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Disruption of extended defects in solid oxide fuel
cell anodes for methane oxidation
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Wuzeng Zhou' & John T, 5. lrvine'

Pt defects largely govern the electrochemical properties of
amides: ar low defect concenitrations, conductivity increases with
concendration; however, al higher concentrations, defec—defect
interactions dart o dominate’”. Thus, in searching for electro-
chernically active materials for fuel cell anodes, high defect
concendration is i Here we describe an oxide
anede formed from lanthanumesubstiteted strontium titanate
1La-5cTic), ) in which we control the oxygen mmJnnu!I.ry in
order 1o hreak down the extended defect imtergrowth regions
mﬂmrﬂmmﬂumdzﬂﬂedmrdemdmmdz&m\\t
substitiste Ti in thess phases with Ga and Mn o indoce redox
a:lwll.‘y and allow more Mexible conrdination. 'Ilre rmaterial
e impressve el cell using wel hydro-
gen al 950°C0 I is alse important for fuel odl technolegy 1w
achieve efficient electrode aperation with different hydrocarbaon
Tuels™, although sich fuels are more demanding than pure
hdrogen. The best anode materials 1o date—RNG-YSZ (yilria-
stabilized zrirconda) cermets’ —saulfer some disadvantages related
1 low tolerance to subphar®, corbon bald-up when wsing hydro-
curhon fuels” (thousgh device modificaiions ans lower temperature
operation can avoid this™) and wlume instability on redox
qrh Our ancde material is very active for methane oxidation
res, with open circuit voliages in excess of 1.2V,
mm s design concept that we use here coald lead o devices
that enable more-efficient energy extraction from fossil fuels and
arrhom-neutral fuels.

Orver the past fow years there has been o groawing, interest in
permskite- hased materials in the search for alternative materiaks o
Wi-WE cermmets as fuel ehactrndes incsolid ovide fuel cells (SOFCs ),
Such perovshites are normally en strichiometric or substoichin
nk'n'w.I1|'n'm'.-mdcInﬂ'plnn']mmxlcnu-slhntammmlnn":rnwgvn
averstoachiometric as SOFC fuel electrodes. Tnitially we tocus on
phases with extended oxygen-rich defucts, and then attempt o
destabilize these extended defects by reducing the degree of ropgen
excess. Titanates with nominal oxygen overstoichiometry are
espocidly interesting owing to their very high electronic comduc-
tivity, stahility in reducing conditions and resistance o sulphar
poisoning' ', Omides belonging to the La, - Sr,Ti0,, ; system
have been previously studied as anode materials showing moderate
performansce compared to these of the state-of the art materials, bt
Detter catalytic properties and ionic conductivity are desirahle'™",

The performance of titanzte-hased materials was greathy improved
by using, composites with Cely (ref. 15), hasad on the catalytic
properties of the ceria, These lanthanum strontium titanates are
wsally treated im tle literature assimple cubic perovskites, although
the presence of extra coypen beyond the ABO, stoichiometry plays a
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aritical rale in both the structare and the dectrochemical proper-
as sumimarized in hg L The lower members of the
1, Cheyy Semies, 12 7, are layered phases, laving oygen-
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Figure 1| Relatien betwsen micrastracture, compasitian and canductivity
of the ‘LaySte—aTl0u s seres. a—e HETEM images of samiples varying
frane disardered extended deledts (&, 6 = 12) through randam byers of
entemided defrcts B, = &1 10 ordered extended planar mogen meoss defrcts
1€, 11 = 51 &, The locatinn of these phases on the comspasition map, with Lin
rinterd against smyge sa & in pernvskite unit AR 5. . Tiefret
sleciranic canducimity nf grain component as dei d by e, imprdancs
spectroscnpy an samples quenched fram 1,400 alsn plotted agains
&, "8 series’ refers bo samples in series (LaySre—ab Tia— S cplOuniz—r

iref. 141
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Table 1| Properties of LagSrgTig M,05.  electrodes
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blockes, Thesie plames bocomse more sporadsc with incrensang n (that =,
decrensang the oxygen content} until they are no longe arvstal-
lographic fatures, rendening local cxvgen-rich defects randomly
distributed within ;Ll_:-\:mvsluh. frarmeswork, 1w 2= 11 {refl 16} Subst-
tution of 1 by Wb or S demonstsztes that the ogygen exces
parameter (8 aritically determines whether defects are ordered or
disordered, with § = 0L167 bang a antical parameter. The presence
af such disordered defects appears 10 strongly alfect the redox
charactenstics of the oxide, 25 indwated by marked effects on
comductivaty mduced by mild reduction (Fig. 1 Although the
materizls from this lanthanum strontium litanate ogygen ewes
series are much easier 0 reduce, and hence exhibit much higher
electronic conductivity than their cxvgen stochiometric analogues,
ihey do not exhibit dectrochemical performance comparahle o such
an effective oxide anode 25 Tag, 280 2 O Mg 205 g (ref 19). This
we attribute o the inflexibility of the co-ordination demands of
titanium, which strongly prefers octahedral coordination in the
perorskite ervironment,

Tnorder tn make the Besite co-ordination more flexible and hence
inimprove dectrocatalytic performance, we have introduced various
dopants o wzl\.m' Ti in LaySreTiy O, based fuel electrodes,
Tabde 1, and found the most suceessful tn0 be a comhination of
sin and the trivakent Ga ion, Mn supports petype conduction in
axidizing conditions, and has been previoushy showm o promode
electroreduction under SOTC comditions"™ . Furthermore, Mn is
krown b accept lower coordination numbers in permkites™,
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Figure 2 | Polasization measuwrements o LSTMG/YSZ with varyisg
and Pular ization i were 4

i
@, under humidified bydregen at different temprratures, and b, under
different atmesphenes a8 950°C, all humidified a1 20°C on 2 screen-prinied
graded TaSegTiy Mg oG 00, o VST warking elecirode on a 2 mm Y57
electralyie with Lag g8rq Mo counier and reference elecirodes. & and 27
are respectively the real and the imaginary parts of the comples impedance.

eepecially for Mn**, and thiss it may facilitate oxide-ion migration,
Sirmilardy Ga s well knewen 1o adopt ke co-ordination than
actzhedral in percskite-related axides. The pessibility of mived
wmacielectromie conduction (s very tmporiant, because i would
allenw the elec idation process ko miove zeay from the three-
phase electrodelelectrolvte’gas interface onto the znode surface, with
comsiderable catalytic enhancement’.

Lase, Toy Mg o Gay o0, (LSTMG) powders wene prepared by
solid stale reachon from soicliometric amounts of ligh purity
La, 0, SrC0,, Tich, M0, and Ga, 0, fived for 2448 b Polaniza-
asurements were performed ina three-chectmde arrange-
mient. The electralyte wis a sintered 8 mal% ¥,0, sabalzed Zr0,
(Y5 pellet of 2 mum thickness and 20 mm diameter. 1a, 5, Mnl,
{150 and Ptwaere used as eoander-electmode and reference dhectrndee,
respectively. The anods was ared i v comdigurations, first as a
b parmethicks laver af 5050 TSTMGVSZ and second as an opeimised
anexde with four layers, with graded conceneration of YSZ Fach layer
was pre-fired ag 30°C and all of themn co-fived at 1LXNC for 2h,
Hectrical contacts i the anndes were formed wsing an Au mesh with
small amounts of Au paste o ensure contacting and 0 avoid any
additional catalytic vl'{ﬁ Fuel-cd | performance was ohtained for
these materials 25 SOFC anndes with 330-pum-thick Y52 A1LO,)
electrolyte and 1.5M cathosde, Platinum paste coated onin 150 and
ﬁT“‘I at M was wsed as the cathnde carrent collector,

Tay5n Ty Mg Gag O frrms as a s phase perovskite on

at 1,400°C, The strusture ohtzined Ejr:}'ln refined as mono
climic, with 55287080 A, b= T.8088(5) A, ¢ =5,M%(6) A,
B=192295( V=21008(6} A", No chemical reactions were
absereed by Xeray diffvaction on firing an intimate mixture of
1STMG and Y57 pressed povader at 1L200°C in air for 80h,
indicating good chermnical compatibility, The phase is stable under
fuel conditions at 1,000 the perovelite structure is retained on
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Figure 3 | Pesfarmance phets in different stesspheres. Focl cell

perinrmance phats far diffaront fwel gas compositions each cantaining 3%

of waler at a fnsr-layer aptimized LSTMG annde [cirde: pure Fy, square;
pre CH triangle: S%E ) on a 330 pm thin Y57 dhreeralyte, with 1554
cathode in unhumidified oxygen. Fis poiential difference beiween
lectrodes, j is current density and P& power density
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Figure 4 | Elecirode interface. Sianning clociron micrasope inage,
ahainig the crags-scition of & fiel cell afler testing.

ﬁring in 4.9%H 25 H 09 8%Ar (thereafter termed wet
.- “H: ) for 24h, with the coll changing to orthorhombic ¢ =

SEMIEMA, b =T824} A, «=55522TIA, V= 23054060 A%,
lh:milcd. high-resolution transmission electron  microseopy
IHETEM) studies. sl exacthy the sarme features that were obsernad
firr Lo Se Th, p O (e o 120, that is, this plese s within the localized
defect region, as predicred in Fig, 1 for & < 0,167, On re-oodation of
LSTHAG i, in 2 thermograsvimetnic analyser, 2 weight increase of
0L37% was abserved in 2 step between 400 and 600°C, comesponding.
o clrange i eygen comtent of about 0.5 coygen atoms per fonmla
wnit, cemrsistent with M o Mo peidation. Soee further weight

gaan aif abeat 0.07% (0.1 0 was obsarved on holding at 900 C which
may be related to T 1o Ti™ teoxidation and is fairly typical for deess
tlanates",

The total conductivity i@ 0004 5cm " in air at Q0°C and
increases up o B55cm ' oal 100 alm, Acivalion energies for
comdaction ane 0,16V for 200-700°C, and 056 ¢¥ for T00-400"C
inseet 576H . The conductivaty of LaSed Ty Mo sGae 500 5 was also
measured 24 2 fmetion of axygen partial presure at B00°C and
0T The material shows wpical netype conductivily as the
domimant on mechansm, some evidence ol pelvpe
comsbuctivity <an be found at py, = 05 atm.

The anode palarzaton readance was mesuned wsing three-
dectrde geometry a5 previously described'. Results at dafferent
temperatures i bumidified hydregen ane shovm in g, 22 and in
different atmosphenes ab 850 °C m Fig. 2b wsing an optimized anode
madie o four graded layers with varving LSTMG Y5 mtins and total
thickness 190 um, The polarizmtion resistances in wet H, (97, 79%H,,
LI were 01280 cm’ at 850°C, 0.200cm’ at S0°C and
250cm’ at 8%0°C, The polarization resistances were @12 (e’
in wet Hy, 1L.580am’ in wet 5%H, and a remarkably low value,
0368, in wet CH, (97.7%CH,, 23%H,0), at 950°C. These
polarization resistances were attained after about 24h in fuel con
ditioms; initial polarization resistances were 23 times. higher. This
lomg, time period o achieve equilibration s fairy typical for donor
doped strontium titanates that are not cafion vacancy compensated,
amd we attribute this to reorganization of a complex defoct sructure,
The hest previous results using metal-free oxide anodes only achieved
polariztion wesistances. of twice thse values and with moch lower
OCVs [open circuit wltages) in methane’, These polarization
resistances. are ahout 15 times bess than previously schieved without
i G adfition ", and less than 50 of the values obtained wsing
just Bn, all for dectrodes with similar microstroctures [Table 1),
Furthermiore, these results are comparable with the best cenmet
dectrode perforrmances, and allowr both operation in low steam
hpdrescarben fuds and pood mechanical redox stability,
5r0
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The CHCWa matclied the value predicted by the Nerst equation,
Q5T and 103V at 950°C, for wee 5%H, and wet Hy, respectivedy,
Tl OOV i wet CHL, for & singhe layer 5050 YSZRLSTMG anode,
weres L3V ar 05070, L2V at 0°C and 136V at 850°C, Tlwese
val s, were reproducible after two days of esting in wet 5%H,, wet
Hi and wet CH,. For a for-laer anode, frvwet CHL, te OOV were:
L23%, LI7Vand 116V at 950°C, 900°C and 850°C, respectively.
Tl higly OV comnpaned to these ypically observed with metlame
fueds ave moie sigrificant than, but beeadly similar to, that for te
addition of procous metal wo copper ceria anodes™, Tt soans clear
that the thicker, more comples anode structure = less able o fully
activate methane at the dectrodeidectrobite interface, even though
the devtrochemical peformance af the comples anode i superior in
terms of an'.\rm:.\.I.mn reszstance. The OOV tend observed at the
thicker ehectnde 15 smuilar o that chtzined by Liv and Barnent™
whach they matially attributed o partial oadation of produced
carbom, but later™ suggeted was due 1o the axidation of hydrogen,
produced by methane reforming with the humidified methane
reaching equalibrium at the anode. Here the hagh OOV we obtained
atthe thin elestrode { 1,4 V] implies full midstion of squilibrated wet
CH,. as this potential i the expected OOV in such an atmosphere,

Figure } shows the performance of the LSTMG anode in differen
atmospheres, at %510, using a two-electrode set-up, The maximam
power density i wet H, was dose to 05Wem ” and the power
density in wet CHL is twe times higher than in 5 i
value of about .35 Wam ", The different dopes in the current
voltage plots under methane seem to suggest different reactions.
After rurming a fuel cell for ruen daye, cyding from 950°C i 8507,
i wet 55, wet F; and wet methane, no traces of carbon could be
abeterted visually or by thermal analysis. This ancde exhibited a very
fime microstracture, Fig, 4, with uniform particle size just less than
L pm, an estimated 45% porosity and a clean interface with the
alectrolyte,

This verrk has dememstrated the concept of inducing functionality
through disorder of extended defocts. Through partizlly replacing
titanium with sorme mangase and gallium, an SOFC anode with
sirmilar perforrmance in ydrogen to nickel/zirconiz cenmets has been
achieved. T cnmitrast with these cormets, the dectrode is rermarkahly
axtive for the soadation of CH, at high temperatures in the absence ot
encess stearms, morenwer, high OCVs reaching stable values hetween
L2 W amed 1AW harve bivn oshtained. Optimization of the rsoostrc-
ture allows & very marked improvement in the properties of
the ande, bat there remains & problem witl fidy low laseral
comductivity, which (especially for SOFC designs with Jong cwrrent
paths} will require an additiemal current collector for practical
application. Thus this material shiws comsidersble promise as an
elertroschiermical ancde yickding the lowsest polarization results so far
reported for an ooide anode and ewcellent prospects for divect
hy
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