feryit

T onEon alnlng a pa o a pre-forne
(LSF), & Miﬁ&nﬁ@@hﬂﬂ@ cob&lfd2h la?fiﬂ&naﬂmﬂzenﬁmhebbﬂt ferstesi Baru@h strontium

cobalt ﬁgg'petg,\?@r lgﬁt?lglgunl‘l gt\égl?tgulrr? glckglat%eg garrhgn%%l Ist?onrtrlougnecoclj)a{tlte (SSC), other
cathode materials known to those skilled in the art, mixtures thereof, and a mixture of any of
them with LSZF. The palladium stabilizer may be incorporated into the cathode layers, for
example, by mixing palladium metal or palladium oxide with the cathode powders before

preparation of the screen printing ink, incorporating palladium into the cathode material by



The anode materials systemincludes a thin interfacia
| ayer of a mxed ionically and electronically
wa@oodoedsnfng ceram c material that is fabricat eBCT/HS1008085906
| ayers. The m xed ionically and el ectronically
conducting ceramic material preferably is selected
froma ceria-based electrolyte material, including a
samari um doped ceria, a gadoliniumdoped ceria, a
yttriundoped ceria, a scandiyn}doped ceria, a
cal ci um doped ceria, and cerium oxi de doped wi th any
o i.nat.i I ' . h,- .
raditof TR Welpls ihchs TRl b AR EnceRh pBRUAF kb Gisolving
palladivan daltd iato the sdriasgrigingdnif vetdcls befocampixdsg theeathodopamda into the ink
.. do ngt interfere with anode functiogn. O her, m xed X
Vehwlec%aﬁlaapﬁ%aé@elaﬁai gongpapg A ladivppialiintg) aprrrieredicgthode coating,
[0042] THRSRoddthblefidls isPstbd)&f Ml predeRPinBMidAGs HSRAbed B mbidRietail below.
case of ceria-based interfacial layers, a first dense
The anmlermaetizly sysidns imtbples h tled ietfailheyer of amixedabeictliyind e
menpr an urface froma,mxtuyre.of .doped, ceri oxl de. .
clectrorf Gy POy S GIGUF BAERH G BHEDTSASAR BV 0 f o Mixed fonically
and eleé’t_ﬁﬁéa@l'y%oﬁd@&ing ABERSc MAfbrial SeRrdblA ek tcA ot 8 cBiLbised
aid such as cobalt (or alternatively other base netal
electrolyte raatsridy inglugingta samagifimbdensd wemala gadplduiyin-doped cerad ondirium-

orous |l aver .is.deposited froma doped, cerium.oxide , .
doped g TP QoA P A PRGBSl i T RO Ry th any
combinBidéit 6t &irthent /@0 RS 1indeBEddmeHt® UNlicso naberBils Yh € Edi@ain dopants

aid such as cobalt (or alternatively other base netal

in additégy tgdBosssperifirdaliors af thesesdopaais e nokiniréore wathgngde function.
Other r{l)ikiﬁde Eén‘ﬁﬁc@%ﬁeﬁrﬁ%@l&&o ﬁﬁie?i.lals(kiogrﬁ’to BHoP E‘{lt}lgds fglrthe art also may

rsul gitive materials own to
be useds Kol tlectabdof deeiadyakgd infefactaivaytyefist derge dapolayérds deposited onto
sequentially and then co-sintered s h(tihat t he. doped
the cergyif elgirglicaerRtagr Fydacs rqmy g apixiuge ed geriym gxidg eregiralyte

powderg Elﬁ@ffigg (e)ﬁtlia ﬁlgﬁltﬁﬁil eﬁi-%lgzturg}f;%fc?é‘fz@ﬁﬁg&%ﬁ USnilll dnlifinPBE ;F $intering aid

t hi ckness™of the I nterfacia
such aslcalat (or sltenopticely ntieebase 2acdal wixides s a2 nidotute afbasdumetal oxides). The

conponent. | ayer. re deposited fro n.i or )
second BRERE HPbir GEPTEA Hobh A0 refbao G} Bikitolyle Rowg having one or
more diSRAA YRy PakiBleisi@ raies Of 40411 ABSNAGE a kinehglad HRASS cobalt (or

skillTed in the art. e sintering aid (cobalt or other

alternatiypdyeothrer kese sietal @xisles evabiixiute ofibass mptabexides).sandadugidia’y pore

. may. be i ncorpgr.at ed duri.ng,synthesi f,. 1.he R
formin 1R (e 0E Rl o Bl M el B foghose sdted n he
art). THeHR' la%f%( hﬁ:&lepésiﬂ&ﬁts&%ueﬁﬁﬂﬂﬁ#rﬁl tHBY chEinfi &t diick Geht Wetddped cerium

. .ceria-based (ﬁ)owders efore inks or spray _ suspensions
oxide infefagigldayer éy danpeatdhe swfaca 9f Hieleptipl e mepbEs Gnd raepus at the outer

surface ga#ig Et}%lgto{ali] ﬁnél&ééssﬁgf gﬁégﬁﬁizﬁ Y@%flgsa%gro?(hlgﬁe@ﬁ% microns, i %oth of the

ssol'vingso recur sratering a
component tayersiankdapekitel forhan isobvesponsionalsingsneti@it such apgirgen printing,

spraying i o IREHBS TP THEOHBORSE SR AIeAPRITe e mgTed (cobal
or otheCEIsE et R {deqk cBnblAUES o PhaRE niBM RRIYSERTY be incorporated during

synthesis of the ceria-based powders used to make the interfacial layer, oxide or metal powders
may be pre-mixed with ceria-based powders before inks or spray suspensions are made, or the

sintering aid may be incorporated during the ink/suspension synthesis step by pre-dissolving



[0043] The anode materials system of the present
invention also includes a bi-layer anode structure
wapak/otdsas the el ectrochem cal and current carPgi/ng2008/085906
functions of the anode system are separately
opti m zed. The el ectrochenmically active anode |layer is
first deposited onto the ceria interfacial |ayer from
m xtures of a ceria-based el ectrol yte powler and a
sui tabl e base netal oxide p?mder (e.g., nickel oxide)
or a conbi nation of pre- caIC|ned base netal oxide
B r
soluble BB ol K8 n (FANE (Luic KRNI ADERAL} LR pply the
coatingrbx bpra@ng oeserean prakmgtdmh@:lse Etharcipproaciadsity lm‘orpwﬁe smtenng aids

Iecte roma samarium doped ceria, a
to the C@%’é‘@ﬁ’?@f@%@ﬁo@@ used-yttrium doped ceria, a
[0043] %8 %ﬂb&%gtgﬂﬁg 595%1‘11 df t}é prédefi MOt HRReICREIndes AB1dayer anode

cerium oxi h "any conbi nation of rare earth
structuramu¢tothatthk alecimecksamdh aed eureant sarryihg Smchensofithe anﬁayzystem are

ontain naddllontotoes
scpart 9B oA R BBt At e RSB R8s
interfacid) Qaﬁﬁﬁﬁnﬁﬁfx@lﬁfe@&f SleerRoyMEed cledtrdiite paivdbiinds disablebase metal
the el ectrochem cally active anaode | ayer is

oxide p@wﬁmﬁegeamhel ride)nr arombintion of pre-grgiaedase giojal oxide powders
e

mixtureAired & hﬁk@ﬂxe@ﬂ@&ot}&n@m@rawed l296r mae be selemedfrtinst danmtinm-doped
particle size ranges., The wei ght ratl 0 of b e netal
ceria, agRileliniyaviserd e%1% 8 EE AP decsiie g9, a calcium-doped
&
ceria, aH& 5%‘1‘[&1"? %{/féiré ﬁg ncpvrvg?]glgy Jrhgbrhﬁ‘li&%t Jﬂﬁ%eeﬁhﬁ_r %/Xlé %r %léﬁr%eearth elements.
These Iﬁﬂb}hﬂs haggoataordopanatgén additicepaboteapedhitdsd lneg as these dopants do
e] ect

. roche al | |veanoelaerfro
not int Glegc iy ARocR (BT VAL CBRAE (GO iSRS G to make the
elec&o&?éhg@all‘j’fracﬂw&%d@ ®Ljck [0 Qxlpdi8dd 86hetbrhasie diha! pafidiflfize ranges.
(e ni ckel oxide) or conbination of base netal

The cermaeb@éé céramig eloefial Kielpowdobial thg mixiprss msmﬂm&euth@ﬂectrochemlcally

scive {3017 EP USH Py PRG SHOUPER) BIove P R AaR Setcinele T weigh

ratio of/FAEEmEiad bkifAs boWwAerTB WpiBderiutl Skidt Bewdang €f mxffed iRd to make the
wei ght ratio of base netal oxide powder to doped

electrocd@mlmﬂyo&znmarmd@rer earapgmbems i big 3:11 The carrant opfiectinggnode

layer 1ssd§§ﬁs§1ieﬁfopé‘orkﬁg% ec?é/ le fi'hl 1 nagg'gé)?dsotdgp a%g g'o;nngﬁﬂﬁtlﬁ‘bg{sﬁi (.eéiiamlc

electrolytecpotier gl éad Zxcotis adpaniped agrice okﬁy)%ﬁl d l&‘ase metal oxide
E proxi mately 15 mcrons thick,, I n one eq‘o i ment
(e.8., pickel QIR RF POHDTALSHHY HSamEIa: Pides Gre base aﬁé’géllt Ceiepfa&dfor iron

oxides)( efhg: bas%fn‘éﬁﬂ)mdg g@@h&s u’s{ R ROy € oﬂﬂ? %8 dndd® é&ﬂ%? Gre comprised of

re-calcined to sol |
one or Blotamsm,‘[ pamary"l@rﬂclp iz eange exdd tbe \deighmatlo of base metal oxide

ot oA BTG o O e B SEABR s o e
are depbSifdd z@id%en%ﬁt@féﬁ'sﬁéh th-ﬂ‘t%e @&EF BicRASR s ANRSeMalBEL0 RlidtbSs and

interfacial layer, the first
each of the component anode layers is approximately 15 microns thick. In one embodiment of
the invention in which a mixture of base metal oxides (e.g., nickel, cobalt, iron and/or copper) is

used, the oxides may be pre-calcined to form a solid solution, a single phase mixed oxide, or a



(el ectrochem cally active) anode | ayer and the second
(current carrying) anode | ayer may be deposited and

W@ Rowareds separately or they nay be deposited PCT/US2008/085906
sequentially and then co-sintered. [0044] A snal
anmount of a high surface area, nanoscale electrolyte
material (either zirconia or ceria based electrolyte
mat erials) nay be mxed into either nickel oxide or a
m xture of base netal oxid (nickel, cobalt, iron
and/ or copper oxides) and then cal ci ned before the

multlplpﬁgheféé piey ecf%ﬁi?é’?ﬁoﬂ. ® B n@%g‘;}ﬁatrtl?clégﬁb bhPR3ing kﬁlﬁttﬁé)él)éétﬁ)lyte

teria m a cer ode. The nanoscal e
matenabt[cena potiytoaiayaThe caia-baidd tnmie/ghecovbie Brigfasiad laynlg thesf first

tecrob L e 5 LRSS 25T Bl L e may e

deposit&d e’ﬁ{dt snst@rea rgéba%&t MY mABk Shpokifell dogekigihil Q Bnd et abisBiflered.
cycling. doped ceri'umoxide is used as the

[0044] mamslbanemﬁloé etigh W%cmarﬂaaoscablféwhphée @@Wpl@h(eeth@rrzlrcoma or

ceria bag%c} %18%% g)aﬁE a%c? La?@ Jﬂﬁ’et?el}ﬁg{ﬁlg [51?8 eﬁh?r%lagii g}ildgor Wxtﬂxee of base

metal oSO dkel VoBAR @&nGaliod copbey biitled) Ihd aRpdakatdddefae the calcined
scandlun}doped ceria, a calciumdoped ceria, and a
mixturecie prixed with additionsd glogirelyteangteriahinifom # eemist alaoaiee Togmpppscale

cteoro G i RS REL Tth FE o JLE R A FSORY peruin,
during @erith@seitidapfmcentdmingfuelsdieirigestat-up tulnd sﬂm@de\nfﬁwmltdlmimg
I f doped 2|rcon| umo ide is.ysed as the nano

reductiqy}- %tﬂ?téﬂrwé i K PRF CHET O o BeORDESPENBIGRE glsguolyte materia,
then th@&ﬂﬁb%%ﬁ glodg ? 542800 Rd BLiBikh Q1 At Rat B S8 dyde ER¥1ch ?rcﬁh a

ttrium zirconia, a scandi a doped zirconia, and .
mnnanunmﬂop@dnﬁua mgaduhhﬁmmoﬂypm&ngsd zyﬁmunmdap@d@ﬂnarmquuyunldopedcena,

mat | Th d t t t
a calohyly IGRsHhecT A SFOP TGRSl YRR 47 AR of T g it eor

alkalin@edM*@EmRE1 Tidsk ha@&ﬁlﬁh@ﬁ Erfih ‘B@JFMS GOl th those specified so
ceramc material which is fabricated in tw |ayers,

long asThrse dppants dcomtaaﬂerfyreawﬁl aode fanstion alf dpped riderniym gxide is used as

the nang%crafl el%céé) ?e éabl PO%ltéGc’ne(L é{: ﬁ%ﬂoséz?%}é(ﬁ)eg. zucoma

electroly R/ RAteHAMAAPIRO ?@ﬁmrﬁwdoﬁecgﬁﬂd@inidﬁ kytandapduped elitaia, amd any singly or
yttriumdoped ceria, a scandi umdoped ceria, a

mﬂﬂpladpmmifﬁcﬁﬁwééecé@mﬁmam -a cerium oxi de doped with any
[0045] ﬂ}%ﬁ’e 8{%% gféilesr I r@{ tfx@pI%QcQ'{t %{veﬁh&ﬁl gﬂﬁgﬁ?ghtufﬂ hnterfamal layer of

contal n
a mixe@dﬂﬂﬁdail? and eletihasealspeadidtiad csmnho nopteaiai Whmhes fibpiamttd in two
do not interfere W|th Qatgqode functi on.

layers. ldwdmaed 1Ry 40 Eleairaucallyl sppdushigeeraati ESIgh PLegeTebly is sclected
from a Eé}?asﬁasgéf bdrh@th dif %as bt kerl %ﬁclﬁ@ﬁig RRaaRem-dopEd L8R, a

case of cerl a- i nterfacri al layers, a first dense
gadohmlemdapéchgm’a ] s’ttdmpetklpbé derm;mscmdwmdpam @en@l ecalcmd@ed ceria,

and a CQP‘QE IOP‘ cL é’l{ﬂé gﬁr)?g&nﬁé ﬁfﬁﬁx}],e ear%h e?ements
These RakLiAIS ln?ay%ﬂoﬁi%m dopants in addition to those spec1ﬁed so long as these dopants do
not interfere with cathode function. Other mixed conducting ceramic electrolyte materials
known to those skilled in the art also may be used. For the case of ceria-based interfacial layers,

a first dense ceria layer is deposited onto the ceramic electrolyte membrane surface from a



ranges and a small anmpunt of a sintering aid such as
cobalt (or alternatively other base netal oxides or a
wooworeasodf base netal oxides). The second por POFUSEW&®085906
is deposited froma doped cerium oxide el ectrolyte
powder having one or nore distinct primary particle
size ranges, a snmall amount of a sintering aid such as
cobalt (or alternatively other base netal oxides or a
m xture of base netal oxi de%, and a fugitive pore
formng material (e.g., graphite or other suitable
mixturé H8idge iRl | | Lo <i
e el B EP o P A i xolebriniy bt sie
ranges pag 8 small emaapioy|at seteseg)aid stélads opbaln (brisitemativel g otee b e metal
. h..that doped riumoxide interfacial |ayer is
oxides SHE MM o tARE RS D e SeaoBL Bhishs 1 eris ispasiied fen a doped
ceriumpRidiigectiolsiid fowddrdayvinglohd 68 mdRddibii:t Pﬁﬁ@fygﬁif’tiglg B8 Sarfdks, a small
the interfacial layer is approximtely 2-3 m crons. ’
amountp); g sigieripg aid suetpaeobelt (enyediematively dtso batesucthl exidesor amkixture of

s il OB RIIIGHR ST 5 GRR:BEO o e

materiadkkndvadtoi thodelsilatin thENeL)STHE B4é BemBdrnt BORBLY (i Y43 nterfacial
oxi.de or conbi nati on of base nmetal oxi des

base netal ]
layer a‘i?éGP‘Eﬁétefi seBicptplly @ then snsintoyast ek ittt depadrmerium oxide interfacial
. i A~ interfacial |ayer
e 8 O 460 B L DL S LSS e
total thigkoghe 0§ theehiterfecinligerds aigpotinasils pSnaiceins. Both HRUS c&fponent

] i_NGgor por I:ri ng the sintering during the jnk/suspension ]
aYeIs 8y ﬁ?ﬂﬂ%&?‘g S‘Pg’ﬁl 1B optusPeistigtsneTelbel ek apfaea g wraying,
painting, 2 ofied hREHJAY kAb¥n %éh@?é%léiﬂb(f iﬂ?h% 2K Yﬁ@%igéegpé g{g (cobalt or other

solvent) used to apply the interfacia y
base mefpkexjdener combimation of pasermétalpxiddshods be Gidoggorapd darehesmthesis of

. ihcorporate.the sinpter, .ai.d into the ceriabased
e Rk BELRREAL S BRI S5 D) et et
powderSBtd-b@ks psw a8 Befhre kS oPE Wmspér%‘i/cﬁﬁtak@ﬂﬁ@ét ﬁrg%lcc%rﬁgrating the

.. . includes a bi-layer cathode structure suc

sintering dgging gerakPesprnserisiatiasisstepdarpry-idisgolvingoolublsproturkdre to the
o . : : rately..optim zed. .The : .
simerin AT BESCRERLELL o ABLA T A58 ol Myt aye by sravin

or screetigpimsing etbtianls 0 Othve appiobélrdd 86 RoipdtAs RGiMHd LM E inth 1R Beria-
.lﬁg&\%ﬂler m xtures of a ceria-based ceramc electrolyte
based ijgtagizldpyes algo maydeaitrd el ectrode material . The ceranic

ef num,stronti um zj nc
ok 8 B ARSI oo
structurk awdhhhanthe slectoodhiemical end étreent t6h)ing Ak Aeid EMBEANode system are

S AT KRS e R Tk
g g e e o BBl Bt O e e materia
and a cqrppiseelenkiofi¢ axtdrial.t Hee caramicaiettmdeimatatinbrtah &t @ ddrithit@s@rontium
zine ferﬂ%t(igk%,% 1t 1ét%‘(i)nrt]ium manganite, a lanthanum strontium ferrite (LSF), a
lanthanum strontium cobaltite, a lanthanum strontium cobalt ferrite, a barium strontium cobalt
ferrite, a lanthanum strontium nickelate, a samarium strontium cobaltite (SSC), other cathode
materials known to those skilled in the art, and a mixture thereof: these materials may contain

dopants in addition to those specified so long as these dopants do not interfere with cathode



dopants in addition to those specified so | ong as
t hese dopants do not interfere wth cathodefunction.
wab@ooesasri ¢ el ect rode powder in the m xtures PSEUS1008/085906
make the el ectrochem cally active cathode |ayer is
conpri sed of one or nore distinct particle size
ranges. The ceri a-based el ectrol yte powder in the
m xtures used to make the el ectrochem cally active
cat hode | ayer also is conprj.sed of one or nore
di stinct particle size ranges. The weight ratio of
_ . | , . .
functiof "Rt S LB ORME T tlshSRRE BTN ML OB AR iR icanly
active cathbiy Bryess bomprisalydione anmoandietidot pantitlediteaa@get. Thheeria-based
current collecting cathode |layer is eith

r a,
clectrolyte pgvagioiibremtuess st te rakechs Jastrachiemically agfiveathode layer also
s comy REEER o St SRR Al B o R o
powder de posddt cedwmnixidd frevder ecthe aukemesambd fo makd the cbatrbahdmically active

l.ayer. The co itiqn qof the ceram c el.egtrode. . .
cathod, GG oy g ST FL2(h @ o e GHRCESHPY GG RG o iisper asingle-
compor¥RYcdeiRiceMPRrodS malidfal s8L£6krAMictdMR18HE Rlatd@N@AT Bahik¥d with a small

active cathode layer, or optionally be a different

amount®é ekeairelytel raateridd thindayeris déposttdente therdentxpchemicallis agtye cathode

f higher. el ectrical. conductivity, better thernmal .
tayer. Gie gfposliof o elgisie RPN et In e sbitd Thirvine cathode
layer mhy'eheShing @b tHabhsedan e @edroeherh 3811 &dtlve CethBde lager? bf g;ﬁi’ﬂnally bea
based el ectrolyte for the case of the FlexCell an

differentiperemicalpgtrasiemgserial eelpcted hased op apdsenserfdughes glecirgelqangpetivity,
.Lhe ¢ .

v 358 4018350 A0l G BSRERNE MR g componcnt o

the cell{@pgesircdii£bise0 cleypelstcoior drtdasdel thaybnCednrd HppadCeisiructures).

The cergtgg:r%%%g .g}nafyeer gﬁﬁsdg}g ghécr:g%a% gagrcyhl?ggga{t}gchglc PRI Siised of one or
p abitd 0 . . S

more diGARA Rar R o AP T TR ¥ et QA Befcic] Ind i

sinteredotubk thab #eeotabthadkness ip agoniumtely B imidopamd eash ofithe component
conbi nati on of se. nmetal. an reci_ous tal. dopants)

anode 1S APPIREBHALY A0 daicTo gk et enumitint pf beaRgas

palladidrfi‘)lgﬁaﬁlt (oHtiiser BeRARELaPEIdirbdiods HBY] BHafBELaYcombination of base
re-di ssolving precursors to the dopant {e.g.,

metal and preglons gietah dopantsy) maytied ncaspoatskdaniogirprestraas ot ket cathode fayers.

. in hicle (aor _solvent) that is used. t |y the

his dopifafiffiof nR R it M del it Raipunt ¢.25

acetyladdfdiRids % bitler bali§1e cofnpBuridsy Bito (hRliMIEVEHAEIB €6H s6Blcht) that is used to
active) cathode layer and the second (current

apply theenopijngsg)Thegerivtiasadppdodefplpctsel vigdpissfaeiablanwdthsifiister ed
(electro?ﬁééﬁi%%l‘(ifltéﬁv ca do%[l% ?ff(? tH%%Q@oq‘fd;(gv]gnaﬁ g&gﬂh@ﬂéealt%d% rffgrer may be

SI nterea. e use ness

depositéd &6l sinteedFapaiteBl & thyysheynbe dgasitédsduemialliagd then co-sintered.
i nventjion are evident from.the testing results

[0047] Jibe assiubresseidbe slgclendegnatenals sxséqmssdeigp 18 ghig g1vention are evident
from thd B36h4 REHItd Sbthiied b2 bd1RM:AGe s PERMs§Pepat@ R dRschibed in the following

Examples.



[0048] Nickel cobalt oxide solid solution powder was
prepared for subsequent use in anode fornul ations
walemeonrdsesl i n Exanples 5, 6, 11, 12, 14, 16, apdi/i%2008/085906
The first step was the preparation of a m xture that
contained 112.5 grans ni ckel oxide (NiO and 37.50
granms cobalt oxide (Co30 ), corresponding to a batched
stoichionetry of (N o.76Co00.24)0. This m xture was
ball mlled in acetone with_zirconia grinding nmedia
and the resulting slurry dried to a powder. The
Exam gﬁjed powder m xture was cal cined at 10000C and t hen
ved through a 35-nesh sieve. During calcination,
[0048] NixkehtsHaloxaledohd b@lhﬁoxopdndm wa @@épafbdttbr §1Qfsémﬁn(1lﬂe®n _a’node
Co0. 24)0Q sqolid sol ution er, as con

FormulagipR demThegin BeaDicR SO, 1. 147 36.eddd mThe T sieenTacee
I
preparatg)(% 5&%% gg‘&%ﬁegﬁ%g ?{a\f\gﬁ HitEdl l&(ﬁl’e 1@)3}5@"19 & grtaﬂﬁ cobalt

ci ne er was re
oxide (Cvs06) gmspbncﬁﬂ@ﬂfa bxtdlamailgll‘ﬂelﬁieiny oRNiayCop L@ .aThisemxture was
fealso shown in FIG 14). se XR}’ID d%ﬁa cgnflrmtha
ball milfeddn pecippecHitihehRRzH2 §rap B iggndfhafoaiune SHEY @gp4ned to 2

fooge h8Nset@RBldugh a 35-mesh
pOdeJmméPﬁa{ dgﬁﬁnhﬂﬁgsca éﬁﬁggﬁﬁf%pgé%#ggﬁdereprepargda e

sieve. Iatrmge:amasnont uhtc actkehand cobalf sxitded nea@t:ql tmfoufl aNINGGeC0.24)O solid

sotaion RS EHE 32 EoBRAAR o b S R P A RS Re et of
reductidBdnCth® afys@DNsthuturbl L3R PONE eilcies (N, bgca;o N paivdbedad reduced in

acetone wWith zirconia grinding nedia to reduce its

hydrogqpeat 80¢ eandi apélyzqthby V'ITE)Y difaojioni(alseshagronddO. s#)urhgse XRD data

conﬁnnl\tlﬂ%r%]a%ﬁﬁgge@é{e? W c{g [ efto? B?Egl %%d%gg{lgl&g%]& %{hg @Oa%% mixture of

mckelaﬁ@bb]ﬁhlﬁﬁbtulsl on povvder (Ni .76Co0.240 ) containi ng a
amount of nanoscal e samari um doped ceria (,.SDC

[0049] @he e@@l@@é}@ Gofopogdepropsedrhona Ferstifbed Sgbsemte rffaCBQ’é of NiO-

Co prr RG220 FESRUABH VAR 700 oy

procedwré kitwfier tdlaihativontha Ni@d”d0 2oﬁdgtmswibljatdm Inibed miecé¢thOpith
37.50 grans cobal t. oxi de

, ..and
zirconiagigaisarediateedyes iparErlc o %2: st & pEied NEQ-GrO pyery then
was drlégtlo% ctd fﬂeﬁ)réﬁaﬁt%%f“ﬁﬁe o] h-cwd hr8élirbdt p%%tepne with

Z|rcon|a grindi'ng media and the resulting slurry was
Examplrd ed to a powder. The dried N O CoQ SDC powder was

s SRS IS NS S AU BT Pt
samariuli- ﬁ@MdS:‘éﬁa I@SE@EIVS CEl 38mMN 564 EQ)Q" @cﬁﬂfr%@‘rﬁse@@éﬁﬂ Qe in anode
roc e

was nmade the same initia re but after
formula@gns;qi%gnb intHxemylesde &y 10, 11, and 15. The first step was the preparation of a

mixture that contained 112.5 grams nickel oxide (Ni0O), 37.50 grams cobalt oxide (Co30s4), and 3
grams nanoscale SDC-15 powder having a surface area of 195 m*/gram. This mixture was ball
milled in acetone with zirconia grinding media and the resulting slurry was dried to a powder.
The dried NiO-CoQO/SDC powder was calcined at 1000°C then sieved through a 35-mesh sieve to
complete preparation of the coarse NiO-CoO/SDC precursor powder. Fine NiO-CoO/SDC
precursor powder was made by the same initial procedure but after calcination the NiO-

CoOQ/SDC powder was vibratory milled in acetone with zirconia grinding media to reduce its



SDC powder was vibratory mlled in acetone with
zirconia grinding nedia to reduce itsparticle size.
wab@owrdsoat ory mlled Ni O Cod SDC sl urry then PeEUSI0ES906
to conplete preparation of the fine N O CoQd SDC
precursor powder. Exanple 3 [0051] N O CoO solid
sol ution powder (Ni o.76Co0.240 ) containing snall
anount s of nanoscal e samari um doped ceria (SDC-15) and
nanoscal e zi rconi um doped C%I‘I a (ZDC-50, Ceo.sZro.52)
powders was prepared for subsequent use in an anode
. ah
particles e SEVIHR0HRAIo B CRORIR MUy ton W e Sh R iSparation
of the fige AiB- (E‘m@/iSECpmcﬂeo@W@)er. 37.50 grans cobalt oxide
!C0304), 1.5 grans nanoscal e SDC-15 powder with a
Exam face area of 195 m/gram and 1.5 grans nanoscal e

[0051] % Se) Q&Wﬁluﬁmrf }gbvﬂ:le? A, 2%, 405 RoRhindnglsnll #héMHts JaBoscale

m xture was ba | ed |n acetone wth zirconi a
samarlugr—dogmhdrtgnwéfﬂiﬁ)@ lér)dmﬁ hanosedekir¢angurgidoped/canad ZiG-2¢ Geosro.s02)

powder§ 30t S B i s Frb BB AP B e o, The
first steﬁl@JaQ iRSHe s}MT&Qi(ﬁQQI a Gt DEhap QY Ghe & OIS S intdiiOd cltd) Sxﬁl@ QN@ 37.50
DC/ ZDC precursor powder. Fine Ni O CoQ S

grams cpb@lthld@ ([CpOakidrd gvams magkscily SIKe 18 anwdérivith apurface area of

195 m*Rf ocedgrlgst %’r%éls af t?esrgalel 1 agéﬁjo%e}\b y‘s&fa%%gu'esam} ﬁgr@?%am This

one WI zirconra gri

mixturd sl liteillee thisR tdreSviftegitdodl agrrfidagy mddie avd ﬂfe&é@ﬂtyhg slurry was
mlled Ni OCoQ SDC/ ZDC slurry then was dried t

dried tocagasyder-e The dped pawdsk nERtuFBeR Wi calpioedald 0857 ,ﬁ_@e sieved through a
35-mesh E]fé%' F 3R RGP 1%80 Jh aé/lf%({_: %%@é%ra%?gﬂru{eq R s ie)-

was~ prepar o
CoO/SBCAMT prestudbi pivedsd. Finedit-GoOSRMIWDEprectsal pavaler was made by

substrate with a_t kness of_ approxipmately 125
the samaEPRh ORI ABET ETHRER (07 NED BigLNDC. Vet 3Rt viggtory milled
in acetoh® W}?h‘%ﬁ‘lé:@#la?ﬂ flSREPI ﬂé&ﬁ&gtsapaﬂ’lﬂ%kége | ?Hcehbratcl)ry milled NiO-

coba ope rlundoped ceria (S
CoQ/SPEIZR0 slusariimen wag driadtte cbmpleid preparationef tho fihe Ni@-G{y3BC/ZDC
and thode faces. The cobalt addition was nmade by
Precurs%l%q Tcobalt (111) 2,4 pentanedionate to the ink in

Exampfdy anount corresponding to approximtely 1 w % cobalt
_Erre'"fal relative to the amobunt of SDC-20 powder in the

[0052] i&n #@hdmeda:ﬁbhcredl woyreepsaOromtact. 9401 dinmetgy egandinestabilized zirconia

ceramlci eﬂ?cgl} 3%8 sul strra Svg % gﬂc@g?ﬁ%’ aeﬁ)glg?mmgtl &%ﬁr(ﬁ)??ong;agé gﬁ active area of
1.26 coife e RBIDHAX EAPRCRlell b isteenThifittisa sifglbilayeRyRbaledoskl safirium-
doped cgga 1?%'@%3-62% 80n tmooletz S&cgn? Ez?:rln;m(ljng 1%9erfsalc?1c:il ia%recgr]: I?cgdln ?}lle alm%)ée and cathode
faces. The cobalt addition was made by adding cobalt (11I) 2,4 pentanedionate to the ink in an
amount corresponding to approximately 1 wt% cobalt metal relative to the amount of SDC-20
powder in the ink. The cobalt-doped SDC interfacial layers were annealed at 1300°C for one
hour. Thicknesses of the interfacial layers on both anode and cathode faces were approximately
five microns. A bi-layer anode was deposited onto the cobalt doped SDC interfacial layer on the
anode face of the cell. The electrochemically active anode layer comprised a mixture of N1O and

gadolinium-doped ceria (GDC-10, 10 mole percent Gd), with 50 wt% GDC-10 and 50 wt% NiO.



anode face of the cell. The el ectrochem cally active
anode | ayer conprised a m xture of N O and
w@awolraspum doped ceria (CDC-10, 10 nol e per ceprtT/Ga3008/085906
with 50 wt% GDC-10 and 50 wt % Ni O. The current carrying
anode | ayer conprised a mxture of NN O and GDC-10Q,
with 20 wt% GDC- 10 and 80 wt % Ni O The two anode
| ayers were anneal ed at 13000C for one hour.
Thi cknesses of the el ect rogaem' cally active and
current carrying anode | ayers after annealing both
Jelge) Rg-ts r r 0
the curf G STRLE Lol o ERE NI And PGBy vigh 20 wis apc-
10 and g(E\Krf% ™20, (Thaowb afmbde 1aPdrs ﬁﬂaﬂ: anhodled aPB0° Sl oﬁleZ’Er) Micknesses
posited onto the cobalt-doped SDC interfacial |ayer
of the elsﬁrqqhémecai ¥ @efever apdecupenk g ying) anoderlayers adier uepling Roth wpre

approxné%él)?/ % %@%{:4} Sé@lg%gﬁrg%ﬂlg %ﬁ@'o?oéﬁce%gﬁ; dgﬁﬁl?aé%?pstrontium

ferrite, (¢a5 JOSiora(g(ZmﬁdFe@lga)(Dﬁy(e[rSZEasvap depao sit&¥ Buto Theecdbati-doaedh BDE

ers e 250C for one. hqur. .
interfacref g e B 62 5% 16S B B P RRTPESrapemIsEly actipathode layer
compristd b MERfur &S L2 %@@ﬁ@ﬂ?g@%@/ﬁ .52kt 58eAGDTI1 MO current
were approxi mately 15 m crons each. [0053] The SOFC
carryingpeathicsle farec waspultem&ZFc el'lte tino dathodp layssneee eingba q@@ﬂﬂS"C for one
hour. THicEaGses PlARy oo N o it SRR GHED e Ahoas e afer

alr?%tﬁli WRRCArSligRicdy Famicreieady- state (5t age ||)
et radatlig)% in they presence of sul fur.

[0053] Fb@SﬂJ]FCmesWanmde@Sf:@iém Be blcsonts QS 2Bp AP S  FUC is shown in
FIGS. 5 § Clt%f‘q%c B4R ar Sgrhdéh?s ct%p%f?& bﬁtzc%gta%ﬁ Eo%%ﬁ' R BRI significant
steady—@zﬁ@(sn(%] )@égyadb%nm ﬂk@mem{%ﬁlfﬁct ive area of 1.26
e cell was fabricated with the sane
Examplegha| t - doped samari um doped ceria (SDC) interfacial
r t e

(0054] SRR O QU ARG A 4158 B0 BEFRafit sabilized girconia
ceramlcwhéwol)he sulmﬁaﬂetwﬁiom“énhkﬁ@@ dfapprokanitelly 128 yecrons ahdan active area of

f the,cell. The el ectrochem cal l tive

1.26 cmanggwlgvé% 2bgRPd with the g Gpbaltgpp apgegum-doped ceria (SDC)
mterfac&"ll fs%‘ﬁ@t&g@ﬁ%ﬁo&@iﬂdacaﬁga@faﬁg ds @&cﬂﬁe@ 1ﬁ‘1t§¢ra 351, OA R Pyer

er prepared as described in Exanple The current
anode mrdnepmsrtgd antodke tebpirdopehPPCsntrfacia bmzrrcm thé anddo fagrcpf the cell.

The clegeb Al P OIS BT GRe PR O B et Toped

ceria (GIN®) RAFOIW19F BERLRID- Lo dwiRr gfegaﬁuraa @8dcribed fiyERgnple 1. The
anode |l ayers after annealing both were approxi mately

current ¢BTYiE prads laves hompriscdsamixtirs 2E Na@sad GIPC (33wt é‘é@rﬁ@é@o wi%
escribed in Exanpl RgsI
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electrochemically active and current carrying anode layers after annealing both were

approximately 15 microns each. The same LSZF-based bi-layer cathode as described in
Example 4 was deposited and annealed onto the cobalt-doped SDC interfacial layer on the
cathode face of the cell.

[0055] The SOFC performance of this cell in the presence of 200 ppm H,S is shown in FIG. 10.

Because the anode in this cell contained cobalt, it experienced lower steady-state degradation in



cat hode face of the cell. [0055] The SOFC performnmance
of this cell in the presence of 200 ppmH S is shown
WO 00B@3010. Because the anode in this cell coptBUS®AS/085906
cobalt, it experienced | ower steady-state degradation
i nthe presence of sulfur, conpared to the identical
cell without cobalt in the electrochem cally active
anode | ayer (Exanple 4). Exanple 6 [0056] A solid
oxi de fuel cell was prepar g froma 1.9 cmdianeter
di sc- shaped FlI exCeII substrate nade from

the presggc%?sq)sl%gfre%%#l%%ré rci:enﬂc cgl'? %out’ co% fflnan elé%&o?ch%mlcally

erla al ac Ive area

activeaﬂg&aamExJﬂ@eqyll vvas fabri cat ed wi th cobal t - doped
SDC interfacial layers on both the anode and cat hode
Exampkedres, with a bi-layer anode on the anode face, and

[0056] W Jo’ﬁp%gr | Cf{éf%gfl E)Pegacr Idggbé{, gq <ah fa@? ctb A& shEEéf-cFFEe?bLll

el"ow oSi tl
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oped SDC interfacial layer 1nk prepared
and witlus biripysacatirdde mndb@mih@brfa@e riﬂmﬂeerlbwm‘ fabhmt@bamttsq:nbedﬂuelow
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erent surfTace areas: rcent w a surface

No. ér’l/éé%f? 3 ﬁn@liﬁlmddgrﬁmst AR O0PEr- altydopd §D§Uinfesteiab bager ipk was

prepps e s ToaPE FER pdhddl B Y S BB AU & S HhtTrso
(SDCQIG}ITTT héirkow& prepaied by ﬂﬁngWZb)ﬁoﬁﬂéﬁs Mgo QQ&@iﬂeol based an
anedi onate I n an appunt_corr espondl ng

ink ‘affiwléxifhﬁg B Cy2Qpravisas indhis 18l hadfoar diffpseg SUFASe G5 39 gercent
with Zbglafat% gllea %@g@&z@g afngr%: REE Y ayEelrS ﬁﬂaﬁtﬁq\%aals&?h%&h%agé’ 20 percent

w1th mmfmwarea eg ar ai’ éngrlap; ayl Kopeuddnonsth aEnefade ared oS48 mbigeum. A

[ epare y dilutin rtion of the SDC/ Co ink
cobgf. % %Wﬁ?ﬂ@a%wl@’ %W%@l%@ﬁ&ﬁﬁ& 4 PETRnediIals R Ba ARG UBY
congﬁgﬁg%lﬁ% Qpﬁgiﬁﬂa%% Bhe n@%f béﬁ‘a&)%étg I%EA%RJQ REthaMstal amount of

wt % gr aphi t solid aS|s hese
SDEED powdasinls mks ﬂ?mayebhibdumdﬁlm ingérfhetal d,xafyet ids vFaséhmﬂnhde into

substrat e. ed coati
two 3PP oy sblulial e quoel Rl o tore et bgE dmpgtion of the
sp@c%&ﬁewlm%ua@ﬁé ﬁ{dathé B6botlt isGMia thab B&Baﬂeh By Db ?ortlon of
coati ng h graphite) was spray depositéed onto
SDGS/Cpgnk tapctgnfp and ddingap wi% graphite (solids basis). These solutions were
sprayed onto both sides of the FlexCell substrate. A first cobalt-doped coating (without
graphite) was spray deposited onto one face of the FlexCell substrate and dried and then the
SDC/Co/C coating (with graphite) was spray deposited onto the first coating in the same
manner and dried. The procedure was repeated to deposit a two-layer ceria interfacial layer
onto the opposite face of the FlexCell substrate. The interfacial layer coated FlexCell
substrate then was heated in a furnace to 1300°C for one hour to sinter the interfacial layer

coatings and adhere them to the FlexCell substrate. Spray deposition parameters were



manner and dried. The procedure was repeated to

deposit a two-layer ceria interfacial |ayer onto the
wopmosidles f ace of the FlexCell substrate. The PCT/US2008/085906

interfacial |ayer coated FlexCell substrate then was

heated in a furnace to 13000C for one hour to sinter

the interfacial |ayer coatings and adhere themto the

FIl exCel | substrate. Spray deposition paraneters

werecontrol |l ed such that the total interfacial |ayer

t hi ckness was approxinatel922-3 m crons and each
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precursor powder prepared as described in Exanple 2
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oG8, 8898 O AF 51 00 ey e  CBilse i ggetone with
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e e

basedrmbl geliclk to Neﬁht@dﬁh elncdtehpnzelly sdivepondemkpr epar ed as

N N N L T —

as d@JcﬁB@d ROEARG e € WHsAPE ppéhags élﬁ”ﬁen@@ﬁf fo Mdde GRS as follows. A

precursor powder, 50 grans fine N O &Qecursor and
mixBe gfaaﬁcn@mnamdethatwa@medi@m@m eangcaNiSb v erpreaewz powder, 50

gr alﬁ%ﬁﬂ%ﬁe(?ﬁ@@uprgc%%%r’ and éS %raﬁ -%}aﬁhg%dz iel c%}'ua powq%r (5¢SZ, 10

mol& bE e S, Ty, |3®inﬁt§oﬂifpﬁitlale%mé) t 'hlﬁ,‘ls pesdEl s thranasVIﬁH milled in
dried to a _powder. A portion of this powder

acetgne yeth ggeonin eBnding aregiarag thaeeseliing ﬁWVé’Fﬁchr@\gg%a powder. A
port neﬁqfu? Ipéﬁrﬁg%%@%;er%g%oca%& éﬁi?s\%:\%Y h?cné)ﬁggpd' e the NiO-

posi I ngs ayer an
CoGipes 1 etrér ciriEing anstk: ifilace of t he
|nterfaC|aI-I yer - coat ed F%yxcel ove.

Deposition of ¢ynode 8- 01 (Vosy FRATORRNeER he%n% eaalﬁs‘agce of the
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R0 NS Lo L e Mo P S0, ane e
was applied by painting onto the dried electrochemically active anode coating using a foam
brush followed by drying. The anode-coated FlexCell substrate then was heated in a furnace
to 1300°C to sinter the anode layers and adhere them to the ceria interfacial layer. The
amounts of deposited anode coatings were controlled such that the total anode thickness was
approximately 30 microns and each component layer of the bi-layer anode was

approximately 15 microns thick.



brush foll owed by drying. The anode-coated Fl exCel |

substrate then was heated in a furnace to 13000C to
wa@owaresdhe anode | ayers and adhere themto theCcT/@Es1088/085906

interfacial [ayer. The amounts of deposited anode

coatings were controlled such that the total anode

t hi ckness was approxi mately 30 m crons and each

conmponent | ayer of the bi-layer anode was

approxi mately 15 mcrons thj.ck.Preparation of
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29 8 Bhaffnd 280 R K 5, RO TR LhgD Hoght i

powdesmixtineghal was hallvadledin ecttdre vaithpowwbara gridieg nedia aod the
hi s _powder ,was di sperseq into ink vehicle alo .

resulgr IR Wb OEC 972 BATIoR o RSO BIPONER B Papersed tnto an ink

vehiW dibitd WIh ah BmBBKErPaladOm W o arhl AN suFRfidH: ky/Rak®a 0.35 wit

total solids in the ink) to conplete preparation of .
palladiemdradativiede hasal solitls in the trky & exmplolgarenakatioproé e dedtioghemically
actiOf a%rqreeﬂ% Carryi ng Cat hode I nk. Zinc-doped | ant hanum
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PrepA%itiond?) (i dentICne9in2a) #thdd € Ik, SZing-depydiRhthadEm strontium ferrite of
prepared with two different surface areas. A mxture

the qRIBPsHiLedobhat(Zhonfainy-HSZE) apwdersyss nsenaaed with two
djff%gi\?ﬁﬁﬁ%ee%r%gs?% %i%{tgnéeéwggrzérgﬁ%?a Qﬁgccg]lﬁﬁg)g{r ?rgsgrﬁ%S'iSZF powder with

a sur
a supfapel@ea of X0 wigrhinemdvias ghahd LYEF pesdémvitdce hafiee aidatof

zi,rconiag grinding. nmedia and the resulting slurry was . ..
4.8 @ jggamy 3 PRYEEN X e S e Padm ligddn wmw%%%m grinding
. . . cl o . . _
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intovn%nlp séticldj along with at aneuntoftpatladivied)/4 dentanedidnatel sukijgient to make
1 ef.e preparation of. the current carryin :
2 0.0 PGB (et KAl it o ) OGP Risss PFRFpgation of the
curteMQeat AUEY cafidabpgle was applied to the cathode face of
the interfacial -1ayer-coated FlexCell prepared above

Depoaitioarof £iathied y€ pajingsi G}heawg-lyqnp@thpq}ﬁgyas applied to the cathode face of

the interfacial-layer-coated FiexCell prepared above (after anode deposition and sintering).
The first, electrochemically active (LSZF/GDC/Pd), cathode layer was applied by painting
onto the sintered interfacial layer using a foam brush and then dried. The second, current
carrying (LSZF/Pd), cathode layer was applied by painting onto the dried electrochemically
active cathode coating using a foam brush and then dried. The cathode-coated FlexCell
substrate then was heated in a furnace to 1125°C to sinter the cathode layers and adhere them

to the ceria interfacial layer. The amounts of deposited cathode coatings were controlled



The first, electrochemcally active (LSZF/ GDC/ Pd),

cat hode | ayer was applied by painting onto the
wa@eRowweraads i nterfaci al | ayer using a foam brushpemdsiohgossooe

dri ed. The second, current carrying (LSZF/ Pd), cathode

| ayer was applied by painting onto the dried

el ectrochem cally active cathode coating using a foam

brush and then dried. The cathode-coated Fl exCel |

substrate then was heated i,j a furnace to 1125°C to

sinter the cathode | ayers a? d adhere themto the ceria
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resent ed, .dat sho in FIGS,. 6 i e
present By R atrip R e rAe Kok Fompets epRel R bl
resistan€So REAAARSERY &llfurOf the present invention, exhibits

the remar kabl e conbi nati on of hi gh SOFC performance
Exampledti resi stance to degradation by sulfur. Exanple 7
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Ni/YSZangdeWasarrlgd do ettt fag Wlﬁh?%tr%efeéﬁ%m%@f%?p ﬂ%ﬂ& ogbalt-doped ceria
interfacgag pzﬁJef aﬂPA)&dlag‘%fchﬁmgQ Eﬂgfe{ %@li@& td @Y €hth8ra8e PThik %é‘l@lﬁvas fabricated

thode were plie cat hode face. This cel

as descrilzesl Heddw:i cat ed as descri bed bel ow. Deposition of

Cat hod | ectr te, lnterfac] La : al t - e .
 Depgpiobpi ach e et InteesaaPLapit el Bhed s R ertacial ayer
inkdWverledYGlarddtn@lal by idt@YRAal WA%r 3RP h%;ﬁf&dtt@ Rt krdefa
face of a Fl exCell” substrate ‘using the sanme materials
Flex(rall sobstivdelasing thessme inwderidlnardamethpds ®. deppriisdrin Exanplefo.

e T o St R R PR R R AR o
vibARY AN inSboAARREICHXTIPFIwWd R (RHE NVamet Standird A9HEpin acetone with

~grinding nedia, followed by drying. A mxture was
zircpniggaindmgprska, dolfrvigdisadmsgig. A mixture was prepared that contained 50

grams non-milled nickel oxide powder (NiO, Novamet Standard Type), 50 grams fine NiO

precursor, and 25 grams yttria-stabilized zirconia powder (YSZ, 8 mole percent Y;0s3, 3-5
micron particle size). This mixture was ball milled in acetone with zirconia grinding media
and the resulting shurry was dried to a powder. A portion of this powder was dispersed into a
terpineol based ink vehicle to prepare the NiO/YSZ anode ink.

= Deposition of Ni/YSZ Anode Coating. The NiO/YSZ anode was applied to the non-

interfacial-layer coated anode face of the FlexCell prepared above. This coating was applied



grans non-m |l ed nickel oxide powder (Ni O Novanet

Standard Type), 50 grans fine N O precursor, and 25
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percent Y203, 3-5 micron particle size). This mxture

was ball mlled in acetone with zirconia grinding

nmedia and the resulting slurry was dried to a powder.

A portion of this powder was dispersed into a

t er pi neol based i nk vehicl% to prepare the Ni O YSZ
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» Deposition of Interfacial Layer Coatings: Cobalt-doped SDC interfacial layer inks were
prepared and interfacial layers were applied to both the anode and cathode faces of a
FlexCell substrate using the same materials, methods and thermal treatments as described in
Example 6.

»  Preparation of Current Carrying Anode Ink. Fine NiO anode precursor powder was
made by vibratory milling of nickel oxide (NiQ, Novamet Standard Type) in acetone with
zirconia grinding media followed by drying. A mixture was prepared that contained 50

grams non-milled nickel oxide powder (NiO, Novamet Standard Type), 50 grams fine NiO



Deposition of Interfacial Layer Coatings: Cobalt-doped
SDC interfacial |ayer inks were prepared and

w0 ndoenfaes al | ayers were applied to both the amoDesang085906
cat hode faces of a FlexCell substrate using the sane
materials, nethods and thermal treatnents as descri bed
in Exanple 6. Preparation of Current Carrying Anode
Ink. Fine N O anode precursor powder was nade by
vibratory mlling of nickel, oxide (N O Novanet
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the current carrying anode layer.

Example 9

[0062] A solid oxide fuel cell was prepared from a 1.9 cm diameter disc-shaped FlexCell
substrate made from ScSZ-6 electrolyte material with an active area of 0.89 cm®. This cell was

the same as Example 8 except that zirconia-doped ceria (ZDC) partially replaced SDC in the



concluded that this cell, which contains anode and
cathode materials of the present invention, exhibits
whe@h/0&36LC performance and resi sts degradati onpdlUS2008/085906

sul fur. However, the sulfur resistance of the cell was

not as good as the cell of Exanple 6 because cobalt

was not present in the current carrying anode | ayer.

Exanple 9 [0062] A solid oxide fuel cell was prepared

froma 1.9 cm di aneter dis% shaped Fl exCel|l substrate

made from ScSZ-6 eIectron td material with an active
electrocﬁc)e(%necaﬁy P%g?ega?ﬁggloal g—rhé %%g dlag erralnoaei ;BB?”%%\FV $ %)Bﬁcnﬁec?as described
below: replaced SDC in theelectro chem cally active anode

| ayer of the bi-layer anode. This cell was fabrjcated

= Depasitiga of IntsetaciabLayer @@WSE iGabalirdoped SPfaatcapcipblpysr inks were
prepgpélt dnﬁqgtelggﬁgﬂh%erg aCI ﬁﬁ&{or\;o?ﬁ hRGBle ‘lnﬁly &ghddglf O%‘ﬁf g

prepare yers were ap
Flei(ed) sabsichte adink (hatshnd enafartadss nethods Eh@ﬂﬁﬁhhl tetabsdntadsadescribed in
usgqg the sane materials, nethods and thernal
ments as described in Exanple 6. | Preparation of

. PreEl d@ﬁ%'ﬁ&tﬁﬁhkﬂn&@lgﬂ&i\'@')ﬁﬂﬁellﬁk; Nb@0QDeEHE N r0de

precursor powdérs prepared as described in
preciranpbedgs peperedsie descoibpa eplixanBt 8 starousedriv pedphre

L d k f ol : -10 - 50
clechEiad e Raiet P Bt IR a1 God PP dgs vere
prepakodt wWitle dMRPer? & PR Qfkak N Al mB@iYe &3 &hﬁ%u&ﬁﬁﬁ%@ grams

Ni OCoQ ZDC/ SDC precur sor powder, s7f?r ans fine

coatsg @@@@B@%ﬁ@%@@mm@mﬁ@mﬁ@ grams7iig: Niu@e OSRCAIPC precursor

W a 7. 5 r
ro BR85S SPeEH 58 P B ROt b 5y o0
pov@eﬂﬁﬁl‘iﬁ s&%&&e@@ﬂﬂ@h Wirirh, #hdSUgrbme SDIT-¢a p@ﬂfvdélﬁmth a surface area
nm2/.gram This mixture was ball mlled_ in acetone with

of 45 imy’ égsaina This wintwg vas dr miHer Inrrsctoas with; 4*1@0%1? gripginggacdia and the

resugﬁrggséi?légaal ﬁ.ﬁgﬁj Sr C‘r%ié C%g;&ﬁ &gté(g{e dé ti:HS 0\9@"] ersed into a

terpjiice pbased mkNrdBldIE)@’ }ﬁ&ﬁri@@l@LMﬁSﬁ@iﬂM&iédmchmicﬂzy active anode
anode ink. Deposition of Anode Coatings. A two-I|ayer
-anode was applied to the anode face of the

"D e e 5o anofe S of the
intetfhaitl-laper-qatddied dhrug the dlettechemmeadiytactay (NiDRGoO/ZDC/SDC)
anocge 1n9 tE%SZEPS p?enp%ge al,brcl)be RiERE rcﬁgent carrying (NiQ/ScSZ) anode ink prepared
as described in Example 8. The coatings were deposited and thermally treated as described
in Example 6.

= Deposition of Bi-Layer Cathode Coatings. Electrochemically active (LSZF/GDC/Pd) and
current carrying (LSZF/Pd) cathode inks were prepared and cathode coatings were deposited
onto the cobalt-doped ceria interfacial layer on the cathode face of the FlexCell substrate
using the same materials, methods and thermal treatments as described in Example 6.

[0063] The SOFC performance of this cell with hydrogen and air as fuel and oxidant (without

H,S in the fuel) was measured using button-cell testing methods. The effect of 200 ppm H;S on

the SOFC performance (current density versus power density curves) at 800°C for this cell is



as described in Exanple 8. The coatings were deposited

and thermally treated as described in Exanple 6.
w®e@osidsnon of Bi-Layer Cat hode Coati ngs. PCT/US2008/085906

El ectrochem cally active (LSZF/ GDC/ Pd) and current

carrying (LSZF/ Pd) cathode inks were prepared and

cat hode coatings were deposited onto the cobalt-doped

ceria interfacial layer on the cathode face of the

FIl exCel | substrate using the sane materials, mnethods

and thermal treatnents as d8scribed in Exanple 6.

3], T S f. thi | | h
shown i {4616 "esp i BRiFrD RGary et Rerisar s PPl WGBTS in he
fuel antWﬁ&t IRBSVE gclowﬁﬂe@ﬁdﬂiﬂnt QS Ort perfdtfilahtis BBEdrOESwhel 16,8 is present
fect of m H2S on _the SOFC performance (current

in the ﬁ@bn’&hft gffaces @m@mel@ of st V2@200 @ﬁ)ﬂ) an cglhgolageshuring cgnstant
Fl .G d
current ‘(,;Ole%g ﬁ\/(ﬂlgﬁ %@m{ﬁgtglg 13 s%%wré el? %%@E{dcﬁg%égerﬁattéﬂ ?ttcfaﬁ% ¥oncluded

that thisedetl, Whih cantails ahbdedrd daﬂWdéi ﬁ@t@ﬁlﬁ dfahe pn&seﬁﬂiﬁ/emmn exhibits high
erfor mance i s observed when H2S is present in th

SOFC perfermanthand Fasisis dogedayon by ﬁ‘&fl}fe\ﬂé’l“ée"@ fpesulty pRcsisiece of the cell
was not%? ?)n%? st%g 8E1t1 ég%‘%ﬁgﬁl %L(Eljhdggm}] ﬁl&ﬁéﬁag aﬁ&'[f)ggicea.g&o(%balt was not

present irhghs eudtaitaarryingaaoddlayeo Hdwever thawaflfur hisstanet bf thihdetihwas the

cont ai ns anpode .and cat ho terial,s of the esent
same asltwﬁﬁxawp sl e WZEPLht eibes eredepe drtrimrabiodishlariag ak east some of

thesn@'ﬁ%g@ﬁkir eﬂblca‘iﬁafcﬂﬁemld%w&fmthe sul fur resistance
of the ce was not as good as the cell of Exanple 6

xamp]esﬁbvvn in FIGS. 11 and 15), because cobalt was not

the current c G anogle l.ayer. .Ho I
0064] S GRS oG b e PP BRI R LR et
substratt Rgide HonEREMb 1B iro Wi ShicSHDURE b adthataréd @889 &m™N OThis cell was
detrinent to replacing at |east sone of the SDC in the

the samejag Eﬁmph&ﬁmmtltyﬂtéhq bivlayarsede Wag %pp,’z@d:dlrﬁébmlthﬂ apde face of

the Flex%%?ﬁ 11 %att 6‘/ g%u X %réorglg ?e[gfrgsrge q%?acgaﬁ Fa&%{)eq"h s %ﬁ‘v@as]fal%‘lcated as

describébedo®: el ectrolyte material with an actlve area of
0.89 cnR. This cell was the sane as le 8 ex

+ Deposisiont £ ashod el ectralybein REsc RRbRY S RTRBKIaPga SEG erfacial ayer

N
Flef@dik subsitpelusisg thesamie hederidd, ovethdds pad itarmal tofatments as described in

éhgde/Electrolyte/lnterfaciaI Layer: Cobal t-doped
nterfacial |ayer inks were prepared and a

DAL 31 s 1 L e
interfetihbldgeracvatedidexfedl/ substadteresing clastratbsurdablydciive (NiO- -CoO/ SDC)
anode ink that was prepared as described in Example 6 and the current carrying (NiO/ScSZ)
anode ink that was prepared as described in Example 8. The coatings were deposited and
thermally treated as described in Example 6.

= Deposition of Bi-Layer Cathode Coatings. Electrochemically active (LSZF/GDC/Pd) and
current carrying (LSZF/Pd}) cathode inks were prepared and cathode coatings were deposited
onto the cobalt-doped ceria interfacial layer on the cathode face of the FlexCell substrate

using the same materials, methods and thermal treatments as described in Example 6.



Exanpl e 6. Deposition of Anode Coatings. A bi-Ilayer
anode was applied to the anode face of the

wmoowntens aci al - | ayer-coated Fl exCel |l subst r ap@r/usiongj085906
el ectrochem cal ly active (N O CoQ SDC) anode ink that
was prepared as described in Exanple 6 and the current
carrying (Ni @ ScSZ) anode ink that was prepared as
descri bed in Exanple 8. The coatings were deposited
and thermally treated as described in Exanple 6. j
Depositi on of Bi-Layer Cat hdde Coat i ngs.

068 Sy SRS 5 SHEA TR b B e ot

without (BENAER: e inab GfcatVRE€ uERPBSHAreeLIIGB it tlﬂﬁhmb dbdta ﬁ&@@fﬂed in FIG.
ceria interfacial |ayer on the cathode face of t

16 suggpst éhatthd pesfopmencetad this celdyistmes highnespaeialdy whes comparedigsthe cell of

Examplg %F\HBJ()DE]I n%ﬁ%txcrgf%g% to t}ﬁ%ﬁ%@éﬁ%ﬂfﬁﬁﬂe %%gﬁ%ﬂmm a cobalt-

doped DT irdE€IRiad MR th%Sa.andkehda NOhiexbpRisofwoifimeyitle beddfioinl effect of
H2S in the fuel) was neasured using button-cell

the CObEtl%é‘?Heﬁgg%tfﬁ%ﬁ@lal tenop POSEReEpANge dhe pleety g§yaying levels of
f
H,S (ZOté%tg)tepcpfng)'ecirpc%ﬁl v%'itﬂ%é; h adlﬁf conbthst cﬁlg'tjeht l0Ss A5 trnEZ g%g IC etesétl’ng is shown in

tot
FIG. 17wWHihiscellsexhibited ioatesermepto dldmdatlhlebp ablfurpéspEciakipivberBcompared

to data %ﬁgm%Féﬁg%llgf&g{ﬁ}piﬁog ?S(l?ts%gf gg(g 51)80'0 t1$ {:cgfggzltrﬁlgn suggests that the
cobalt-c*% ReShe ﬁ’l{erﬁr:la ?elqg ithPér#0 R&Y 6n‘1)$dﬁﬁ?%@h1§%g hPHS GRC badformance

yer on formance. The effects of "varying
but alsol few adhsevirdig IHEBIQSM%D pegrydation bglstlfwrol t age duri ng

E onstant current (0.5 AlcnR) SOFC testing is shown in
A&I—ﬁxam 17. This cell exhibited | ow resistance to

[0066] s&eﬂﬂfﬂdﬁﬁdeomelmén%sfwépa&ﬁmﬁIaalld mmﬁﬁm@mwma&rdt@made from
data obtained for the cell of Example 8 (shown in F

ScSZ- G_ble)ctrofmtﬁ @a@ﬁﬁb‘é{ﬁh g@ﬁctwgg@;lfé’-&m%t Thiecetlones ﬁab@%f@dwﬁh cobalt-
doped TR R B et les TRREL AR G QBTIC) ey capvine

(NiO/ S&S@an@@la?&lﬁﬁﬁﬂ dl@;trd@ﬁn@dﬂty MVBYLSZIF/GDC/PE)(Mu&eﬁﬂcaHymg
A solid oxide fuel cell was prepared froma

10
(LSZF d)1®t1194f~‘ avescReicl todhesrdesdribad 1t Eruiile &7 e SOFC performance of

this lar ﬁgé Eéﬂ V?Hl 5@1{1 g@fpyggwggﬂw d ?,]1? Ex\éFaIg{) pegﬁg{‘%ﬁh GH®without

200 ppm ers rih dei fakl) bagmpsratietect 750¢ Beinareld I0yC aThesealata, shown in FIG. 12,

SDC current carr Q Sc anode
confirm @9@#@0318 e malingt CSYPR e‘ﬂ&wh'% E@fﬁ?é%@eéaymhwaﬂon of

hlghsd‘ftifﬁ&%m&ﬁéééﬁmsﬁﬂa&?e%%%a aldoslesdiyers identical to
hose described in Exanple 6. Theé SOFC perfornmance of

Xampgfhl§ | arge-area cell was tested with hydrogen and air
[0067] ® solﬁi 0x1(?e g.lef)cellld\%]stpr parecp ﬁ'grrr]lda 0 )t( Ii18 grtn FlexCell substrate made from

ScSZ-6 electrolyte material with an active area of 28 cm®. This cell was fabricated as described

below:

* Deposition of Interfacial Layer Coatings: Cobalt-doped SDC interfacial layer inks were
prepared and interfacial layers were applied to both the anode and cathode faces of a
FlexCell substrate using the same materials, methods and thermal treatments as described in

Example 6.



200 ppm H2S in the fuel) at tenperatures of 750, 800
and 850Q0C. These data, shown in FIG 12, confirmthat

wo b@oaraes osed nmul til ayer anode system provi deBCT/I82008/085906
unpr ecedent ed conbi nati on of hi gh SOFC performnce and
resi stance to degradation by sulfur. Exanple 12 [0067]
A solid oxide fuel cell was prepared froma 10 x 10 cm
Fl exCel | substrate nmade from ScSZ-6 el ectrol yte
material with an active areg of 28 cnR. This cell was
fabri cated as described bel™Ow Deposition of

* Peopffion X eyeer@YEi T G Al SPRRHCE0 pagy ppeousor

powdBY RESmARS £ EREfHcadn ERakplch . thRlofnREe doped @b podaer of the
faces of a FlexCell substrate usi g‘g t he sanme

compasitiph HFe.s0GronBdss (SR Abwaripreparedivirl diiderant syeiges ampise A
mix{Aﬁ% gé?ﬁ%kgre&ﬂfart gﬁﬂaﬂ%% %6] §%%ndsl':rlo%cﬁﬂlféﬁ I?l?dﬂef@)! J P&%ér\(ﬁlo Alfa

I ne € precursor
Aesti 03 gamdése NiOeCo® prdﬁnﬂb‘p 138 g’:l:amfﬁmﬂ ﬂ@lpomﬂdoméda srfica area of

wder of the c 03|t|o was pr ared w .
6.6 W Erash @Rl SRS 00l B Ewd ?Wﬁﬂi& awéawgea& é@ amhglﬂils mixture

s EFARER A S 2000 Rt Pty Bty vt
a pog\rcanA@Dﬁidrmfpbmqbewdw ws dlslmnseﬂante aatempﬁleof bz&efﬁ ink vehlcle to

a surface area
prepafe %ﬁa‘ﬁ}ﬁ@gﬁc %ﬁ&%"%’ﬂ a&é‘? aélgfl? "1 1ed in acetone

. Deﬂ%ftﬁnzdf@ﬁﬁﬂ'e@c&'ﬁ'nﬁg' AGwaBEYR afblth W pﬁﬁw{dﬁqegn&e%éeyoﬂhe
dried to a powder. A portion of t owder was

1ntetfa@plela3@rebqamd’ lexGebrsobsteatt udiag ddctrqvheme:lally aglived NiO-CoO/GDC)

anof R Ghafed Yook B e R RIS PRETS S| el i 4 oBARREa in

Exalifpbe 8PPhé eshiihs Whe Rpodrdfang ehedhallReated as descnbed in Example 6.
interfaci al -1ayer-coated Fl exCell substrate usin

= Preparationod fdegtragheicallyi Activer§G atheded i Fh @far@cliwﬁmcaﬂy active
LS%@ %o%.%? wgyﬁregg(ﬁ %{I% m%gfxé%é}&c&z'\ﬂ? %a‘%ﬁ%hb@@ ﬂ{jﬁxample )

escr e coatl ngs were

excqﬁ ml&s tnb pallaiin tws ratadd Mﬂggﬁe;mlataﬁl dfels&mkbed in
nple 6. Preparation of Electro caII Active

" Prewaﬁwa@f Hlgctroghemically: A b drathase fp S RrentAaTRE LSZF
cathgﬁé maee O&E%M@nm R SHenblc A ¢ Feéschgeql @i thalpt that no

escrib e 6 except that no [ adi um was
pallaﬂdmdwhﬂdde@dmmarepmhm offthé hd. i nk. Prepar ation of

n pé)él}etlf:(éllr(ﬁaij Céi’;l Ha¥h|ﬁceté(\)/a%n%%t %?e%%oél?eﬁucﬁpyeacﬁ% {]%%F/GDC) and
current carrying (LSZF) cathode inks prepared above were deposited onto the cobalt-doped
SDC interfacial layer on the cathode face of the FlexCell using the same methods and
thermal treatments as described in Example 6.

[0068] The SOFC performance of this large-area cell was tested with hydrogen and air as fuel

and oxidant at temperatures of 750, 800 and 850°C. As shown in FIG. 18, this cell exhibited

very high power density under conditions of high fuel and air flow rates, equivalent to
conventional anode supported cells. As shown in FIG. 19, much of the performance was
retained when the cell was operated with lower fuel and air flow rates where fuel use was more

than 90 percent. Electrical efficiencies of approximately 50 percent (calculated as the ratio of



cat hode ink was prepared in a manner identical to that

described in Exanple 6, except that no pall adi um was
w@odaed7ados i ng preparation of the ink. Depositiper/o§2008/085906

Bi - Layer Cat hode Coatings. Electrochemically active

(LSZF/ GDC) and current carrying (LSZF) cathode inks

prepared above were deposited onto the cobalt-doped

SDC interfacial |ayer on the cathode face of the

FIl exCel | using the sane netfhods and thermal treatnents

as described in Exanple 6. 10068] The SOFC perfornmance

power oﬁt'pru'f g"gﬁ} gl?t (ajt'hg ;'[:ovgc? hteatY\?gSYath?es g}glmf%;sl tg %Qp%g&@ g@%ﬂxed with
cell povaalﬁ deﬁlﬁ)&@f aﬁﬁroshﬁmellerﬁG:W@m:’ﬂz& terhfirstuces loif 78& lanndJSG!(éG These data

hi gh_power densi.ty under cgndltlons of, h|%
Conﬁﬂna{h%} the poviel glgetrodeanaterda]f sysiinene! the PresHY dentpmprs

ach1ev1r§él?§9 ?Eﬁ&nﬁ%hé éven’%hc?l%gﬂ V\%‘g &ﬁ‘hlél? [rh’s%l'hoﬁfhubﬁé

of rance was r et al was oper at ed
Exampleii3h | ower fuel and air flow rates vvhere fuel use was

. th t. Elect I fici ' f X
0691 [T B R B s FL G LSRR8 s wit an
active afgaﬂﬂ"é@ enBUTRY bell Ha8TbBate@hd ddseribdibdiewer heati ng
val ue of input fuel to cell) were obtained with cel

* Deppsition aféntsrtcist Loycripnin ol ped S0 sl layer inks were

erat.ur.es of 8000C... The fisrmpth
prep[aﬁeg) etf I%Yeé é]{tPr %Céal ﬂ@feé AEN nglge)gll}? g%c%g}o%{a NEOLd rf a'pfevb{z%ell
subdtAYEHihORc 348e GRRAlS thods Bh@itefifaliicgiindigy zfsQIe@&ﬂ:iEﬁ in Example
even when operating under hi gh fuel use conditions.

6. Exanple 13 [0069] A solid oxide fuel cell was prepared

+ Doty AP R, B LD SR GLE 0 wa
curree awyingaRSZFHd vathbdd inkewkacprepartdyel catose icng;mgs were dep051ted
onicsiha caO1 0T PR HRIBHICRY Fale P NS S5IOT s M e sing the
sam§ HAQEE fg?éﬁ?odg and (RG] HahbnS HDREEARE i xafhpidle sarre

materi a met hods an treat nents as descrl bed
[0070] r’ﬂhe BofigpefamabepehisilageefcaBicl vay ¢ostadav ithobigdreear indger. as fuel

| ect rochem cal | LSZF/ GDC/ P t .
and oxigB i FPRECSE OB 0o PHGAPREE! SHEFBY B EBE AT s applicd and
voltage GRINIAHGHIRBAL fob BRrdVBaR aGRROSBOCHOEEL A4 dwedh @IG IjSJ Rigde was

ceria interfacial |ayer on the cathode face of t he

essentlaﬂlybm d@eidntiorspsgriet én Sameclhadtes thedirst 15{%&%5’“&&@ a remarkable
result glﬂgg 1@&@ ! zlrvyaosr nt = \gﬁl&desﬁf gdg %gadlerc])f E%(corqpll &1163 Qc%%me alloy,

Farge-area
and degrRftief Wul%é%%&@@fb &dedr aid todBrdrbi@in evaporation from the manifolds.

The chromium resistance is presumed to be due to the combination of the cobalt-doped ceria

eof

interfacial layer, the use of LSZF as the ceramic electrode material constituent in the
electrochemically active and current carrying cathode layers, and the use of palladium as a
dopant within the cathode layers.

Example 14

[0071] A solid oxide fuel cell was prepared from a 10 x 10 em FlexCell substrate made from
ScSZ-6 electrolyte material with an active area of 28 cm®. This cell was fabricated as described

below:



and oxidant at a tenperature of 7500C, with a constant
current of 0.71 AlcnR being applied and vol tage being
wonmwbogsesl for nore than a year (8800 hours). AST/ERINS085906
in FIG 13, there was essentially no degradation
observed in this cell after the first 150 hours. This
is a remarkable result given that the cell was tested
wi th mani fol ds nade of Inconel-601, a high-chrone
al l oy, and degradation woul d be expected to occur due
to chroniun1evaporation fromthe manifol ds. The
. Dep@?)l{tr%rnna n (?ﬁ a((): ?{%Cgrcog%tﬁlfgeszol@g) lttcf% ?(g Slﬂhklflg{r ?fa&ale ayer inks were

prepadddeind 1htféffa¢i5161ajbefrs WShapptied ftﬂocﬁl@ ﬂwnnodcehmmaﬂﬁﬁie faces of a
material constituent in the electrochen1call¥ active . )
Flextredf substraihesiogtheypmg maeriabs ercthogls pad thepmaltrratmpents gy described in
Ex %@4 61d| um as a dopant within the cathode | ayers.
anple 14 [0071] A solid oxide fuel cell was prepared
»  Deplosivionaf Whode Lhatimgs:| Ax®eHhycs absderwiseapphidetd the andiSdedof the

inerfi eiglt lagrecoqisd Mo catiadbe. e Bsbrisaly Bo ULy G anode
ink eP P%E B@s‘éhﬁéd AP0 kitOte BRIk RRENIPRESZ) anode ink as

aci al layer |nks wer e prepared ahd |nterfaC|a
desdrivgd mEmple &p pihicedatings yard depoeitedhadiethemhllydtdatsdas described in
E ﬂ{%ﬁ’?eﬁ? of a FlexCell substrate using the sane
X ials, nmethods and thermal treatnments as descri bed

. Deﬂoﬁltﬁﬁmxi@er CabRsd el @ Otin2k., E[&%cl@%ﬂéélﬂ&h%hv@(LSZF/GDC/Pd) and

two-| ayer anode was applied to the anode face of
curtienft Gariyangi (éISZF&Sﬂé catboda imlis Feraq@eparedignidrathade coatmgs were deposited

ontopihgﬁgﬁag hem %grg% rrft%r(f" e}f‘;fa rl\I 019Eh[ c%%gg)f%:%%zﬁle Fanlc(CeI substrate

ahé yanli@m(nlshﬁls S@&Zlbd@mﬂﬁeﬂrm tresnitascisidesdibied 1rEEﬁa[i‘mble 6.
coat i ngs wer e deposited and thermglly trea

ed
[0072] é%nsdé@@rﬁr%‘cﬁ i Waseskhiepicd telongegisitheraig! eycling gshyer 7 Afer the cell

s RO BFTEATLERgRh FE By onrpacore
under steadg-staey eonstaapeurasht aoliidaisi{0deA/coma) | Bugh theemel Q&tmmd)leeki the
onto the cobalt-doped ceria interfacjial |ayer on

following;; yegpuak ofthe electpre Ipadkandgeiurups ercstldo grs arcelﬁéogfémens
purglnglqﬁg E&%ﬁn%%eﬁlg?ﬁll[i%\gr;t%?ﬂfrbﬁﬁggoﬂﬁﬁg foradws U‘t@ataasraf@eﬁ%b@@ﬁg with

|'ar ge- area cel
nitrogers flbjveg thrbuib theoamgde eliambeyr land a@lthroygh the gattheédz chaglbeAfhegmng back

up to 8GR i RSV HETrORRR i oREOuRIoRF AACeip hupughde sptnode

chambe®3804ftroducing hydrogen fuel flow and returning the cell to open circuit conditions, and

)

applying the electrical load and returning the cell to its original operating condition (0.7 A/cm?).
The cell was subjected to ten thermal cycles over 570 hours of testing. As shown in FIG. 20, the
cell voltage degraded by a total of 28.5 percent during the test.

Example 15

[0073] A solid oxide fuel cell was prepared from a 10 x 10 cm FlexCell substrate made from
ScSZ-6 electrolyte material with an active area of 28 cm?. This cell was fabricated as described

below:



under steady-state, constant current conditions (0.7
Alcn2) . Each thermal cycle involved the foll ow ng:
wo eomwad30of the electrical | oad and returni ng pEEUSBI$/085906
to open circuit conditions, purging the hydrogen fuel
line with nitrogen, cooling to below 500C at a rate of
3°Cmn with nitrogen flow ng through the anode
chanber and air through the cathode chanber, heating
back up to 8000C with nitrogen flow ng through the
anode chanber and air throdgh the cathode chanber,
" Depéglplpﬂio gllﬁn%F E%g%ro(g%% fute :Cé)ﬁ]:)sﬁ\ﬁo gcijf)@tiH{eWaH?]hﬁQe% inks were
prepﬁfeﬁ“ahﬂ|1ﬁ@ﬁfadlﬂadye&@ﬁefe&lpphéd fmg)o&lhﬂ’leelﬁbdle atrQl dathbde facgs 0k
erating condition (0.7 Al cnR)
Flw@%ﬂj substals sing A seme pptarialy meé@déwfr thswlﬁt?atf%enéﬁf as described in
Exa%lg té ng. As shown in FIG 20, the cell voltage
graded by a total of 28.5 percent during the test.

s DepExi&Em lof AbbdE @daBihgd A tivbdayex antelefwislappitd towhs aprdefaread the
oma 10 x 10 cmFIexCeI substrate made f CSZ-
mtelé#fééltiamrwéteﬁé’#@ﬁ%ﬁuswstt alRTERebFpisaly ael st (OB CHYSDL) anode

I
e e B B 2R T B (IO G hcebica
desdribté irf Braraple Rayde coathss weredqposipat ad thﬂmaﬂlmmaﬂea@s déscribed in
s were applied to both the anode and cat hode
EX&’F’QX%@ of a FlexCell substrate using the same
. Depﬁxﬁftﬁh o@lm-Lagef LAt dRTChAtHes. ”Elec&é&ﬁh@lysacﬂﬁe desyr/Gbespd) and
Deposition of Anode Coati ngs.
cmrtmo:atray:gr(LsﬁEﬂ’@l) warbodaqapk$ waretmepaﬁ@sl @Nd@élqda@@atmgsw deposited
ter

ot e rnion et i Al I pr e syt Bt sk i resgu substrare

usinB RO ASrile; Stﬁéﬂhb@éjaﬂdﬁh@&@mleﬁm@nﬁ g dedegibed iy Eiﬁmple 6.
carrying (N Q' ScSZ) anode ink as described in Exa

[0074] FhistargedsetdeHywswubiecigd &bkmgé%ma HRFTEREEYPHRE Yesting Eal &n@afmg the
protoco@e{sgﬁlzﬁcf Eokﬁct%‘r EP@C rilgxé gs Sl Cét]' {i;t/@g% ?‘Ienﬁﬁl Jy@ég bver 1200 hours
of testn‘(gL SYS%GBGM?G’IGHHG tleetlemltagadagyided b@rlaﬁﬁ]fé’xﬁdatelg(dthpﬁeent during

ks were prepared and cat hpde coat S SI t ed
the test oAb IR st hermabpyeling Greracitionane sbrdre Ciﬂ% 8 G Gamapared to the
cell of E:)nga‘nﬁ)?? géll (Sv%é: ?r%ét){? th@ fne {a)%]‘eﬁ%‘llof ?%Eﬁi@gﬁ(fj%itﬂﬂl thd) ae&%@emlcaﬂy

, s an treatnents as describ
active ahodd2egerpifehetmultiddyéd hnolleisystbmr ge- area cel | was

upj ected to long-term thermal cycling testing
——Effewam owi ng the protocol described in Exanple 14. The

[0075] %&dhd\’lﬁédesﬂdbl QAUeL drépatetl BB BY-cRYEABStePYRECHZ Qbstrate made
hour s
from Gd-doped ceria (GDC-10, ten mole percent GGd) with an active area of 0.89 cm®. A two-

layer anode was applied to the anode face of the non-interfacial-layer-coated GDC FlexCell
substrate using electrochemically active (NiQ-CoO/SDC) anode ink prepared as described in
Example 6 and current carrying (NiO/ScSZ) anode ink as described in Example 8. The anode
coatings were deposited and thermally treated as described in Example 6. Cathode powder of the
composition (Smyg sSr5)Co03 (SSC) was prepared and an SSC cathode ink was prepared by
dispersion of the SSC powder into a terpineol-based ink vehicle. A single-layer SSC cathode

coating was deposited on the non-interfacial-layer-coated cathode face of the GDC FlexCell



of testing. As shown in FIG 21, the cell voltage

degraded by approxinmately 1.7 percent during the test.
wab@onmshs | ower thermal cycling degradati on raP@r/us2008/085906

observed for this cell conpared to the cell of Exanple

14 was due to the incorporation of nanoscal e SDC

within the electrochemcally active anode | ayer of the

mul til ayer anode system Exanple 16 [0075] A solid

oxi de fuel cell was prepared froma 1.9-cm di aneter

Fl exCel | substrate made from Gd-doped ceria (GDC 10,

b By RSO o 5 20 FES 3Rl 8y v

measurd@lQﬁlﬂgﬂtﬁtbﬁa‘)@ll @ésﬂh@)ir@thdd@ at eehpefafirtd €609 dnd$B80%T (sat EIG. 22).
usi ng el ectrochemcally active (N O Co O SDC) anode
Exampledid prepared as described in Exanple 6 and current

1938l
0076 G A LRSS0} AR R ASRRAL RO BB mac
from Gd-lepddestria$GDESLO, |td:remiolerpeﬁ>eanﬁﬂ)3wﬁh aﬁ:atth\cameqa@f/m&ﬂ? cmf Cobalt-

t S 5S S
N N T e i
anode zhd] @atﬁ&ﬁ ReMARhd ODT Ak EEPLMSRME RaBE thd dﬁhl@"fﬁﬂbﬁél@ méthods and

si ngl e-1ayer SSC cat hode coating was deposited on the
thermal igatmantseasfdzsiriied limEsamplsdt ol tw &YQU@ordacy@S@pphwem@wnode face

. Fl |1 subst C f. thi

of the i SRR TPl TRl Pl T e bRl TRE A 4310

cOO/SD@] HRDAB K éﬁ@p@@d hs deR&BIAGN FREMPRSS Ald dURIFREE At IMLANI0fScSZ)
and 6500C (see FIG 22). Exanple 17 [0076] A solid

anode 1@§<as¢bes¢m ig EKEmplesS. pFhsymodelcoatiogs wor drpesiedisaddheamally treated
as descrtxbe%xﬁ:%ftlaméer Cte’%t%fréoe)nﬁgn% %Sr(;g gﬁtg%{ :jcg)g&rg 58 %@)li%%‘h%%@thode face

of FlexCetbalvistiap ad dSlEbedinet fangilal 6. TyefOFQ Ip@rfwﬁnﬁlcp fof fias exdl with

and interfacial |ayers were applied to both the node
hydrogegyrnd st 48 dbel and cailapt wanyaeapredpismedationsah éesting metodngl

temperdaiEs 3?%% ddmtb%gx@k's% T@t%d%s%ﬁgvggzﬁﬁﬁb dhia SRk TR rﬁﬁm of the

escri anode’ was appl i ed
two-laybQ colthedt- dU]md SOG@irgerfdcidi heyer letldo ﬁa’rg'lﬁioahialyrmremmnedl A1) 38
FI exCe ubstrate using el ectr.ochem cal IHy act i

perforERER g5 SPEPPEAUGE TR Epal U8 THSHE0BTY B BFSyHEC to be due o an
1ncrease?€ﬁatﬁﬁieeplﬁls@9&uﬂ%lf§f aﬁ'é‘a{ atctﬁé E])ébtﬁﬂyt@Ma@o@@ M elBQRAGelaRdSMterfaces

described In . The anode coatings were
that wagiprooict byl thaenll- Iajfmfrcn’aait-;lopade?é}(é mtasfamdm K, theiporous and

encure TR o sl DR B PR L et g
[0077] Ci%%@t)f@ﬁhdd@ @AM &/stens offtiee ﬁ%ﬁt REehRSRB 6Bpltfableltb Hlanar solid

wi th hydrogen and air as fuel and oxi dant

was
oxide ﬁméagliﬁrcefcthsp&pb@e swreded exifigurations ppWekb thefer plenar solid oxide fuel

cells including anode-supported and cathode supported types. These anode materials systems
also are applicable to non-planar solid oxide fuel cell designs including cathode supported
tubular designs, clectrolyte supported tubular designs, and hybrid designs such as segmented-in-
series designs. The SOFC cathode materials systems of the present invention are applicable to
planar solid oxide fuel cells of electrolyte supported and anode supported configurations, and
also can be adapted for other planar solid oxide fuel cells, including cathode supported designs.

These cathode materials systems also are applicable to non-planar solid oxide fuel cell designs,



tenperatures of 600 and 6500C (see FIG 22). As shown

by these data, the incorporation of the two-I|ayer,
wa@odmaltesdoped SDC interfacial layer led to a PCT/US2008/085906

significant inprovenent in SOFC performance at these

| ow operating tenperatures. This inprovenent is

presunmed to be due to an increase of triple-phase

boundary area at the el ectrol yte/cat hode and

el ectrol yte/ anode interfaces that was provided by the

bi -1 ayer cobal t-doped SDC interfacial layer {i.e., the

o e O A0 5 SEF GO e
designs $hh a‘é@ﬁnaﬂﬁ@@% perice ﬂbsagn?s Fus tleoBodef mithealp syssani of the present

invention are applicable to planar solid oxide fuel
inventiogealjosmay beadaptaddp pther Sispet %I%Y%Bﬁmcglﬁyaftemﬁn@cléﬂélwlid oxide

ot 3 55 8 0 B 0 g L b g o o

systemsahstdgcleesvdealpswsy sérergioalasd r@lcmnaﬁp'ﬂragain ked bxygen) production,
non- pl anar solid oxide fuel cell gg gns Iﬁ?Cl udi

coramic 3 HGUBFTETHYIBB SYREMS (15 dPRATIRSTHE" Tomtt Apf qramic Membrane

g hyRUbE arfdfist GRS h Hydl8SArBoS feeliibcla@s
13&&0m%59@§§%§ |nse$|es deS|gnghagﬁgﬂggLC:%athode material s
[0078] Symrelnsatexﬁals hied proesssest are ldwehwctalnﬁranéh?é @BDWdh@fabncaiwn 0f planar

oli.d.oxi de fu | s.of electrolyte s
solid oxileual eslS Wih oot gt atBrmicalp &t tralee st Rl
durablllfy':i @Qlfﬂ‘iﬂlgﬁ% n?toﬁf e BhRAAG 288 bi‘déeé%&é Weref deedriteg@With reference to
i'ncl udi ng catf hode supported desi gns. These cat hode

planar sotid exldalf@elsylé&md amﬁwlﬂ%%ﬁom 4d§e€létrﬁm}rq§4 thaggrsame
matenafé%ﬁlﬁ%gﬁﬁgl d“:fxltsf Iya%e u‘t"F éfclin ?l? ga)g at esgﬁ? %gﬁlesfHanﬂg frﬂl other
clectrocHEBE@D §yste’1kib%ab¢tbd§ﬂ ﬂlaﬁl:ﬁfst@[w of¢letrorhiemical cells. Moreover, many of the

segnent ed-i n-series designs. The el ectrode 6}1
dlsclos@y@até%l sghutiopecaybeswrtied Hhaine! lgpar glesBorheyp ek sﬁ Spliggrations,
such asttlfhu?%'@ﬁﬁ .flgy-ﬂl%rcﬂa?t:el? &F S%?Q%&ég%@xﬁé@ MHodd %b%éd“ﬁld

sol'l e

OXi el'ectrolysts systens tor producin
demnﬂpmdmgg&mdabdﬁgnammmgen reversible solid oxide fue

stens, that c e.between power. generation
10079] {55 erSlbEc Hybodigent Sitis SR L B GOy B eBitques and
methodS KMSFH tcgﬁé?ﬁfn‘g‘w}f&rhré WShek thRficd@PRS flokd SkiN&Y ffNkriofddAgeable in

air, ceram c nmenbrane reactors for producing
the arts hqdahu@;lehe presdnd inventien potenms, oRhy md@nﬁﬁﬁanma@afd@dnnents will be

s BB O SR LR LB SERR SR cnion

The des%ﬂbiz&ls%ﬂ‘ill%cfdéﬁ}es hedelSardhitbndedgblet) € hlipob&ifeistration and
per formance and exceptional |ong-termdurabj|ity

should mummgﬁmeémy lisfiting e saenerdfaheprgsmnt W@@%\@hwhe& described by the
foll %Frlbed wth reference to planar solid oxide fue
0 O“”E%F ¥pased on the FlexCell and Hybri dCel | structures,
these same materials and gonpopents have utility in
ot her types of planar solid oxide fuel cells and other
el ectrochem cal systens based on pl anar stacks of
el ectrochem cal cells. Mreover, many of the



di scl osed material solutions can be applied to
non- pl anar el ectrochem cal cell configurations, such
w@sgoovobashar and flat-tubular cell designs of PCT/US2008/085906
cat hode- supported, anode supported and el ectrol yte
supported configurations. [0079] The preferred
enbodi nent of this invention can be achi eved by many
t echni ques and net hods known to persons who are
skilled in this field. To those skilled and
know edgeable in the arts to which the present
| [sON pertains, many widely differing enbodi nents
“HMIBCﬁ%ﬁQ%e suggested by the foregoing wthout departing
and scope of the present invention.
I Aca E%%% ]%lon & and disclosures herein are intended
soI [ nd shoul d not be
SO e flod HpRARES By  HELL R UBRR 0T B o
i nvention mhlch is described by the follow ng cl aimns.
*What is clained is: 1. A cathode material,
r
2. The cgtgﬁ%" réaﬁ%r%go L iﬁq @g% &I}ﬁléaec‘éltg{rﬁéjeg%c%n&aete%%ti@lﬁl %%?i@étfcg}?r(;mlg a $hnthanum
strontlum\nm &nma,taﬂmﬂ@ema wirentigneeangede, avanthnugy striontiusefesse. @ danthanum
strontluntl %&mtl@e L %ﬂ{hﬁﬁl}ﬁ‘ Eﬁo‘?ﬁlﬁrg @Sqaﬂ% {engbéﬁﬁrshhﬁlunﬁcébﬁpfe%g Winthanum
rontrum nmangani t ahum strontiumferrité, a
strontiurh gigkdlie umrsammmtlloumr@ odbaltitd, tred mizturesthdedhum stronti um
cobalt ferrite, a bariumstrontiumcobalt ferrite, a
| ant hanum stronti um ni ckel ate, a samarium strontium
cobaltite, and m xtures thereof. 3. The cathode. _
3. The cathpdathateriab pf daimy Lpwhereipfiheragionntyoh pallpdpyoydopartt isgaffickat tgprovide
resistanc (P miliH p%igmlh%cevﬁémhé QRO A1 ERES NG HolOuEE BFHrdih of a
pol soni ng “wh he cathode material 1s used in a
solid oxidafugb®$d. .duri ng operation of a solid oxide fuel cell
4. A cathode material, conprising: a conposite of a
ceria-based electrolyte material and a ceram c
el ectrode material selected froma | anthanum strontium
4. A cathodganatesial, cIBDrisEig ant hanum stronti um manganite, a

| ant hanum strontiumferrite, a |l anthanum strontium
wesBROBIL & 2 carid-baned elsvtrRIVte PRSIl ah AN elecpr %temé selected froma

lanthanuRAdtdoHiRnS b O et M1&RRAI shr&ftiuntBanghile S ThRAOMM sﬁ%ﬁtﬁﬁi feHR, 2
ni ckel ate, a sanarlun1stront|un1coba1t|te

an
lanthanu sropfives cqbRiice fanthemen HEswea Pebelt derisr 3 %ﬁﬂ%ﬁﬁﬂl@i Gogalpferrite, a

lanthanuR Bdtlo RGN A BOR& A lsarh B iua s tRARHR bobattikd, hitd BfRturds@hddo® Mhed®mposite
resi stance to chrom um poi soni ng when the cat hode

material gippiising 2 pabladias donant ig 28 anpisy @ [BRIFT FRPrEYIET HeiptaRee it chiomium
poisoning WHe tHthHSevRriaFB ubed in a cathode during operation of a solid oxide fuel cell.

5. A cathode for a solid oxide fuel cell, the cathode comprising:

a first cathode layer comprising a composite of a ceria-based electrolyte material and a ceramic

electrode material, the first cathode layer having a fine microstructure and small-scale porosity; and

a second cathode layer comprising a single phase ceramic electrode material, the second layer

having a coarser microstructure and larger scale porosity than the first cathode layer.



5. A cathode for a solid oxide fuel cell, the cathode
conprising: a first cathode |ayer conprising a
W@ ompo%isde of a ceria-based el ectrol yte nateripdT/ERNOR085906
ceram c electrode material, the first cathode | ayer
having a fine mcrostructure and small-scal e porosity;
and a second cat hode | ayer conprising a single phase
ceram c electrode naterial, the second | ayer having a
coarser mcrostructure and J.arger scale porosity than
the first cathode |layer.6. The cathode of claimb5,
6. The cﬁ'ﬁs&eedf Rabdd g GiREROaE E&nﬁ@ft@r&lht@ilial @%fsb@@ﬁall@di%!dh t #Fh amount
opant I n an anmount sufficient to provide resistance
sufficient to pedwidsrretinianee fosdrinHem wpseningehea Sherratpeds is used Sering gresggon of a
mﬁdoxﬂ?ﬁ&ﬁkhpn of a solid oxide fuel cell. 7 . A bi-layer
el ectrode/ el ectrolyte interfacial |ayer for separating
a cathode froman electrolyte nenbrane in a ceramc
el ectrochem cal cell, the electrode/electrol yte
7. A bi-lapdr@id R8deRlect QYR It BRI Tapdr Bt sephrdtilh B cHRAR Sroffinl efectr@ly@ membrane
oh the surface of a ceramc electrolyte nmenbrane; and
in a ceragiq ¢i¢croghsmingkeell et glegtiode/plegipliipategfagidldayepsqmprisiigier . 8.
The bi-layer electrode/electrolyte interfacial |ayer
othindegseperia laygron dhefuxipre of i rgagis sserdyr mgmprye pnd
conprises a doped ceria electrolyte material and the
£ AihposRis Geree lawst prythe d55F caBABET-ses a doped ceri a
electrolyte material. 9. The bi-Ilayer '
el ectrode/ el ectrolyte interfacial |ayer of claim?7,

wherein the ceramc el ectrol yte. menbrane._c i ses a
8. The wﬁsﬂelwp%ﬂ?ﬁogﬂﬁ'&ﬁfwi@ﬁaé'%%ff@wn; Whegejn the b fignsg iafaver
compris& RohEPak Ele@fdlytOhieRaliahd Bk Ha€ pdbuslcaLlay@otpiedn doped ceria
wherein at | east one of the ceria layers is doped with
electrolygypaletial 11. A cat hode system for a solid oxide fue
cell, conprising: a ceramc electrolyte nenbrane; a
first electrolyte/cathode interfacial |ayer conprising
a.thin dense ceria | gyer on the. ceramc electrolyte
5. ‘The (it drrEoog OB ot P TG Ry Htrec e Erpats e folve
membrah@Ycpris@ o &l AGorda ElBdtdlOmaESalceri a | ayer on the
first electrolyte/cathode interfacial layer;a first
cat hode | ayer on the second el ectrol yte/ cat hode
interfacial l|ayer, the first cathode |ayer conprising
10. Thedi-tBdSirbde/ddctralyeafitedachh et ofklaih 7,0vhetetn arddastronebf theickria layers
: ceramic electrode material and having a fine
mdqmi#I %@? ucture and snall-scale porosity; and a second
cat hode | ayer on the first cathode |ayer, the second
cat hode | ayer conprising a single

11. A cathode system for a solid oxide fuel cell, comprising:
a ceramic electrolyte membrane;

a first electrolyte/cathode interfacial layer comprising a thin dense ceria layer on the ceramic

electrolyte membrane;

a second electrolyte/cathode interfacial layer comprising a thin porous ceria layer on the first

electrolyte/cathode interfacial layer;



phase ceram c el ectrode material and having a coarser
m crostructure and | arger scale porosity than the
wo oosh76aset hode | ayer. 12. The cat hode of cl ai nPQ/US2008/085906
wherei n each of the electrolyte/cathode interfacia
| ayers conprises a doped ceria electrolyte material.
13. The cathode of claim 12, wherein at |east one of
the electrol yte/cathode interfacial |ayers is doped
with cobalt. 14. The cathodg of claim 11, wherein the
conposite material conprises a palladiumdopant in an

9%9&5}103&%5%5 etsedoRd Qﬁ&gdxﬁacmle ShARER! hftr GHE B difbde layer
en th t ho

~ poi soni ng the ca € I's used during operation of _
comprisig § 60hppstixlctesetiarbised elpqtrolyiomataial end aiceepuiieieleqtipds material and having
fi ﬁfb@@ﬁ&& DO AN SEN A0 Gsits! /@t r ol yte menbrane; an
A e e ect r o yté catﬁgﬁgkﬁﬁfer acial layer conprising a

Y gyﬁghdc@ﬁ]l%@e 1% 'oﬁltﬂeéﬁys@ 'f;atﬂ&ietkl}@r, fies&th& cathsRE iaéraj cﬂnﬁrising a single
menbrane and a thin porous cCeria layer on the thin
phase cegrane eleeirods Batergi@pd hayingja.qogryes migrastRGRHES a06 pecr s3afspogpsity than the
first catiolid BlerCat hode layer on the porous ceria layer and a
second cat hode | ayer on the first cathode |ayer, the
first cathode | ayer conprising a conposite of a
ceri a-based el ectrolyte material and a ceramc
12. The@hB6dS RERiABE, S/hkin e@&gof'?@evél&go%eydaﬁgdﬂh&fm&ﬂ WbBprises a doped
~and snal |l -scale porosity and the second cat hode | ayer
ceria eleglgntyfe igfergl a si ngl e phase ceranic el ectrode materi al
and having a coarser mcrostructure and | arger scale
porosity than the first cathode |ayer; and an anode
system applied to the opposite face of the ceramc
13. Thegpippderqs Pf}tr%l%@%ﬁemé leggs onerpfeheselesirglylpigathads iisriaciallgyersss doped
with cotfaltal m 15, wherein at | east one of the
el ectrol yte/ cathode interfacial layers is doped wth
cobalt. 17. The solid oxide fuel cell of claim15,
wherein the conposite material conprises a palladi um
14. TheQG@Radd oficRind N1, 3G thé etinfpositcaidteriad cqlipRMésdepall@Fhrs H&JAREn an amount
. to chr.om um poi sqni ng when the caého e .is used during
sufficierg ipprayifegsigrics s reraigLpeEanipg Rhendas athody’s uggglugipg preration ofa
solid oxf¥ ndkecdiuel cell of claim 15, wherein the anode system
conprises an anode/electrolyte interfacial |ayer on
the ceram c el ectrolyte nenbrane and a sul fur-tol erant
anode on the interfacial layer. 19. A solid oxide fue
15. A s618d dxideOiicl bEE cdmipridggen- cont ai ni ng gases, conprising: a
ceram c el ectrol yte nmenbrane;
a ceramic electrolyte membrane;

an electrolyte/cathode interfacial layer comprising a thin dense ceria layer on the ceramic

electrolyte membrane and a thin porous ceria layer on the thin dense ceria layer;

a bi-layer cathode comprising a first cathode layer on the porous ceria layer and a second cathode
layer on the first cathode layer, the first cathode layer comprising a composite of a certa-based electrolyte
material and a ceramic electrode material and having a fine microstructure and small-scale porosity and
the second cathode layer comprising a single phase ceramic electrode material and having a coarser

microstructure and larger scale porosity than the first cathode layer; and

an anode system applied to the opposite face of the ceramic electrolyte membrane.



an el ectrolyte/anode interfacial conprising a thin
dense ceria layer on the ceramc el ectrol yte nmenbrane
wae obarsoand a porous ceria |ayer on the thin Penss2008/085906

ceria layer; a bi-layer anode conprising a first anode

| ayer on the porous el ectrol yte/anode interfacial

| ayer and a second anode | ayer on the first anode

| ayer, the first anode |ayer conprising a cernmet in

which the netallic conponen% conprises at |east one of

ni ckel, an alloy contalnlng ni ckel and copper, and a
16. The 'é%l)&t olﬂucﬁ fv?el odlf ocf‘éfaim e C\’;vh%%ﬂpa‘% 'iea&%ﬁ?gﬁhé élQégn%g@é?&tﬁoE@interfacial layers

nprises a mxed conductli ng

1s¢nmdm@mwamﬂased electrolyte materi al and having a

fine-scale mcrostructure; the second anode | ayer

conprising a cernet in which the netallic conponent

conpri ses at | east one of nickel, an alloy containing

17. The moliskasidedwrl cabpfislaim 1 avchereimhg eammnesies matriak edmpises asfpkiym dopant
in an amSM%Elgﬁtqggmglﬁ retsgﬁnc%% aﬂbxﬁlu&;}ﬁ;ﬁgﬁﬁg WhEORPEHRRS istused during
ramc ele yte materi having a coarser
OpﬂMwmvEﬁ@@dpmétﬁmbwﬁnd a hi gher nickel content than the
first anode | ayer, and wherein nanoscal e particles of
a ceramic electrolyte material are resident within the
grains of the netallic conponent of at |east one of

18. ThetShled cidsdee! celleolpim ap, veicrsin the pyade ssterTRoaeripeiER prodefelgptrolyte

mterfamgl%%f orpfﬁgpérér&'c @ch@ol{/tle hhbiafé PhddEREE- tﬁﬁfah?anloéé’ & th@fﬁte‘i’ﬂﬂﬁal layer.
pposi ng Ssi de of the ceram c el ectrol yte menbr ane and

a second thin porous ceria layer on the thin dense
ceria layer; and a bi-layer cathode conprising a first

19. A sERIARE e 8NGHr B8 inf &3@ BRI dg%gés I Qptighgat hode
Interfacial Iayer an a second cat hode | ayer on the

f bdrstic RLNAAE nleA¥ARRe; the first cathode |ayer
conpri sing a conpositeof a mixed conducting

£EE1E A RAFRI S hRERIIA Vi Brisi 2thinknsB D6HaAa Fel bk Geramic electrolyte
el ectrode material and having a fine mcrostructure

membraggriasrAnt 2 SERPEecHs fayeh iy dF’Fﬁ? CEHAIBYRE cat hode | ayer

conprising a single phase ceramc elec ro

ahidarragedg comprEEadistinededer it pEOSRF d]m Pl tayer
and a seBRHARddeYaybh@thé Nt dnbiShy S ahd REEanbdyBYer c&ﬁprls-lﬂga c‘éﬂﬂlelt dl which the

oxide fuel cell of claim19, mhereln at 1&@ t one

metallic CABPRIIBICORBIIFE &Y eaTben of Rk a3 aHay conigidien ﬁ%laoewa%a mixture

of mckepzﬁﬁ%t)ﬁper oknpodifGnsSal tHd cé%in@&;ofn?&{enﬁ&ﬁﬂpnﬁgs aGhiRddBoAdlcting ceria-based
rein at, |l east_one_of the e ectrol teléﬁthode
electrolxtwétﬁlﬁ%{evdahavrwé”% spade BiSHRSEUHEHP 5B daxehgpmprising a cermet in

which tHeQREMIBd doBnpORdnBEdnris&QITREdt SRSofidRal Abdloy urdapiag fnckdll aﬁbopper and
ampunt sufficient to provide resistance to chrom

2 mixtuts 5f ks i SRR COROSEAETBA™S %raag%@%ﬁnﬁa)%@%ﬁqﬂ@ﬁ%?lemlyte
materialdn® Qdvirth £06hH& rhibiRbtreird and’a Nightr dickel content than the first anode layer, and

wherein nanoscale particles of a ceramic electrolyte material are resident within the grains of the metallic

component of at least one of the anode layers;

an electrolyte/cathode interfacial layer comprising a first thin dense ceria layer on the opposing
side of the ceramic electrolyte membrane and a second thin porous ceria layer on the thin dense ceria

layer; and

a bi-layer cathode comprising a first cathode layer on the porous electrolyte/cathode interfacial

layer and a second cathode layer on the first cathode layer, the first cathode layer comprising a composite
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of a mixed conducting ceria-based electrolyte material and a ceramic electrode material and having a fine
microstructure and small-scale porosity and the second cathode layer comprising a single phase ceramic
electrode material and having a coarser microstructure and larger scale porosity than the first cathode

layer.

20. The solid oxide fuel cell of claim 19, wherein at least one of the electrolyte/anode interfacial layers is

doped with cobalt.

21. The solid oxide fuel cell of claim 19, wherein at least one of the electrolyte/cathode interfacial layers
is doped with cobalt and the composite material comprises a palladium dopant in an amount sufficient to
provide resistance to chromium poisoning when the cathode is used during operation of a solid oxide fuel

cell.
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