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Solid state ionic devices such as fuel cells and oxygen separation membranes require the
adsorption of oxygen molecules, their dissociation into oxygen atoms, oxidation by charge
exchange and entry of the resultant ion into the solid phase. The cathodes capable of
sustaining these processes must themselves be stable in the high temperature
environment of air with a significant water vapour content, and compatible chemically and
mechanically with the contacting solid phase, normally an electrolyte. As charge transfer
materials obviously a high electronic conductivity is imperative, and some degree of ionic
conductivity can serve to delocalise the oxidation process, thus reducing polarisation. In
the present review the evolution of these cathode materials and their present status will be
presented. © 2001 Kluwer Academic Publishers

1. Introduction Interestingly enough, the same patent mentions cobalt
The ideal solid electrolyte in which the charge carriersand chromium oxides in compounds with lanthanum
are oxygen ions with a thermally activated mobility wasand strontium, which adopt the perovskite structure.
identified over a century ago in the work of Nernst [1], Ultimately the chromium-based material was adopted
as zirconium oxide with an admixture of di- or trivalent as a SOFC interconnect material due to its relative sta-
substituents in solid solution. This remains the matebility also when exposed to the fuel environment on
rial of preference in the form of 8% yttria-stabilised the anode side of a cell. The cobaltite perovskite re-
zirconia (YSZ) since its electronic conductivity is neg- mained of marginal interest for many years because
ligible even under highly reducing conditions. Baur of the rapid formation of an insulating reaction inter-
et al. [2] some 40 years later upheld the concept thatayer on contact with stabilised zirconia at high tem-
the high temperature fuel cell is advantageously an allperature. In contemporary work the Rohr group with
solid device, part of their system being an iron oxidethe Brown Boveri Company in Germany had identi-
cathode. In that selection they confronted the requirefied the promise of the manganese analogue of these
ments which necessarily define a suitable solid oxideperovskites [4] for SOFC cathodes and the manganese,
fuel cell cathode material. By selecting an oxide, stabil-nickel and chromium perovskites were patented. The
ity in the high-temperature oxidising environment is se-modern materials preference for SOFC systems was
cured even when air (with entrained atmospheric wateessentially defined in the 1980’s, with a lanthanum-
vapour) is admitted to the cathode. Interface reactivitystrontium manganite (LSM) cathode, a YSZ electrolyte
with the electrolyte material is limited, and the oxide and as anode a YSZ/transition metal (Ni or Co) com-
is an adequate electronic conductor. In addition, irorposite or cermet [5, 6]. Following this essentially em-
being a transition metal, some degree of redox activitypirical selection, the achievement of the 1990’s was the
could be expected to catalyse the cathodic reaction, anghderstanding of the parameters and reaction mecha-
given the non-stoichiometry of iron oxide structures,nisms whereby these materials achieve their effective
there could also be expected at least a limited oxygeperformance, and how that is maintained in service. In-
ion mobility and some ionic conduction. However, this cidentally, for more detail on the origins of the concepts
mixed valence condition is not maintained in real celland materials applications underlying SOFC technol-
conditions where near-insulating #&; is the stable o0gy, a brief history of the subject was published some
oxide. Other oxides were therefore evaluated, such agears ago by Mbius [7].

indium-tin mixed oxide (ITO), otherwise employed as

a transparent electrode in optoelectronics. Normally a

glass impermeable to gas, Tannenberger and van déh LSM structure and properties

Berghe [3] had to insist in their patent on its growth The parent compound of the solid solution LSM
as a dendrite structure to facilitate passage of oxygeis lanthanum manganite, LaMaQwhich takes up
along the grain boundaries to reach the electrochemithe perovskite AB@ structure, ideally cubic. Each
cally active zone at the interface with the electrolyte.cation, A and B, sublattice interpenetrates the anion

0022—-2461 © 2001 Kluwer Academic Publishers 1087



phase changes, a further positive effect of the strontium
insertion is to enhance the electronic conductivity at
fuel cell operating temperatures to over 100 cm*

at 950°C. As for ionic conduction, however, the mate-
rial is not so advantageous. Given that with exposure to
air at elevated temperature the oxygen sublattice is fully
occupied, mobility of oxygen ions is therefore limited,
and only at low effective partial pressures of oxygen
does this species contribute significantly to conductiv-
ity. For solid state ionic applications the material is
systematically prepared from the oxides and carbonates
Figure 1 The ABO; perovskite structure. The lanthanum ion (A) takes Of the cations by ceramic methods, following a solid-
position within the octahedra representing the oxygen anion sublatticestate reaction at elevated temperature [4]. However re-
These octahedra in turn centre on the manganese (B) sites. cently, in order to synthesise better-defined powders
more active towards sintering and therefore permitting
lower-temperature processing of SOFC elements, syn-

sublattice of corner-sharing octahedra (Fig. 1). In theh€sis from precursors using soluble salts gelled by cit-
solid solution LSM, the strontium substituent occupies! ¢ acid and calcined, or by the glycine nitrate method

sites in the lanthanum sublattice, charge equilibriunfor €xample, is gaining favour [9]. Thereafter the LSM
being maintained by the oxidation of a correspondingEl€ctrodes are applied to electrolyte substrates by tech-
proportion of Mn Il ions to oxidation state IV. Under Niques such as screen-printing or spraying using sus-

certain circumstances the ideal cubic structure can urRensions of the prepared powders in liquid carriers.

dergo distortion to orthorhombic or rhombohedral, rais-

ing the possibility of phase changes with temperature.

Given th.? mul(;lvtﬁler[tsr'l\?turtle_dof '\fnt’. both Iantganl:n:& Electrochemical behaviour and
manganite and the solid solution are subject to " . oo ¢ oI offects

nonstoichiometry and lattice defect conditions. In equi-gome ten years ago a very intuitive presumption domi-

I|br_|um with air, thgre IS an apparent excess Qf OXY9€M ated in regard to electrode processing and behaviour. If
anions, but excluding the possibility of interstitial oxy- dequate materials are selected and appropriately pro-
gen, thisis in fac_ta Ianthanum deficiency compensate essed, then a predictable performance and behaviour
b_y f‘_mhe_f OX|dat|_0n (.)f Mn. Th'$ behaV|01_Jr ofthe mate- e resulting device was expected. Intheinterimithas
rial is evidently significant for its operation, providing become evident that the actual operation of afuel cell or
the oxygen adsorption and reduction environmentin th%ther solid ionic device, being an electrochemical sys-
fuel cell cathode application. In Fig. 2 the stoichiometrytem has many subtletiés previously unsuspected. The
of one solid sol'ution formulation is given as a function perf’ormance i depende’nt on device initial operéting
of oxygen partial pressure and temperature_[8]._How- onditions, possibly with an activation procedure, then
ever LSM cannot be applied on the anode side in fuets history, both thermal and, particularly, electrochem-

cells as, unlike the corresponding chromite, it dlssom—ical_ The three phase boundary model of electrode oper-

ates into its (_:onstituent separate oxide pha}ses unde_r Io?ﬁion had been rigorously applied, and it required an ac-
oxygen partial pressure. As for its electronic properties !

itis reqarded as a b-tvoe semiconductor. with a negati tess by the air to the cathode-electrolyte contact region.
tisreg P-lyP iconductor, wi 9alv porous microstructure was an obvious requirement,
temperature coefficient of resitivity. As well as altering

. o ’ therefore, as was a compatibility of thermomechani-
the thermal expansion characteristics and suppressing,, properties such as thermal expansion coefficient to

avoid spallation of the electrode as the device cycled
between ambient and operating temperature. Evidently
3.10 there must be some degree of interaction between the
two ceramics, electrode and electrolyte, to maintain this
/4 structural integrity. Without “wetting” there is no adhe-

P sion. However, an excessive interaction of the materi-
= als at the electrode-electrolyte interface can lead to the
A= - formation of thermodynamically more stable and pos-

o «° Yy y p
YA /J" sibly insulating interphases. In testing diffusion cou-
/ L > & 1000°C ples of LSM and stabilised zirconia, Lau and Singhal
-/

3.00 - e arama— aaae

% 4 1100°C [10] observed lanthanum zirconate, JZa,07, as an

o @ 1200°c interphase product of a solid state interaction between
the two ceramics. With the development of nano-scale
imaging techniques this has recently been directly ver-
2.80 T T T T ified by Mitterdorfer and Gauckler [11]. Their work

18 -16 14 -12 -10 -8 6 4 -2 O . o ) :
. gives striking evidence of the dynamic nature of the
LOG OXYGEN PARTIAL PRESSURE, atm (1.01 X 107 Pa) solid-solid interface through imaging of surface mor-

Figure 2 Variation of stoichiometry of LeoSto 1Mn Ogz/—s) with tem- phological changes on their initially single-crystal YSZ
perature and oxygen partial pressure (after ref. 8). substrates.
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Equally there was little appreciation of the evolution 259 o S
of interface behaviour as a consequence of the opera ] i
ing history of the device, and particularly of polarisation 20 & Pt CelD oo °°/
effects on charge transfer, even though this had alreac_, 1 o . ° ¢ 661Hz
been observed thirty years ago [12]. Electrochemicag 157 o°
characterisation methods, particularly impedance speé . o°
troscopy and the time response of current to an abrugzs %73 0&0
applied potential step, permit the distinction betweer ] 10kHz ¢
purely resistive and polarisation losses in a device struc > E 20KkHz 5 23Hz
ture. The resistive component is not time-dependent ] 20kHz_ 0.2Hz

RN LA LR LR CLULLE LR RN RN

so it is the only effect resolved in a high frequency
impedance measurement and is determinant also ¢
the prompt response to a potential step. Polarisation
on the other hand, being related to kinetics, presentsigure 3 Impedance spectroscopy confirms electrocatalytic effect of
an impedance increment observable at lower frequenansition metal ions in the electrolyte close to the cathode contact.
cies and in the relaxation with time of the current tran-LP =ow dose, approx. 1 monolayer total cerityhiD = tenfold higher
sient after a potential step These techniques revealetatal concentration, but occupying?% of actual interface cation sites.
that even with an optimised microstructure the polar-

-10 -5 0 5 10 15 20 25 30
Zy [ ohms ]

isation at a conventional LSM-YSZ interface remains 1 — equilibrium, +1h30
. . 2 w4 6h
the dominant loss term, even at 10@) underlining 3 -=- 425h
i i i 1 4 -e- after 2h at 900°C
the necessity of nanoscale interface engineering and ¢ 5 7 e 20min pol 400mY WE. CE

electrocatalysis to accelerate the adsorption, ionisatio

and charge transfer mechanisms. These expedients ¢ -8+
even more imperative to implement the present trend t
reduced SOFC operating temperatures, in order to fa <7
cilitate selection particularly of interconnect and struc-z
tural materials, and to improve lifetime and reliability ]
by use of less extreme conditions.

A procedure to secure a catalytic enhancement o
cell behaviour had already been identified in earlywork
with ITO electrodes, by the incorporation of an inter- 0 2 4 6 8 10 12 14 16 18
layer containing a redox-active transition metal [3]. Z [l
It was spgculaf[ed th.at the .met"’.‘l’ in_that partlc.l'”arFigure 4 Performance is influenced by device operating history. Ths
case urar_"um In SOHd. _SOIUt'on In _YSZ’ Wou_ld In- impedance spectroscopy arc representing polarisation of a cathodic in-
duce a mixed conductivity, electronic and ionic, andierface is unaffected by time or temperature variation, but is drastically
thereby delocalise the active sites for oxygen reduceiminished on charge transfer. That modified performance was main-
tion from the three phase boundaries to achieve a voluiained for atleast 24 hours.
metrically functional cathode. A cell power density of
700 mW/cnt was claimed at 908C, and 360 mW/crh
maintained to 800C, a performance which would still noted [17]. The deficit of lanthanum must of course in-
be considered acceptable two decades later. A signifibit the further loss of the element to the zirconate for-
icant suppression of polarisation losses had obviouslynation reaction with the contacting zirconia electrolyte
been achieved. Although uranium may be efficient induring sintering of the electrode. Further, with time and
that role it cannot now be used for regulatory and safetghe passage of charge, the polarisation behaviour im-
reasons, so the idea has been followed up with othgproves, consistent with the early Japanese report [12]
metals such as iron, manganese and cerium. It couldiready cited (Fig. 4). There is evidence that under con-
be considered undesirable to add a separate electrobnuous operation the formed zirconate may even redis-
catalytic layer, on the basis that each such a layer insolve into the parent lattices [18]. It should be noted
troduces further interfaces; the presence alone of a cathat under charge transfer conditions there is a potential
alytic species atthe electrode-electrolyte contact shouldrop at the electrode-electrolyte interface, which corre-
suffice. For this reason enrichment of the electrolytesponds, by the Nernst law, to a reduced oxygen activity
surface region with the transition metal was investi-or effective partial pressure. This is confirmed by in-
gated by pyrolysis of a salt solution [13], ion implan- situ synchrotron X-ray diffraction studies of operating
tation [14] or sputtering [15] prior to deposition of the SOFC LSM cathodes, in which a lattice expansion re-
LSM electrode. The reality of this electrocatalytic effect lated to the current density and therefore overpotential
has been experimentally confirmed on test specimensas clearly recorded. Lattice expansion is associated
where polarisation at platinum cathodes strikingly di-with loss of oxygen from the lattice, a reductive effect
minishes with transition metal presence at the interfac¢l9]. As formation of the zirconate is promoted by ox-
(Fig. 3). idising conditions and by elevated temperatures [18],

At the same time an interest in the defect chemistrythis more reductive environment can explain its grad-
of LSM was building up, to reduce zirconate inter- ual removal. The establishment and maintenance of ef-
phase growth [16] and as the improved performancdective cathodic contacts can now be specified and ex-
of lanthanum-deficient material in cathode service waglained. Lanthanum-substoichiometric perovskite and
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moderate sintering temperatures minimise the interdue to its particularly favourable oxygen exchange be-
phase formation, and “activation” of the electrode byhaviour [23], even though more ready than LSM to
prolonged charge transfer induces its redissolution. Offiorm the zirconate [24]. However, given that it is unre-
the contrary, with manganese deficit and high sinteringactive towards ceria solid solutions, these may be used
temperature such a thick zirconate deposit is induceds buffer layers between the thin YSZ electrolyte of a
that the current density required for activation of thelower-temperature cell and the cobalt perovskite. There
cell cannot be attained and only an initially poor andis always a compromise in such structures, and with the
further degrading performance can be obtained fronresulting ceria-zirconia interface, a further series resis-
the cell. tive loss appears, exceeding that expected on the basis
of the bulk resistivity. It is speculated that a redistribu-
tion of the elemental composition of the solid solutions
occurs, leading to a depletion of the oxygen vacancies
4. Reduced temperature SOFC cathodes ~ jgcessary for ion mobility [25]. Quality control of the
That a lower operating temperature than the previously.erig puffer layer is imperative to avoid delamination

conventional 1000C is now sought has already been o zjrconate growth at pinholes and fissures, with con-
mentioned. The higher temperature has proved accep§gquent layer failure.

able for tubular devices because seal-less designs are
possible for them, and interconnectors capable of toler-
ating both anodic and cathodic environments are onl)é .

a relatively small part of the structure. For most pla-2: Cathodes to alternative electrolytes

nar cells, however, the interconnect/bipolar plate is ONentlon of_cerla as a barrier Ia_yer material prevent-
the same area as the cell itself and must have the sanfid intéraction of low-loss cobattite cathodes with thin
thermal expansion characteristics to avoid stresses. AtoZ €lectrolytes leads to the consideration of alterna-

elevated temperatures only ceramic components me&Y/€S to zirconia for lower-temperature systems. Ceria

this specification, though the standard chromite perltself in solid solution with rare earths such as gadolin-

ovskites can exceed the electrochemically active celfli™M: Samarium or even yttrium is the preferred alterna-

element itself in weight, volume and cost. In addition V€ although the anode-side surface tends to partially

the stability of lanthanum-strontium chromite is being "€dUce giving a frontof mixed conductivity which prop-
agates through the material until close to the cathode

called in question, with fissuring on the anode side I . ;
due to lattice expansion with oxygen loss and somd!nder open-circuit conditions. There is then a counter-

degree of ionic conductivity resulting in fuel loss and current of electrons and ions within the ceria, an inter-

inefficiency. At somewhat lower temperatures oxide-nal shuntwhich represents a loss of efficiency and more

dispersion stabilised chromium plates formed by pow-S€riously a drop in open-circuit voltage [26]. When an

der metallurgy can give the required lifetime, but theyexternal current is drawn from the cell the oxygen ion

are subject to oxidative corrosion with volatile productsﬂlux prc:motgsha regression of the (;e'ducl;t_lon front, éhe
when there is water vapour in the contacting air stream€ €ctrolyte behaviour improves and in this way under

these products in turn deposit chromia on the LSM cath!0ad an acceptable cell performance can be achieved.

ode and deactivate it. The ideal, therefore, is to reducé N€ cobaltite cathode contributes to a credible system,

the operating temperature to a level compatible with fer@1d given that the loss mechanism is further dimin-

ritic steel interconnect plates. Advances in this directio/Sned with decreasing temperature, a case can be made

have involved use of thin electrolyte, the thickness be 0" Ceria-based devices in the 600-700range [27].
Recently also, in the quest for satisfactory low tem-

ing of the order of microns, supported in preference on

cermet substrates which are also functional as anodeB€rature electrolytes, perovskites such as lanthanum
However, as the purely resistive losses are reduced llates have been investigated [28]. Solid solution gal-

this procedure, the polarisation factor again become €S With strontium partial substitution on A sites and
relatively more significant even with optimised LSM Magnesium on B sites have higher ionic conductivity

structures and electrocatalysis by transition metal extan the classic YSZ[29]. Cathode optimisation on this

cess with well defined activation and operation proce -SCM: typically (L&.sSt.1)(GaosMgo2)Os, is under
ay, with Mn, Co and Fe-based materials being inves-

dures for the cell. One further step is to increase the" e )
delocalisation of the reaction zone on the model of thd!9ated [30, 31]. Some indications of interphase forma-

cermet anode, by providing an interpenetrating continlion are suspected, but any conclusions remain at this

uous network of electronic and ionic-conducting mate-IMe tentative.
rials in the form of an LSM-YSZ composite [20, 21].
Evidence for delocalisation of the charge transfer pro-
cess from the linear three-phase boundary continues #. Conclusion
accumulate [22]. Solid oxide fuel cell materials cannot be considered in-
A credible volumetric cathode could be provided by dividually, but only as part of the electrode—electrolyte
a single material if the ionic conductivity were of the assembly, and thatin turn within a system context. How-
same order as its electronic conductivity. An example ieever attractive therefore one important parameter may
silver, unfortunately not a practical option due to its low be, such as the rapid kinetics on cobaltite for oxygen
melting point and high volatility. The cobalt analogue exchange, compatibility with other system components
of LSM mentioned earlier is also being reevaluated forgiving acceptable efficiency and extended lifetime take
the role of a mixed-conductivity volumetric cathode, priority. It is on that basis that lanthanum-strontium
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manganite became the favoured cathode material farz.

use with zirconia-based electrolytes, and which moti-

vated the detailed materials science development, with*

considerations of defect chemistry and interfacial elec-

trocatalysis to compensate for its less favourable intery4,

action with oxygen. As solid oxide fuel cell operating

temperatures tend to decrease, other innovations suéh-

as ceria barriers permitting use of cobaltite cathodes
were introduced. Now there is attention also to alter-
native electrolytes for which the optimisation iteration

is much less advanced. The commercial future of tha7.

SOFC depends directly on successful application of
these materials science methods.
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