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Abstract

As the current density on a solid oxide fuel cell element increases, the voltage is reduced from that, close to the Nernst
potential, obtained under open-circuit conditions due to loss mechanisms, the ohunic resistance of the materials and
polarisation effects at the interfaces, as well as any effect of fuel depletion. The ohmic losses are determined by the materials
selected and the dimensions of the component, particularly the electrolyte thickness. Minimisation of polarisation effects
reguires detailed interface structural control, and advances in this aspect of SOFC engineering are reviewed. Additionally
note 1s taken of variation in pexformance of SOFC devices consequent on their operational history. © 2000 Elsevier

Science BV, All rights reserved.
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1. Introduction

The voltage cbtainable from a solid oxide fuel cell
operating at a given cwrent density is reduced,
relative to the Nernst potential determined by the
oxygen partial pressure at the electrode—electrolyte
interfaces, essentially due to two loss mechanisms,
the ohmic resistance of the materials used for
electrolyte and electrodes, and the polarisation ef-
fects at the interfaces. As most SOFC materials have
a negative temperature coefficient of resistance, the
conventional approach to reduce resistive losses and
thermally activate transport and charge exchange
mechanisms has been fo operate at more elevated
temperatures, near 1000°C, thereby placing extreme
demands on the selection, for example, of inter-
connection and stack structural materials. Systems
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designers are now demanding cells with high power
density but operable at lower temperatures in order
to confront this materials selection problem, permit-
ting the use of standard metallic engineering materi-
als rather than requiring ceramics or exotic alloys for
interconnectors and structures. To lower operating
temperatures alternative electrelyte materials of high-
er jonic conductivity have been sought. Unfortuna-
tely those candidate materials to replace the conven-
tional yttria-stabilised zirconia (YSZ) have all, to
date, been associated with technical inadequacies
such as phase instability (Bi,0,) or an electronic
conductivity (ceria-based materials) leading to low
output voltages associated with internal leakage
currents and with power dissipation within the device
itself. Although these deficiencies may be compen-
sated by choice of operating conditions [1,2], the
most promising route to lower materials resistance
has been through the use of much thinner, electrode-
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supported films of the standard stabilised zirconia
ceramic.

With lower operating tempesatures the polarisation
loss problem becomes more acute, given the di-
minished thermal activation of reaction mechanisms,
so much of the evolution in performance of these
devices achieved over the past 10 years has followed
on an understanding of those mechanisms, foilowed
by the implementation of appropriate countermea-
sures. Control of interface behaviour therefore as-
sumes even greater importance in this context. This
not only involves the composition profile on a
nanemetric scale but also a recognition that the
structure and profile are dependent on the fabrication
procedures and operating history of the device. This
has been the constant theme of research in the EPFL
laboratory in Lausanne since our first introduction to
these problems in the context of the International
Energy Agency research and development pro-
gramme on SOFC 10 years ago.

2. Interfacial reactions

On entering the field at that time, the impression
was obtained of almost a mechanical engineering
approach: if the proper material is selected and
appropriately processed, then the resulting device
will have a predictable performance and behaviour
One key to success in SOFC development in the
interim has been the recognition that the actual
operation of a fuel cell or other solid-state ionic
device, as an electrochemical system, has many
subtleties, then unexpected. Particularly, as with
ambient-temperature  electrochemical devices, the
performance is dependent on device history, both
thermal and electrochemical. The emphasis had been
on electrode microstructure to avoid gas diffuston
polarisation. With zirconia as the only credible
electrolyte material, electrode materials selection
criteria were essentially tolerance, respectively, to
the air and fuel environments, then on thermomech-
anical compatibilizy to limit thermal expansion dif-
ferentials and secure reliable thermal cycling. By a
rigid application of the three-phase boundary con-
cept, particularly at the cathode, the interaction of the
materials at the electrode interface to the electrelyte
was not fully appreciated, particularly the importance

of the required nanoscale intimacy of the electrode
and electrolyte solid phases [3]. Unless these inter-
faces are intimate on that scale we should learn, by
analogy with junctions in semiconductor engineer-
ing, that barriers to charge exchange are presented.
On the other hand the structural integrity of the
interface to avoid delamination during thermal cy-
ciing requires some interaction between the contact-
ing phases, implying a degree of interdiffusion.
Without the ‘wetting’ they cannot ‘stick’”. However,
with interdiffusion there is the possibility of the
growth of a thermodynamically more favoured inter-
phase, with a separalion of the electrically active
components. In testing diffusion couples of a cathode
material, strontivm-substituted lanthanun: manganite
(LSM) and a high-yttria zirconia, Lau and Singhal
(4] observed lanthanum zirconate as an interphase,
consequent on the solid-state interaction between the
two ceramics. With the development of nanoscale
imaging techaigues this has been directly verified by
Mitterdorfer and Gauckler [3]. Their work in turn
confinns the indications from defect chemistry con-
siderations that an enrichment in manganese in the
L.SM inhibits interphase formation by reducing lan-
thanum diffusion loss from the electrode material.
When the manganese excess reaches 10%, the re-
action product layer can no longer be observed.
There 1s on the other hand striking evidence of the
dynamic nature of the solid—solid interface through
imaging of the surface morphological changes on the
initially single-crystal YSZ.

In contrast to those previous observations on
‘diffusion couples’ where no electrochemical pro-
cesses were taking place, in a functional fuel cell
oxygen ions are entering the electrolyte under an
clectrical poteatial difference represented by the
polarisation overpetential, closely localised at the
interface. The oxygen activity in this region is
therefore reduced when compared to the equilibrium
diffusion couple. As Yokokawa et al. peinted out [6]
zirconate formation is oxidative, and is therefore
inhibited under cell operating conditions. Further-
more, evidence has been presented by Weber et al.
that a zirconate, already formed, can even dissociate
and redissolve under these circumstances [7.8]. A
concurrent investigation in Lausanne into this activa-
tion of cathode interfaces during initial operation of
SOFC devices provided impedance spectroscopic
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Fig. 1. Impedance spectra. taken under open-circuit conditions at
800°C, on inial operation and after scveral hours of ‘activation®
under current, afler Ref. {8}

evidence on the phenomenon (Fig. [). These pro-
cesscs are accompanied by evolution of the clec-
trode—electrolyte morphology on the micron [7.8]
and nanometric [3] scales, the former representing an
enlargement of the contact areas between the granu-
larity of the cathode and the electrolyte surface, the
latter the interphase as the active components equili-
brate to the specific operating conditions. These
observations place in evidence the ‘activation and
operation protocols’ effect investigated by the 1EA
collaboration.

The impedance spectrum in Fig. 1 was taken on a
‘domain’ cell in which an excess of manganese was
incorporated at the interface to catalyse the charge
transfer process and inhibit lanthanum loss into the
electrolyte to form the zirconate; this was done by
pyrolysis of a manganese salt solution prior 1o
screen-printing the cathode material on to the zir-
conia. We carried out further studies of the activation
effect using a lanthanum-deficient LSM for the
cathode, a procedure which achieves essentially the
same objective but in a single step. From the spectra
in Fig. 2 it was evident that neither a considerable
elapsed time at a fixed temperature of 840°C, nor a
temperature excursion to 900°C had any significant
influence on the polarisation, which, however, de-
creased significantly afier oaly 20 min when a
current of some 300 mA cm * was passed across the
interface. The reduced polarisation was maintained
for at least 24 h, showing that the activation effect is
not a simple transient.
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Fig. 2. Impedance spectroscopy  establishes that neither time
clapse, nor tomperature excursion without passage of current,
achicves activation,

3. Interfacial catalysis

The fact that charge wansfer and oxygen ion
injection into the electrolyte can be catalysed by the
presence of a ansition metal, in the above case
manganese, at the cathode-electrolyte interface has
already been mentioned. However, with simple
pyrolysis the process is not well quantifiable in terms
of total concentration or elemental distribution. A
better defined insertion of an electrocatalyst can be
achieved by jon implantation, a very useful pro-
cedure for experimental investigation even though it
is excluded on cost grounds as a commercial opera-
tion. Fig. 3 shows the effect on the polarisation
impedance spectrum of the insertion by ion implanta-
tion of a total dose of one (LI, low dose) or 10 (HD,
high dose) monclayer equivalents of cerium or
manganese into YSZ electrolyte. Platinum electrodes
were used 1o eliminate any possible coincidence of
effects due to transition metal components in the
cathode materiais [10]. The tmplantation was carried
out at a beam energy of 200 keV, and the calculated
elemental depth distribution profile is shown in Fig.
4. The reduction in polarisation impedance is evi-
dent; the double feature for manganese is attributed
to precipitation on grain boundaries, the soluhility of
this element in YSZ being fow. Low-dose manganese
implantation gives a single impedance feature,

It remains to suggest a mechanism for the electro-
catalytic effect in these cases. Conventionally it has
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Fig. 3. tmpedance spectra at Pt cathodes contacting YSZ clectrolytes, the interface being implanted with transition metai clectrocatalytic
species. LD {low dose) represents a monolayer equivalent of the implanted spectes, the high dose (HD) being an order of magnitude greater.
For clarity hall of the impedance sciicireles for the unimplanted cases are given.
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Fig. 4. Calculated concentration profiles for implanted tansition metals, after Ref. [9].
been atlributed 1o the introduction of a mixed certain elements (Mn, Fe, Ni, Co, Cu, Zn) in solid

conductivity in the clectrolyte near the interface, It is
suggested that due to the mobility of electrons the
change transfer process is delocalised from the three-
phase bBoundary region. However, it is known that
solution of these elements in zirconia in bulk does
not in fact significantly increase the electronic con-
ductivity. For example, the patent literature clearly
demonstrates that electrolytes with up to 15% of

solution are still capable of giving open-circuit
voltages close to the Nernst value [11], confirming a
transport number close to unity, and negligible
electronic conductivity. It is, however, well known
that for manganese a redox process is possible, both
Mn(Il) and Mn(HI) coexisting under atmospheric
conditions on the YSZ surface [12] which permits
the introduction of an oxygen ion into the electrolyte
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Fig. 5. Rate of interface exchange of oxygen on clectroccramics
used in SOFC technology, after Stecle, Refl {12].

by a simple electronic rearrangement. However, a
redox explanation must be excluded for the cerium
implant, since this element can exist only as Ce(I1V)
in the cubic oxide lattice in equilibrinm with atimos-
pheric oxygen. It is evident in this case that the cause
is kinetic, the imsertion of an oxygen ion into the
lattice being faveured on a site adjacent to cerium.
There is a supporting indication from the work of
Steele [13], who presented the surface exchange
coefficients for oxygen on several materials {Fig. 5)
obtained by isotope exchange experiments. The
enhancement of kinetics {or a ceria surface compared
with ¥YSZ is evideni. It is 10 be understood then that
while an eleclrocatalytic effect is widely observed
for transition metal-treated interfaces. no single and
general mechanism can be upheld, and a specific
explanation must he sought in each case.

4, Conclusion

Just as the electrochemistry of zirconia rests on the
work of Nernst a century ago, indications of the
aclivation processes and the possibilities of cleciro-
catalytic improvement of inferface behaviour can be
found in the literalure over severai decades. To be
mentioned specifically is the work of a Japanese
group in 1970, where the direct and persistent

consequences of the electrochemical history of an
interface were noted, including a significant reduc-
tion of polarisation effects [14]. Also to be recalled
is the series of patents at about the same time.
attributed 1o the Geneva group of Tannenberger [15],
reporting the electrocatalylic effect of a solid solu-
tion electrolyle contact to a ceramic oxide cathode,
the metallic species added in that case being
uranivm. The present situation differs in that. due to
an awareness of the importance of processes al
interfaces on the nanometric scale and the availabili-
ty of instrumentation to image and profile the
composition of structures on that scale, the per-
formance enhancement and polarisation reduction
elfects associated with activation,operational history
and interfacial electrocatalysis are no longer indi-
vidual c¢hservations, but are explained and under-
stood. Further, they now provide the insights neces-
sary to achieve credibie solid oxide fuel cell per-
formance at reduced temperatures with conventional
materials,

Acknowledgements

A word of appreciation is due to past and present
members of the EPFL solid state electrochenistry
research group, to our colleagues within the Interna-
tional Energy Agency SOFC activity, to Tom Tale of
Imperial College London for cooperation in the ion
implantation exercise, and (inally to the sponsors of
our work, the Swiss Federal Office of Energy and the
National Priority Programme for Materials.

References

[1] C. Milliken, J. Hatvigsen, 8. Elangovan, A. Khandhar, in:
Tonic and Mixed Conducting Ceramics HIL PV 67-24. The
Electrochemical Society, 1998, p. 83.

[2] M. Gadickemeier. K. Sasaki, L.J. Gauckler. Proc. 2nd.
Europ. SOFC Forum. Oslo, 1996, p. 717.

[31 AJ. McEvoy, Proe. [EA SOFC Waorkshop, Lausanne, 1992,
p. 13,

[41 S Lau, S$.C. Singhal, Proc. Corrosion 85 {(1985) 79,

[5] A. Mitterdorfer. 1.. Gauckler. Solid State Tonics 111 (1998)
185,

16 H. Yokokawsn, T. Horita, No Sakai, T. Kawada, M. Dokiva,
Proc. Ist. Europ. SOFC Forum. Lucerne, 1994, p. 425,




336 A, McEvoy | Solid State Tonies 135 (2000} 331--336

[7] A. Weber, R. Miinner, B. Jobst, M. Schicle, H. Cerva, R.
Waser, E. [vers-Tiffee, Proc. 17th. Risoe [atl. Symp. Mater.
Sci., Roskilde, Denmark. 1996, p. 473.

(8] A. Weber, R. Minner, R. Waser., E. Ivers-Tiffee, Denki
Kagaku 64 {1996) 582.

[9] K.R. Thampi, S. Widmer, AJ. McEvoy, in: Proc, 4th Intl.
Symp. Selid Cxide Fuel Cells (SOFC-1V}, PV 65-1, The
Electrochemical Society, 1995, p. 537.

[19] AJ. McEvoy, §. Rambert, T. Tate, 8. Widmer, in: Ionic and
Mixed Conducting Ceramics II, PV 94-12, The Electro-
chemical Society, 1994, p, 238,

{111 8. Kawasaki, §. Ito, K. Yoshioka, US Patent No. 5 527 633,
1996.

[12] H. Yokckawa, N. Sakai, T. Kawada, M. Dokiya, in: Science
and Techaology of Zirconia V, Technomic, Lancaster, UK,
1993, p. 59.

f13] B.C.H. Steele, Selid State Ionics 75 (1995) 175.

f14] T. Takahashi, [. Iwabara, [. Ito, Denki Kagaku 38 (1970)
288,

[15] H. Tanneanberger, P. Vaa den Berghe, French Patent No. 75
34827, 1975



