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FOREWORD

High efficiencies of close to 60% have been projected for

the conversion of coal to electricity with solid oxide fuel cells
and a bottoming cycle. The high efficiencies make these systems
attractive for future coal consuming power plants and have led to
renewed research and development efforts in solid oxide electrolyte
fuel cells. 1In view of these developments, the Division of Power
Systems of the U.S. Department of Energy requested that a Workshop
be held to determine the state of the technology of the solid
~tide electrolyte fuel cells and provide recommendations for

1iture research and development, leading to the development of

»al-based solid electrolyte fuel cells.

The emphasis of the Workshop was to determine the state of
- the technology and needed research of only the fuel cell and its
components, i.e., the electrodes, the electrolyte, and the inter-
connection material. Aspects concerning coal gasifers, and the
impurity levels in the gases, were not cdnsidered at this Workshop
but will require future attention. The Workshop was held on
May 5-6, 1977 and was attended by 55 representatives from indus-
tries and academic institutions from five countries. The first.
day of the Workshop was devoted to formal presentations. On the
second day, panel sessions on "Electrolytes", "Interconnection
Materials", and "Electrodes" were arranged to consider, in detail,
the present state of understanding the deficiencies in the areas
of electrodes, electrolytes, and interconnection materials.
Professors A. S. Nowick, G. P. Wirtz, and T. H. Etsell served
as chairmen of these three panels, respectively.

Advances in solid electrolyte fuel cell technology will
require a multidisciplinary approach to produce an electrical
generator with life times over 40,000 hours. Previous develop-~
ments have indicated that large systems are conceivable and the
shortcomings in previous designs or materials can be overcome
with foreseeable technological advances. :

It is hoped that the Proceedings of the Workshop will stimulate
* interest in research and development of solid oxide fuel cells and
assist in guiding future technological investigations.

The organizers wish to acknowledge the assistance of
rs. Virginia Sayre and Mrs. Dorothy Schroeder in making the necessary
arrangements for the Workshop. Special thanks are also due to
Ms. Debra Abruzzo for her devoted efforts in the organization of.
and during the Workshop.

- vii -
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RECOMMENDATIONS ‘OF THE WORKSHOP

The workshop proceedings summarize the status of components tech-
nology development of high temperature solid oxide electrolyte fuel
cells which show promise of being the energy conversion device in
highly efficient coal-fed power plants. Many of the limitations, en-
countered in the past, with solid electrolyte fuel cells have been
assessed and materials and processes are available for the fabrica-
tion of interconnected fuel cells. Areas identified, during presen-
tations and panel discussions, for specific future developments and

‘estigations yield the basis for the recommendations of the work-
p. The recommendations are presented below by subject matter and
are not intended to reflect specific orders of priority.

1. Future work should emphasize electrolytes supported on a
porous substrate. The increase in efficiency of the fuel cells de-
pends on reducing the resistance of the electrolyte, which can be
accomplished by using thinner electrolytes. The use of supported
electrolytes with thicknesses below 50 um can be used, whereas un-
supported or free-standing cells will require significantly thicker
electrolytes to maintain’ mechanical strength.

2. There is a need to determine the factors which'will lead to
higher conducting electrolytes including the role of dopant valency,
ionic size, and concentrations on the resistivity of the electrolyte.

3. The most successful method for producing the supported elec-
trolyte layers has been by electrochemical vapor deposition. Inves-
tigations -should be carried out to characterize the minimum thick-
ness of a pore-free electrolyte, the dependence on surface properties
of the substrate, and development of defects during operation. :Other
methods of producing electrolyte layers plasma spraying, ion implan-
tation, and sintering techniques will also have to be examined.

4. The effects of electronic conduction in the electrolytes
(notably for CeO.-based ceramics) on the fuel-cell efficiencies,
kinetics, and losSses require further consideration. Theory should
be compared with experimental observations in integrated solid elec-
trolyte fuel cells, incorporating a fuel and air electrode where di-
rect testing of the influence of electronic conduction can be car-

" d out.

5. Methods to reduce polarization overvoltages at the electrode/

electrolyte interface should be developed. At present, even with
relatively thick electrolyes (~0.5 mm), the polarization losses are

- ix -



about 30% of the total voltage losses. The relative contribution
of the interfacial losses, which are independent of electrolyte
thickness, will increase as the electrolyte thickness decreases and
could dominate the loss in efficiency of the cells. A wide range
of cathode materials has been considered and future work should
characterize -these materials and determine the factors which will
reduce the overvoltage.

6. Techniques for depositing interconnection materials will
require further development. Long-term studies should be started
on multicell structures to test the stability of the materials in
an actual environment in addition to the methods of production.

7. There is a definite lack of information on diffusion rates
of cations and anions in the interconnection materials or cathodes.
.The information is required to determine material migration with
pore formation or increased interfacial resistances and compatibil-
ity of components. Oxygen diffusion rates in the cathode material
will influence the electrode kinetics.

8. Compétibility of the electrodes, . electrolytes, and inter-
connection materials, should be determined under potential gradients
with current fluxes to determine any tendency for induced migration.

9. The effects of impurities, in coal-derived fuels, on fuel
cell performance should be investigated. Sulfur containing impuri-
ties and ash could lead to degradation of the nickel fuel electrodes
and sealing of pores in a porous substrate.

- X -
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J. W. Patterson, Iowa State University
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Ca0 and Zro2-Y20 Systems
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State University
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SUMMARY OF PANEL SESSION ON ELECTROLYTES

A. S. Nowick, Panel Chairman
Columbia University

The exploration of this topic of solid oxide electro-
lytes presupposes that we are not completely satisfied with.
Zr02:¥203 as .a solid electrolyte for fuel cells and are
interested in seeking different materials which will show
higher conductivities, or at least, make it possible to
attain the same conductivities at lower temperatures. The
benefits of dropping the operating temperature of a high
temperature fuel cell to the range 5000-7000C are guite
considerable, as has often been pointed out in the litera-
ture. For one thing, it can ease some of the demands on
electrode and interconnection materials.

In ordcr to determine in which directions to go for
better electrolytes, we need to know what are the factors
that control the conductivity. A number of these factors
have been discussed by members of this panel. Some of the
important questions that we cannot yet answer completely
are:

a) Why is the conductivity generally higher for tri-
valent dopants, e.g. Y3%, than for divalents, e.g. Ca?+?

b) What role is played by the ionic size of the dopant,
and is there any other factor than the size and valence of
the dopant that determines the electrical properties?

¢) What is the defect structural unit or interaction
effect that is responsible for the existence of a maximum
in conductivity as a function of dopant concentratiun?

A broader question is whether we can apply what we have
learned about fluorite-type oxides to select possible
oxygen-ion conductors from among other oxide materials.

Perhaps the most controversial question arising at this
meeting concerns the role of electronic conduction in
limiting fuel-cell behavior, and just how much electronic
conduction can be tolerated. It appears that this yuestion
is first beginning to be examined with care, and for the
first time, the arbitrary requirement of an ionic transfer-
ence number, ti, of 0.99 over all oxygen partial pressures
is being questioned. Thus, Dr. Patterson in the present
panel, has suggested that lower tj values might be accept~
able as a trade-off against other favorable properties.



In a recent {(unpublished) paper, D.S. Tannhauser has
arrived at a similar conclusion from a somewhat different
viewpoint. This conclusion has been challenged, however,
by other members of this workshop, and a final resolution
of the question reme;ns to be achieved.

As various members of the panel have shown; the techni-
ques for the study of solid oxide electrolytes are quite
numerous and varied, and involve much more than the mere
measurement of conductivity at one frequency or under d-c
conditions. It is only by applying these varied techniques
that we can understand the defect chemistry of these
materials. It is clear from what we have heard that there
is much good science in such studies, as well as the
potential practical achievement of improved electrolytes for
fuel cells.



A Review of Experimental Electrical and Electrochemical
Methods

Robert A. Rapp
Ohio State University

A knowledge of the partial ionic and electronic con-
ductivities, and their component cartiet concentrations
and mobilities as a function of the oxygen partial pressure,
dopant concentration, and temperature represents a
minimum "classical' description of an oxide electrolyte
conductivity (1). For sufgiciently high temperatures, a
Pg,-independent a.c. total conductivity may be independent
of "frequency for two, three, or four electrode arrangements
of noble metal electrodes in a defined gaseous environment.
This Pg,-independent ionic conductivity measurement, however,
masks the lower-magnitude p- and n-type partial electronic
conductivities. These electronic conductivities are separate-
ly established through a Hebb-Wagner d.c. polarization
measurement, involving a reversible electrode to define a
known Pg, and an ion-blocking (non-reversible) electrode.
A stagnant liquid metal, enclosed in an electrolyte tube
represents an excellent blocking electrode (2). The result-
ing polarization data of steady-state electronic current
vs applied voltage are best treated by a Patterson-plot (3)
which allows the simultaneous determination of both the p-
type and n-type conductivity at the oxygen activity corres-
ponding to the reference electrode. A three-dimensional
drawing of the "electrolytic domain'" (4) assists the classical
description of electrolyte conductivity. The study of the -
kinetics of relaxation of a polarized electrolyte is limited
by the diffusion of electrons and holes and can be used to
establish the electron and hole mobilities and therefore
their concentrations (5).

Open-circuit measurements of the voltage of galvanic
cells for electrodes with differing oxygen chemical .
potentials should be consistent with Wagner's classic theory
(6) and Schmalzried's evaluation of the transference number
as a function of oxygen activity (7). Again, liquid metals
polarized to steady-state by applied voltages provide
electrodes of known oxygen activity for a measurement of
open-circuit voltages by a third reference electrode. In



a gaseous environment, the relaxation of the potential of
a polarized point electrode will identify the electrode
potentials where redox reactions are possible (8).

To discern further information about the equivalent
electrical circuit of an electrolyte/electrode combination,
the trace of the complex impedance (or admittance)
diagram introduced by Bauerle (9), may provide a separation
of processes inherent to the electrode and those specific
to the electrolyte. In this method, by variation of the
temperature, of electrode materials and gaseous environments,
and by the study the aging behavior of the sytem, a more
zef;ned electrochemical descr1pt10n of the System can result

10
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A USEFUL MODEL FOR UNDERSTANDING THE
PERFORMANCE CHARACTERISTICS OF SOLID
OXIDE ELECTROLYTE FUEL CELLS

John W. Patterson
Engineering Research Institute
Professor of Materials Science & Engineering
Tuwa State Unlversily
Ames, Iowa 50010

I. Introduction

The purpose here is to describe a simple model for an oxide solid
electrolyte which demonstrates its most important features in relation
to fuel cell performance. The model also divides these considerations
into different regimes which can in large measure be addressed separately.
The result is a view of fuel cells that facilitates an organized approach
to assessing the performance of existing systems and bringing more clearly
into focus the areas in which future research should be dedicated.

Some of the "knotty" questions that can be clarified by the approach
outlined below are the following:

A) What would be the effect on the performance of an oxide fuel
cell 1f hydrogen (1,2) or some other foreign ingredient were

o to become incorporated in the electrdlyte as a mobile charged
species?

B) To what extent will the inherent electronic conductivity of
oxide electrolytes compromise the performance of a fuel cell
system? Internal electronic conduction is ordinarily neglected
in analyses of fuel cell and battery systems even though its
existence has been documented (3).

C) What is the maximum power that can be delivered by a given oxide
electrolyte; how does this depend on the ionic and electronic
transport properties of the electrolyte and what 1is the effi-
ciency when operating under maximum power?

D) How do electrode polarization losses enter into the evaluation
“of cell performance?

E) How can one calculate the efficiency of a fuel cell for a given
dec load condition and what is the maximum efficiency that can be
achieved by a given solid electrolyte?

F) How would the foregoing factors affect the process by which an
oxide electrolyte fuel cell can be driven backwards (in the
charging mode) in order to extract pure oxygen and generate
hydrogen gas from steam as in the GE electrolysis process?

The dc analog circuit to be described below is an extension of the
one given by Choudhury and Patterson (4,5) and of that inherent in the
Hoar-Price(6) "electrochemical interpretation' of Wagners theory of



tarnishing reactions (7). Before going into those matters, however, it
is appropriate to outline some of the basic concepts involved and some
of the underlying assumptions.

II. Basic Concepts

Consider the generalized electrochemical cell shown in Figure 1 in
which electrons e in addition to the k ionic species i = 1,2,3,...,k are
all considered to be mobile. The chemical potentials of these species
(in joules/mol) are represented by Wy; i = 1,2,3,...k, e with the end
point values being denoted by u} (I = 0) and pj.

S L ATy

CmdE) hx)

e

Figure 1. Schematic representation of a generalized
electrochemical cell.

Following the analysis given by MacInnes (7), we arrive at the fol-
lowing expression for the reversible open circuit emf E which would appear
over the left and right electrodes:

k,e ]u; (1=0) £

i
s T e
1=1 CZ, 30 L

[1]
uy (I=0)

where Z, is the valence of the i th species (Z4< 0 for anions and electrons
and Zy i>0 for cations), the Faraday "3 is 96,500 coul and t§ is the open
circuit transference number (fractional conductivity) for species i and

is dimensionless. To expedite simple interpretations, the mean value
theorem of integral calculus is invoked to recast equation [1] into the
following "weighted average" format:



k,e
E=Z<t;> v; [2]
1

Each V§ plays the role of a thermodynamic (open circuit) voltage whose
value' in volts is given by

Y:i' (1=0)
du -

Ve = 1 1Y

i ) = [3]

i(=0) 230 Z3)

and clearly each <t}> is simply the open circuit transference number of
the i th mobile species averaged over the entire electrolyte.

To be sure, equation [1] - on which equations [2] and [3] are based -
was derived by contemplating the reversible passage of ¥ = 96,500 coul-
ombs through the cell. It is postulated here, however, that the same kind
of relation can also be used to characterize the chemical forces which
drive cells under non-reversible conditions - such as prevail when an
external current flows. Under these circumstances, of course, the values
of Ug and ui may be somewhat altered (electrode polarization effects, etc)
and this should be emphasized by replacing the effective open circuit
voltages V§ in equations [2] and [3] with the altered values Vi where
the super "zero" has been deliberately dropped. Similarly, the trans-
ference numbers ti should be replaced by (non-superscripted) ti's in
case loading inflicts a significant perturbation on the various partial
conductivities. Accordingly, the following expression is proposed to
characterize the active driving forces in cells operating under non-
reversible conditions (load or charging)

V= Ztgv, = tl/Vl W, Faew N+ LY. [4]
In this equation, the contributing voltages Vi are given by
ull u'
g =001
W, ey g =0 QI20R . LTy . [5]
i (._Zij) s&sdy s

They represent the thermochemical driving force acting on each mobile
species. Under load conditions these voltages will drop a bit from their
respective open circuit values because polarization effects at the elec-
trodes will cause the chemical potentials uj and uj to shift slightly
toward each other. Thus, in the present picture, electrode polarization
effects only serve to influence the value of V that prevails in a given
situation and hence are considered as a totally separate issue. By
using the perturbed value of V in the analysis, the results remain
valid for any V that may eventuate. That way, polarization effects can
be incorporated at some later time when their impact on V can be charac-
terlzed quantitatively.

In accordance with the traditional definition of transference numbers
as fractional conductivity ratios, we may represent t1 with any one of the
following équivalent formulas:

=T =
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b e Ui/ f ) = ci/oT [6]
= (;i/zci = G, /G, {71
1 1 1 1
= =i ==/ [8]
B h Ry

where the usual interrelationships relate the specific conductivity ¢,
conductance G and resistance R as follows:

TG oA [9]

ITI. Equivalent Circuit Analysis

The value of the proposals put forward in Section II is that the
essence of equations [2], [4], and [7] or [8] can be portrayed in terms
of the very simply equivalent circuit shown in Figure 2.

Figure 2. Equivalent circuit for fuel cell system
(load mode).

=i



Kirchhoff's law relates the load current I; to that flowing in each
branch of the equivalent circuit as follows:

Ip =1, + I, + -1

1 2 o i S [10]

But since the load voltage Vj - whatever it turns out to be - is neces-
sarily impressed over every one of the parallel branches, we have the
k + 1 relations:

vV, -V
i L
I = T = Gi[v:l; - VL] 1 =022 .. ke . [11]

Inserting these results into [10] and then invoking the definition of tj
from equation [8 ], there results

I, = Z6g[Vy - V1 = Z6;V, - V364 = I6,V, - ViGp = GplZt,v, - V] .
But thic 1s equivalent to

IL = GT[V - VL] [12]
where V is the fundamental emf quantity defined by equation [4] above.

Finally, inspection of the external load circuit also provides the Ohms
relation

L= GLYL, (3]
Equations [12] and [13] imply the following three very important relations
G,
e
V. s Ll [14]
L G]'.-."GT
e [15]
T
and G G2
W | Ty 2 [16]

- e, V
: 7 254
T [rL+QI]

and again the quantity V in all three cases is simply the emf quantity
of equation [4].

=19 =



These equations are of very general applicability for electrochemical
systems. For example by merely, setting G = 0 (Ry = ©@ ) , the open cir-
cuit mode 1is described because Ip and Wy both vanish. Emf sensors such
as the oxide probes used to measure Py, in high temperature environments
operate in this mode in which case equation [14] reduces to equation [2].
The lower temperature so-called ion selective electrodes can be des-
cribed iIn this way and equation [2] is the simplest way to interpret
the emfs they exhibit. Specifically, an ion selective electrode is
simply a membrane (often of "doctored" glass) for which the transference
number of only one fonic species dominates equatiom [2].

To analyze any other situations (such as, for example, the process
for generating hydrogen from steam by driving an oxide fuel cell back-
wards) one can simply insert an external dc supply in series with Ry, and
proceed accordingly.

However, in connection with fuel cell applications, we are interested
in examining the implications of equatioms [14], [15] and [16] under load
conditions. For example, equation [16] can be differentiated to deter-
mine the maximum possible power WL that can be delivered to load by the
cell in question (fuel cell, battery, etc). The result is found to be
simply -

W = vz/z:n:r = vch/a , (173

where V is again given by equation [4]. This occurs at a load resistance
such that Gy = G, = Gr and amounts to impedance matching with the electro-
lyte. Clearly one wishes to shoot for systems with the lowest possible
values of Ry (largest GT's) consistent with the largest possible V values.
As one might expect, this amounts to electrolytes with high ionic con-
ductance and very low, or no, electronic conductance. Also, the electrodes
should be capable of supporting large chemical potential differences
wvithout causing the electrolyte to decompose. Actually, halide ion con-
ductors would be the best for getting high V values because Z would be

in unity in equation {4]. However, oxides can be considered in this
connection and it is therefore worthwhile to specialize the general

- theory to those materials.

IIXI. Implications for Oxide Solid Electrolytes

‘The foregoing equations and considerations become substantially sim—
plified when we specialize to the oxide electrolytes. In these materials
the lattice cations are purported to exhibit negligible mobility and, as
with all transport media (electrolyte or otherwise) there seems to be no
known way to establish a non-zero value for V.. Consequently, equations
{4) and [5] simplify to

V= tov° + t, 0=1[1- te] V° [18]

' because to +ta=1 with
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‘J" = u' "
SV, TV, L oRr mfmg /e | [19]
223 )

v
(<]

However, 1f the electrolyte is exposed to, say, hydrogen gas on one
side and if'it can indeed diffuse through the oxide :as a mobile fon
(e.g.,' as protons) ,then another term would simply have to be added to
equation [18] above to yield

VE eV 4V, (+ e 0) [20]
where now
£, + totre, =1 [?1]

and where V., would be given by

H

RT In |B} /P! ’ [22]
—;5 I Hy Hzl

Ordinarily, the high and low Pp, sides of the electrolyte will correspond
to the low and high PHZ sides. "Hence, both the operative thermodynamic
voltages will tend to act in consort in the sense of wanting to drive
electrons in the same direction through the external circuit.

Note, however, that in principle one of these two voltages could
overpower the other to such an extent that the latter might be forced
to run backwards. For example, if the voltage due to oxygen chemical
potential difference 1s not exactly balanced by that due to the hydrogen,
some of the oxygen flow will be consumed by driving hydrogen backwards
(charging mode) through the cell. This amounts to a new kind of internal
shorting process - an ion short. It can cause inefficiencies which are
similar in some respects to the Inefficiencies that are known to result
from internal electronic shorting.

It is of interest to note that maintenance of identical H,0 pressures
on both sides of the cell would help to ensure that the 0, and Hy voltages
will be properly balanced - but only if the dissoclating reactions
Hp0(g) + H(g) + 1/207(g) are in equilibrium on both sides and if
electrode polarization corrections can be neglected.

In any event, this serves to demonstrate the wayto handlethe incor-
poration ot extraneous substances when they can permeate the electrolyte
as mobile ions. Other species could aiso be considered simply by con-
templating other parallel branches in the equivalent circuit for the elec-
trolyte. The major difficulties will have to do with determining the
constraints which may relate the corresponding thermodynamic voltages to
one or more of the others operating in the cell and also there may be
considerable uncertainty as to the magnitude of the conductivity or trans-
ference number associated with the new migrant speciles (2).

From here on we will neglect the effect of extraneous impurities
to focus attention on certain other matters of importance, such as the
role of ianternal electronic conduction.
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As mentioned earlier, there seems to be no obvious means for
establishing a non-zero value for V., over an electrolyte system. Con-
sequently, we will always keep V., set to zero. This means that the right-
most term toV, of equation [4] will always vanish, and hence the voltage
V cannot be augmented by electronic effects. Moreover, if we examine
-the maximum power formula equation [17] in conjunction with equation [18]
for V, we see that the maximum deliverable power is also compromised by
the presence of mobile electronic carriers. In particular, equation [17]
can be combined with [18] to yield :

2 ' 2

\} 2 v ,
#=_l0o 2_ .2 A 0 o A
2 Gp (-l =v) 2 L 9 [1-¢t.] [23]

og + oe

 Thus, for a given geometry (A/L), a given oxygen pressure driving force

(RT 1n Pg /Pé ) and oxygen ion conductivity; the parameter W decreases
regularly as S increases from zero. On the other hand, the fall-off
with t or 0 Is not too severe so that one might be able to gain some
benefit from - dopant additionswhich increases D, so long as they also
increase O, and do so to a great enough extent.

Incidentally,. equation [23] shows the benefit that can be derived
by changing geometry. If the electrolyte is in the form of cylindrical
tubes instead of a planar geometxry, one merely replaces A/L by 2mL/
In [r°/r1| where L is the length of the tube and the r's are the out-
side and inside radii. Not too much can be gained this way, at least
as concerns the matters of interest in this paper.

The usual agreement for evaluating the efficiency of an operating
cell is to divide the power delivered to load by the enthalpy consumption

" rate due to fuel oxidation. ‘Thus, the denominator amounts to a
factor multiplied by the flux of ions in moles per unit time, i.e.,
I,/[-Zo"3 ] in the present context. Thus, the conventional expression
for cell efficiency @ for an oxide electrolyte under load takes the
following form
W 43 A GLGo

.M - [24]
A A I VT N (©7_) (G +6 )
2

0

where ABOz means the amount of enthalpy assoclated with the cell reaction
for one mole of 02 (two moles of 0).

It is.a relatively simple matter to determine the maximum possible
efficiency for an electrolyte by merely differentiating equation [24].
The result can be written explicitly in terms of the electronic.trans~
ference number as follows:

*ﬂ 101Vo 1_te

[25]
BHo, (1 + @)2

This max occurs at the relatively low load situation in which.



. .
= = JCIeC+ G = V. 26
6 =6 6, [G+ G.] 6y vt [26]

where Gp is the total conductance of the electrolyte, i.e., Gy + Ge. The
power being delivered during max efficiéncy is found by substituting
[26] into 2
* 2 1- te
W=V‘GTv’t_———— [27]
° e1+/t_e

Another use of the power-efficiency formulas is to determine the
efficiency that prevails when the cell is operating at maximum power
(i.e., in the impedance matched mode). This occurs when Gy = Gy and
then equation [24] becomes

4 1-t
¢=0- 3% < (28]
Moy [ ][2-t,]

IV. Summary

Because of space restrictions it is not possible to delve into a
wore meaningful discussion of all the results that can be developed by
the method proposed in this paper. However, it is believed that the pro-
posed model and the results which issue therefrom can provide very
valuable guidlinesfor assessing the performance of electrochemical de-
vices in general - and oxlde solid electrolyte fuel cells in particular -
for a wide variety of hypothetical and actual applications.
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A-4

PHASE RELATIONSHIP AND ORDERING IN Zr0,-Ca0
AND Zr02—Y203 SYSTEMS

S. P. Ray and V. S. Stubican
Department of Material Sciences
The Pennsylvania State University
University Park, PA 16802

The phase dlagrams ror the systems Zr0p-Ca0 and ZrO,-
Y203 have been revised. Despite numerous onrevious works, a

number of questions in relation to phase equilibria and
ordering phenomena remained to be answered.

1. Zr0,-Ca0 System:

Duwez et al. (1) reported that the cubic field in the
Zr0,-Ca0 system was between 16 and 30 m/o Ca0 at 2000°C.
According to their work, the fluorite type cubic phase,
usually called stabilized zirconia (CSZ), is stable from
room temperature to the liquidus line. Dietzel and Tober (2)
reported an eutectold in the Zr0,-CaZrO,; composition region
which indicated that the fluorite type 50lid solution of
Ca0 in Zr0Q, is unstable below ~1220°C. Roy, Miyabe and
Diness (3) used hydrothermal techniques to find an eutectoid
below 800°C. Fernandes and Beaudin (4), who used CaCO, and
Zr0, powders as starting materials also formed fluorité type
solid solution unstable below ~800°C. Garvie (5) on the
other hand claimed ~1230°C as the eutectoid temperature.

Order disorder transition in CSZ has been the subject
of several studies. Tien and Subbarao (6) reported that a
sclid solution Zrg, goCag, 00}.80 samples sintered at 2000°C
for 2 hours annealed at 1500 C for one week showed only
fluorite phase whilile the sample annealed at 1000°C for one
week developed extra diffraction lines. Carter and Roth (7)
by use of x-ray and neutron diffraction experiments and long
annealing treatments also ¢oncluded that one or more ordered
compounds are formed in this system. Michel (8) claimed that
at 20 m/o Ca0, two ordered compounds (%¢;) and ¢, exist. From
electron diffraction of fragments of 20 m/o CSZ Allpress,
Rossel and Scott (9) suggested that CaZryOg is probably iso-
structural with CaquOQ;‘the exlstence of ordered compounds
at 22 and 24 m/o Ca0 was still in question.

In the present work, we have redetermined the extent of
the cublc so0lid solution field by using high temperature
X-ray camera, precise lattice parameter measurements and a
hydrothermal technique. The cubic solid solution was found
to decompose by an eutectoid reaction at 850° + 100°C. A
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reasonable agreement for the position of the eutectoid in |
this system was obtained by comparison of extrapolated data
from ‘high temperatures with the data obtained by the hydro-
thermal technique. Long range annealing of samples contain-
ing 15-24 m/o Ca0-ZrO, in the temperature range 950-1360°C
showed that only one ordered compound, CaZrjOg is present in
this system. Liquidus line has been determined with the help
of a microoptical pyrometer and a strip furnace. Determina-
tion of the liquidus 1line indicated an eutectic at 40 m/o CaO
and at 2250 + 20°C which has been incorporated in the revised
phase diagram. The revised phase diagram is shown in Fig. 1.

2500 L+CcZ.r0

3

sstL

2250+0°
2000 :
5 (:ss+Cqu03 .
o '
w 1
§ |500j ,
E o 1310 £ 40°
s ° i
w © CaZr, O :
g loool—‘\f—m—»é——J\ Jo Fadd i
I gsotiooe \°/®\ °° Cazr0
! }—-—-"'-——v — = css 3 '
P Mss 0 6 o |+ .
i Mect . C¢:Zr409
| 5800200
s00U 1 | 2
0 20 30 40 50
ZrO2 (3(:Z|'409 CquO3

MOLE % Ca0O

Figure 1. Phase diagram for t:'he system ZrOZ—CaO.
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2. Zr0,-Y,05 System:

The first reported phase diagram for the zirconia-yttria
system was by Duwez, Brown and Odell (10). Despite numerous
subsequent investigations, there 1s no general agreement
between the proposed phase diagrams.

Fan, Kuznetsov and Keller (11) have indicated the exis-
tence of a pyrochlore type compound Y,5Zr,07. Smith (12)
could not confirm the presence of the pyrochlore phase.
Srivastava et al. (13) have incorporated the tetragonal
oubic transformation in ZrO, found by Smith and Cline (14)
into the revised phase diagram. Recently Scott (1%) has
proposed the existence of a miscibility gap closed below the
solidus temperature in the yttria rich solid solution region.
Scott's (15) diagram also includes the formation of hexagonal
yttria above ~2300°C. The liquidus of the system has been
studied hy Noguchl and Skaggs. The present study included
determination of (i) the extent of the zirconia and yttria
solid solution fields, (1i) the existence and stability of
ordered phases, and (iii) liquidus boundary. Fig. 2 shows
the results of the findings.

The maximum solubility of Y-0,; in tetragonal Zr0O, was
found to be less than 2 m/o at 1258°C and 1900°C. Cubic
yttria solid solution field was found to extend from

pure yttria to 24 m/o Zr0, at 2150°C. Long range ordering
was found to occur at UQ\m/o Y503 corresponding to the com-
pound Zr3Yy0j;,. The compound has a rhombohedral symmetry and
decomposes above 1250 + 60°C.

Using a high temperature x-ray camera, the cubic 7 hexa-
gonal inversion was located at 2280 + 50°C. An eutectic was
located at 83 + 1 m/o Y,0; and 2360 + 20°C from the studies
on liquidus and a study o? the morphology of the directionally
solidified sample. The diagram also incorporates a peritectic
at 76 m/v ¥,03.
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DEFECT INTERACTIONS

A.S. Nowick
Columbia University

It is now widely recognized that the basic compensat-
ing defect when oxides of the fluorite structure are 4oped
with di~ or tri-valent cations, is the oxygen-ion vacancy,
Vo. Further, it is established that the iunic conductivity
of these materials is due to the migration of V, defects.
(1,2) Thus, if there were no defect interactions,one would
predict a) that the conductivity, ¢, will be proportlonal
to the dopant concentration and b) that the magnitude and
activation enthalpy, H, of the conductivity will be inde-
pendent of the type of dopant. These predictions are
contradicted by observations that o goes through a maximum
as a function of [VOJ, that it is dependent on the type of
dopant, and that H increases sharply with dopant c¢oncentra-
tion, in some systems at least. (1)

The simplest type of interaction is pairing between
dopant cations and V, defects as a consequence of their
Coulombic interactions. Such a concept leads to the pre-
diction that the conductlvxty curves (ln oT vs T—!) will
show three regions: region I (intrinsic), which would
occur at temperatures too high to observe in these oxides,
region II- (extrinsic, dlssoc1atlon) where Vp's are primarily
dissociated and H = Hp, the migration enérgy 6f a Vg defect,
and region III (extrinsic, association) where H = Hp + Hp/2
(where Hg is the binding enthalpy of an impurity-Vg pair).
Examination of conductivity data shows that most measure-
ments helow 1000°C fall in region III or in the transition
between regions II and III.(3) Direct observation of
dielectric realxation ettects due to Ca’+-Vg pairs. in CeO3
at lower temperatures shows that practically all of the .
vacancies are bound up as pairs. Such measurements show a
single Debxe peak for & 1% CaO, and that the peak broadens
as the Ca?* concentration goes beyond 2%. Relaxation
measurements therefore provide a more sensitive indication
of ipteraction effects than do conductivity data. In the
case of Y203 doped CeOj,the results are different. A
double peak is obtained in the dielectric relaxation’ for
low Y203 concentrations. At the same time, the conduc-
tivity measurements show that, while H is constant at a
value of 0.78 eV for compositions up to ~ 4% Y503, it rises
sharply beyond this concentration, to reach values as high
as 1.1-1.2 eV near 15% Y203. It is this increase in
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activation energy that appears to be the major factor in

the conductivitg, since ¢ goes through a sharp maximum as

a function of Y3+ doping in the composition range where H

is rising most sharply. The exact nature of the interaction
effects which give rise to this sharp increase in H is not
yet understood, but further experiments are aimed at
achieving such an understanding.

Diffraction studies, particularly neutron and electron
scattering, give considerable information about interaction
effects on a coarser scale, as already reviewed by Dr. Ray.
For example, basic unit of a "Bevan cluster”, i.e. a 6-
coordinated cation surrounded by a sheath of 7-coordinated
cations, has provided a very useful concept in the inter-
pretation of various ordered structures.(4) However, the
Bevan cluster is not an electric dipole and therefore
cannot account for the large dielectric relaxation effects
already mentioned. Further, dielectric relaxation involves
the reorientation of a dipolar defect through the migration
of oxygen vacancies and not through cation migration (since
the activation energies for relaxation are always in the
range 0.7-0.8 eV). A defect involving a pair of Y3+ ions
in CeO3, of the type suggested by Fender (5) based on his
neutron scattering work, would not meet this requirement.

In summary, it is interesting to note that, while it
is clear that the electrical properties are controlled in
a large measure by defect interactions, the types of inter-
actions postulated thus far by various investigators have
usually been based on a single technique, which tends to
give a very limited picture. A more comprehensive study of
interactién problems, involving the application of several
techniques to the same material over a range of composi-
tions, should lead to a more complete understanding of these
interaction phenomena.
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OTHER OXIDE ELECTROLYTES

M.P. Anderson
Columbia University

Many investigations into the use of solid electrolytes
for high temperature fuel cells have dealt almost exclu-
sively with the stabilized zirconias having the fluorite
structure, such as zirconia-calcia and zirconia-yttria.
These have proved to be somewhat inconvenient for commercial
application due to an insufficiently high conductivity; in
order to increase fuel cell efficiency it has either been
necessary to operate at high temperature (1000°C) or to use
thin oxide layers, both of which involve technical
difficulties.

Takahashi and coworkers in Japan have attempted to
expand the base of materials exhibiting oxide ion conduc-
tion by turning to oxides with different crystal structures.
(1-3) He has had partial success with a number of systems,
notably:

{a) Certain Perovskite oxide solid solutions
(b) Bi203 - Y203
(c) BinO3 - W03

Conduction enhancement in the Perovskite solid solu-
tions occurs via the same mechanism as for the quadrivalent
fluorites, viz., the substantial replacement of the host
cation by a metallic ion of lower valence, with the conse-
quent creation of an oxygen vacancX. Conductivity at 1000°C
is on the order of 10~2 (ohm-cm.) !, equivalent to 2r0Op -
8% Y203. Enhancement for Bi03 - Y203 and Bip03 - WO3
"occurs via the stabilization of a cubic phase having a
defect fluorite structure. Conductivity in this case is at
least one order of magnitude larger than for the optimum
stabilized zirconia in the range 500-800°C.

Since these materials exhibit such enticing properties,
there are two areas which require further investigation:

(1) Because of possible problems with electronic con-
duction in reducing environments, the characteristics of
Bi203 - Y203 and WO3 need to be examined under actual fuel
cell conditions.
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(2) The structural characteristics of the stabilized
cubic phase (and the kinetics involved) need to be
determined. Since it appears that vacancy ordering may be
a key aspect in these materials, this will require careful
neutron diffraction work.
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B. INTERCONNECTION MATERIALS

Summary of Panel Se551on ‘on Interconnectlon
Materials
G. P. Wirtz, University of Illinois
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B-1

SUMMARY OF PANEL SESSION ON INTERCONNECTION MATERIALS

G. P. Wirtz, Panel Chairman

University of Illinois at Urbana-Champaign, Urbana, IL 61801

The highlight of the discussion of interconnection materials
was the virtual unanimity of opinion that LaCrO,, modified by
various dopants, will be the choice of material for the inter-
connection in the high temperature, thin-film, fuel cell.

The chromium ion is unique among transition elements of
the third period in that it is stable in the trivalent state
over the 18 orders-of-magnitude difference in oxygen
fugacity required in this application. The perovskite struc-
ture lends itself better than other chromium compound struc-
tures to the formation of partially filled collective electron
bands, yielding high conductivity. Doping with strontium or
magnesium impr&ves the electrical conductivity while varying
thermal expansion. Aluminum as a dopant increases the thermal
expansion markedly, although decreasing the conductivity. LaCrO3,
therefore, provides us with a material which can be "engineered"
to a remarkable extent to meet exacting‘requirements for elec-
trical conductivity and thermal and mechanical properties. Life
tests reported by Rohr of Brown, Boveri and Cie in West Germany
indicate that lifetimes of 5 years or more should be readily
achieved. The outlook for high-temperature fuel cells from the
standpoint of the interconnection material is therefore very

optimietio,
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While the materials selection seems to be essentially
accomplished, there is work yet to be done on processing or
device fabrication. The primaryAtechniques which have
been used to fabricate thin-films of the interconnectjon mate-
rial on the porous substrate have been: a) sintering, b) chem~-
ical vapor deposition, and c¢) r.f. sputtering. Due to the
volatility of the chromium ion, fabricating temperatures must
be kept as low as possible, which favors the latter two
fabrication techniques. Completely gas-tight filmé to date
have only been claimed by the Westinghouse group for. their
chemical vapor deposition process. Itrseems clear that there
is a definite art involved in fabricating gas-tight films
over porbus substrates. With the materials selection
accomplished then, there appears to be three major steps yet to
be taken before the interconnection material hurdle can be
said to be completely overcome: '

1. Development of technology for fabrication.
2,  Building of hardware. »
3. Performing necessary life-tests.

On the more basic side, there are two major areas in
which knowledge of the properties of lanthanum chromite seems
to be still inadequate. Most immediate is the question of what
exactly are the anion and cation diffusion rates in the chromite.
of particularAinterést and concern is the question of hydrogen
or protoh diffusiop through the structure. Apparently no data

is available in this area. Secondly, our knowledge of the
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defect structure of the rare earth perovskites is very sketchy.
As pointed out by Anderson, divalent dopanté may be compensated
ionically by oxygen vacancies, under certain conditions, as
well as electronically. Ionic compensation results in decreased
electrical conductivity, but would almost certainly increase

the anion diffusion rate. Defect structures and their relation
to transport properties in the rare earth perovskitc systems

clearly warrants further research.

~32 -



CdNDUCTION MODEL FOR RARE EARTH PEROVSKITES
G. P. WIRTZ
Department of Ceramic Engineering
University of Illinois at Urbana-Champaign

Urbana, Illinois 61801

Other paper§ (1,2,3) in this conference have presented
a wealth of data on the properties of rare earth perovskites
and their use as interconnection materials for high-temper-
ature fuel cells. Modification of the base material by appro-
priate dopants has been shown to vary both electrical conduc-
tivity and thermal expansion in these materials. The primary
purpose of this paper is to provide a qualiﬁative, phenome-
nological, explanation for the variation of the electrical
properties with various dopants, which might serve as a basis
for further "engineering" of these materials for this .
application.

Modern discussion Sf highly conduc¢tive oxide materials
begins (and often ends) with the Goodenough "one-electron"
energy band scheme (4). The basic premise of this theory
is that knowing the crystal structure of an oxide, one can
apply molecular orbital theory to come up with one or more
possible energy level diagrams consistent with the known
crystal structure. The conservation of electronic states is
basic to'chemical bonding theory. Knowing the composition,
therefore, one knows the number of electrons per unit cell,

and by simply starting at the lowest energy state and filling
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them with available electrons one can determine the position
of the Fermi level relative to the energy bands for each of
the possible energy level diagrams. From this one can
predict whether the material will be an insulator--semicon-
ductor, or conductor, and whether the majority carriers will
be electrons or holes. Experimental confirmation of the
correctness of a model is required.

To a first-order approximation, the perovskite structure
is a primitive cubic structure with one formula unit of ABO3
per unit cell. 1In the present case,B is a transition metal
ion and A is a rare earth ion. The unit cell may be pictured
as in Figure 1 with the B atoms at the cube corners, the
oxygen atoms at the centers of the cube edges, and the rare
earth atom at the body centering position. For most cases
the A atom may be seen as a donor which merely gives up its
valence electrons to the bands formed by the BO3 sublattice.
The outer s and p states of the tranéition metal cations form
sigma bonds with the s and po orbitals of the oxygen ions;
however, the unfilled d levels in the cation are also avail-
able for bonding. The octahedral coordination of the trans-
ition metal site will split the five d states into the doubly
degenerate eg states and the triply degenerate tZg states,
the orientations of which are partially shown in Figure 1.
The eg orbitals poiﬁt along the cube edges and are similarly
available for o bonding with the 2s and 2p oxygen orbitals.
The t2g orbitals are directed at an angle from the cube edges

but may form m bonds with the prm orbitals of the oxygen.

- 34 -



Whether chemical bonding leads to localized electron
states (Mott insulators) or collective electron bands. is
primarily a matter of the degree of overlap of bonding orbitals.
The greater the overlap, the broader the band will be. It
can be easily seen'that the degree of overlap is greatest
between s and po orbitals, somewhat less betweeﬁ eg and po
orbitals, and even less between t2g and pw orbitals. The.
outer electrons therefore will always form collective elec-
tron ¢ and o*, or bonding and anti-bonding, bands. The eg and
t

2g
bands, but if only one does it will be the eg ¢ bonds which

electron states may or may not form collective electron

form.collective electron bands due to greater overlap.

To a first approximation then, assuming all 4 electrons
are in collective electron bands, the flat band energy level
diagram for a perovskite would be as shown in Figure 2. The
number of electron states available in each band are shown
in the square brackets with the multiplier of two represent-
ing the spin multiplicity. For a trivalent A ign there are
3 electrons pef A atom, 6 electrons per oxygen atom and 2
plus the number of d electrons per B atom. Considering the
B atom as a trivalent atom there would be thén 24 outer
electrons associated with the oxygen ions per unit cell.

This will exactly fili the bonding states and the non-bonding
pr states shown in Figure 2, which wo#ld be associatéd with
the oxygen atom. Additional 4 electrons would then go into
the 7* band. The degree to which the 7* band would be filled

will vary from half full for Cr{to completely filled for Co,
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to an excess of one electron which must spill over into the
o* state for Ni. The 7* and o* bands are shown separated
but they may in fact be close or even overlap.

Immediately and most importantly.this model predicts that
with the possible exception of the nickel compound, the majority
carriers in the rare earth perovskites should be holes. This
seems consistent with available experimental data and allows
one to make predictions about the effects of dopants on
oonduotivity.

The most common dopants to increase the conductivity of
these materials are strontium and magnesium. The strontium
is believed to substitute for the rare earth element on the
A site, but controversy exists over whether the magnesium
occupies an A or B site. The effect of substituting a
divalent cation for a trivalent cation on the A site is to
decrease the number of electrons in the system by one. 1In a
p-type conductor this will increase the number of carriers,
thereby increasing the conductivity. While the majority of
éther data seems to indicate magnesium occupies the B site,
the electrical conductivity indicates that it most probably
oc¢cuples an A site.

As pointéd out by Anderson, et al. (2), aluminum has the
very desirable effects of increasing the thermal expansion
coefficient and depressing the orthorhombic to rhombohedral
phase transition to below room temperature in LéCrO3. At the

same time, however, it decreases the electronic conductivity

- 36 -



of the material. It is agreed that aluminum occupies a B
site in this material. It's effect on conductivity can be
predicted from the fact that it contributes three fewer
electrons than the chromium which ‘it replaced, but it con-
tributes 10 fewer states (the d electron states) for thesé
electrons to occupy. The net result is an increase in the
Fermi Level relative to the conduction band and a decrease
therefore in the number of holes in the conduction band.
Magnesium on the B sites should have a similar but less
marked effect on éonductivity.

Finally, since these materials are asked to function
over a wide range of oxygen fugacity, the effect of non-
stoichiometry on their electrical conductivity is important.
For p-type conducting oxides a decrease in oxygen content
must yield a decrease in electrical conductivity. An oxygen
vacancy removes 8 electronic stétes from the band structure
but only 6 electrons, again giving rise to an increase in the
Fermi Level and a decrease in the number of conduction holes.
A cation interstitial would have a similar effect. Figure 3
shows the effect of reduction in forming gas on the conduc-

tivity of LaCoO3 and La Sr_CoO, (5). The predicted effect

1-x""x 3
is observed; however,note that at temperatures approaching the
operating temperature for the fuel cells in question‘the
conductivities are very similar. Hence, it must be remembered
that these materials will be asked to perform at high temperatures,
and predictions of the effect of any dopant on the carrier

concentrations may be outweighed by changes in the temperature

dependence of the conductivity.
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Figure 1. The perovskite unit cell for compound ABO3.
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LATTICE PARAMETERS, VOLATILIZATION RATE AND ELECTRICAL
CONDUCTIVITY OF LaCrO3 BASED OXIDES
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Introduction

The rare earth and alkaline earth chromites are unique
in combining high melting points (> 2000°C) and high elec-
tronic conductivity. Of the chromites investigated to date,
acceptor doped LaCrO3 appears to be best in fulfilling most
high temperature electrode requirements with the exception
of volatilization and possibly corrosion. Weight loss mea-
surements indicate that volatilization limits the tempera-
ture which it can be used as an electrode to about 1750°C.
In order to achieve higher operating temperature the vola-
tilization rate of the electrode material needs to be re-
duced by one to two orders of magnitude.

In an earlier investigation La gsMg_g5Crj-yxAlxO3 spec-—
mens were prepared in which up to 100% of the Cr was re-
placed by Al (1). The results of this study are tabulated
in Table I and illustrated in Figures 1l and 2. As can be
seen in Table I the replacement of Cr by Al in La gsMg, g5 -
Cr).,Al404 reduces the volatility of the oxide both in dry
and moist atmospheres. An extrapolation of the data indi-
cates that volatilization will not limit the use of these
compositions for temperatures as high as 2000°C. The elec-
trical conductivity measurements (Figure 1) show that up to
50% of the Cr can be replaced by Al before the conductivity
is too low for MHD electrode application. It was also ob-
served that the thermal expansion increases as the Al con-
tent is increased (Figure 2). In addition, the orthorhombic
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TABLE I
Measured Rate of Weight Loss at 17400C
atm A - Pp, = 1073 atm
atm B - Pg, = 1073 atm + 1071 atm Hy0

Gas Flow Rate = 1 linear cm/sec

Weight Loss*
uggcm27hr

Specimen atm A dtm B
La_gsMg_osCrO, 2 10-44
La g5Mg 5Cr gsAl (503 4.4 16
La_goMg (o Cr gAl ;0, 5.1 7-24
L3 95M9 g5°T yy?l 140 6.2 19-24
La_gsMg osCr_ gAl 505 10.3 16-34
La g5Mg_(5Cr 5Bl 5504 0 0-16
La.95Mg‘oscr.5Al.503 . 0-1 0-9
La 95M3 5Cr 5Bl 7503 0 0
La g5MI o5Cr 1AL ¢03 - 0-8
La.QSMg.OSAIOB 0 0-9

* Uncertainty in measurement = + ug/cmz/hr‘
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to rhombohedral transition is depressed to below room tem-
perature when the Al content exceeds 20%.

Since these data showed that properties could be con-
trolled in a very reproducible manner an investigation of
the LaCr0O3-LaAlO3 system was initiated with the objective of
obtaining more detailed ihformation on the interrelation
between the composition and properties.

To make this study, a number of compositions based on
La_95Mg, 05CrO3 were prepared with Al substituted for Cr from
0 to 100%. The influence of cation stoichiometry was deter-
mined on the base compositions Laj-.x(Mg.0sCr_.s5Al.5).95203
and Laj_,Cr03. The ratio of La to (Mg o5 + Cr,5 + Al,S5) or
La to Cr was varied from 0.8 to 1.1.

Experimental

The required compositions were prepared with a chemical
preparation technique which allowed precise compositional
control and produced highly sinterable powders of < 0.1 um
crystallite size. The compositions were then dry pressed
and sintered into disc-shaped test specimens whose densities
all exceeded 93% of theoretical density with no surface po-
rosity. X-ray diffraction analysis showed that all of the
compositions were single phase with essentially complete
solid solution between LaCrO3 and LaAlO3. Thus it.was felt
that the preparation technique was such that property mea-
surements should reflect variation in either Al content or
cation stoichiometry rather than extraneous influences which
result from the preparation process.

The volatilization rates were determined by measuring
the weight changes occuring on sintered specimens after -
heatlng to 1740 + 15°C in a controlled atm Mo tube furnace
in flowing atmospheres of either Nz + 1073 atm O or N2 +
10-3 atm Oy + 1074 atm H20 for times up to 48 hours. A flow
rate of 1 linear cm/sec was maintained throughout the exper-
ments. The oxygen pressure was determined by sampling the
gas stream with a solid state electrolytic cell. The water
content was maintained at 10"l atm by bubbiing the gas
through a 46°C water bath.

Both thermal expansion and electrical conductivity mea-
surements were made on sintered specimens in air atm at tem-
peratures to 15000C. ?ome electrical conductivity measure-
ments were made at 107% atm 03, but they were found to dife-
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fer from those measured in air by only 10% so no more mea-
surements as function Pg, were made.

Results

The volatilization rates as function of Al content and
cation stoichiometry are listed in Tables I and II. As can
be seen the rate of volatilization decreases as Al and La
increases.

Electrical conductivity measurements were made both as
a function of Al and La content. Figure 1 shows that the
electrical conductivity is very dependent upon Al content.
Typically the room temperature electrical conductivity var-
ies from 1 to < 1013 (Qem)-l as the Al content increases
from 0 to 100%. No systematic relationship between La con-
tent and electrical conductivity was observed. All of the
measurements are in agreement with those shown in Figure 1
even though the La content was varied from 10 m% excess to
10 m% deficit.

The thermal expansion as function of Al content is
shown in Figure 2., As can be seen the addition of Al does
two things: 1) increases the thermal expansion coefficient
of the rhombohedral phase from 9.1 x 10-6 m/m/OC to 11.3 x
10-6 m/m/9C as it increases from 0 to 100 m$% and 2) shifts
the orthorhombic to rhombohedral transformation temperature
to lower temperatures. Figure 3 illustrates the temperature
shift of the transformation temperature. No measurements
were measured below room temperature so only specimens con-
taining less than 15 m% Al could be measured. An extrapola-
tion of the data suggests that 13 m% of Al is sufficient to
shift the transformation temperature to room temperature.

The influence of La content or cation stoichiometry on
thermal expansion was investigated. As can be seen in Fig-
ure 4, the thermal expansion is little influenced by La con-
tent. Both the.rhombohedral phase and orthorhombic phase
have expansion coefficients similar to those reported in
Figure 1, 9.2 x 10-% m/m/°C and 6.7 x 10~ m/m/OC respec-
tively. However, as can be seen in Figure 5, the tempera-
ture over which the orthorhombic to rhombohedral transfor-
mation occurs is dependent upon La content. The onset tem-
perature of the transformation ranges from 240°C to 251°¢
for La/Cr ratios of 0.9 and 1.1 respectively. The transfor-
mation is somewhat sluggish, it is swall (< 2 x 10-2%) and
occurs over about a 10°C temperature range. Upon cooling,
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TABLE II
Measured weight loss after 48 hours in P02 = 10~3 atm,

Pyyo = 1071 atm at 1740°¢

Specimen Initial Wt AW(g) Aw/hr/cm? x 106%*
La, gB**03 4.1007 -0.0141 35
La_gcBO, 4.0324 -0.0082 20
Ta g R0y 3.8334 -0.0022 9
L g, 80, 7.2724 ~0.0071 11
La_gBO, 5.0733 -0.0002 0
La_¢gBO, 4.7580 ~ -0.0056 20
La; 0B03 10.8134 ~0.0094 12
La; 44BO, 4.1585 -0.0029 7
La; (B0, 3.5519 - +0.0028 gain
Lal.lOBo3 5.1644 +0.0036 gain

* + 5 ug/cmz/hr

** B = (Mg, 0sCr.sAl,s), 952
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the onset of the transformation is depressed by about 10°C.
The extent of hysteresis does not appear to be dependent up-
on either La or Al content.

Room temperature lattice parameter and crystal struc-
ture determinations were made both as function of La/Cr ra-
tio and Al content. The results are listed in Tables III
and IV. As can be seen in -agreement with the thermal expan-
sion the crystal structure changes from orthorhombic to
rhombohedral for Al content greater than 10 m$.

The rhombohedral lattice parameter a and angle a de-
crease smoothly as the Al content increases from 10 m%. For
100 m% Al the crystal structure is very nearly cubic with an
angle of about 60.1°.

It is evident from Table IV that the room temperature
of a crystal structure of Laj_,Cr0O3 is orthorhombic over the
ranges -.1 < x < ,1 with no measureable changes in lattice
parameters.

.
Discussion and Conclusions

It is apparent that both the thermal expansion and
electrical conductivity of LaCrOj can be controlled by sub-
stitution of either aliovalent or isovalent ions into_the
structure. The substitution of an isovalent ion, A1*3 in-
creases the thermal expansion coefficient, depresses the
orthorhombic-rhombohedral phase transition and decreases
the electrical condustivity. The substitution of the ac-
ceptor-type ion, Mg+ greatly increases the electrical con-
ductivity. No attempts were made to study the influence of
Mg content upon the electrical conductivity since this has
been reported elsewhere (2). All of the compositions with
Mg additions contained a constant level of Mg (5 m%).

The influence of La content upon thermal expansion,
electrical conductivity and crystal structure is essentially
insignificant. However, the temperature of the orthorhom-
bic-rhombohedral phase transition does show a sufficiently
strong dependence that we should be able to use it as a way
of determining cation stoichiometry. For example, for the
composition La _g¢gMg_p5CrO3 the question arises as to whether
the Mg substitutes for La or Cr. The transformation temper-
ature is 239°9C, which indicates a A/B ratio for ABO3 of 0.9
which is what results if Mg substitutes on the Cr(B) lattice.
A transition temperature of 246°C should be expected if Mg
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Lattice Parameters for La

X a, (B)*
0 5.4910
.05 5.4868
.10 5.4789
.15 5.4495
.2 5.4454
.25 5.4404
+35 5.4334
.5 5.4230
.75 5.3882
1.00 3.7967

* + .005 8

b (R)

TABLE IIIX

5.5176 7.7466

5.5176 7.7763

5.115
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Al

xo3

Remarks

(ortho)

(ortho)

(ortho)

60-62
60-60
60-52
60-52
60-46
60°28

cubic

(Rl1)
(Rh)
(Rh)
(1th)
(Rh)

(Rh)



Comgositibn

La

.9Cr03

La.QSCrO3

Lal_ooCrO3

La; 056703

Lay 10

*

CrO3

+ ,005 &

TABLE IV

Lattice Parameters for La

a &)+
5.4908
5.4916
5.4923
5.4936

5.4900

~ 81 ~

lixCrO

b (])

5.5180
5.5216
5.5207
5.5228

5.5180

3

c (R)

7.7834
7.7666
7.7703
7.7700

7.7734



substitutes on the La(A) lattice. Therefore, we conclude
that Mg does substitute on the Cr lattice in agreement with
Brodmann and Morgan (2).

The combination of the continuous changes in lattice
parameters, crystal structure, thermal expansion and elec-
trical conductivity with Al content offers strong evidence
that the LaCr03-LaAlO3 system forms complete solid solution.
The lack of detection of second phases by x-ray diffraction
in any of the compositions prepared also supports our con-
clusion that complete solid solutions exist in this system.

In conclusion, some of the significant results of this
investigation are:

1) ‘T'he substitution ot Al tor Cr substantially de-
creases the volatilization rate of La _gsMg g5Crj-xAlx03.

2) The room temperature electrical conductivity of
La_ ggMg g5Crj-xAl,03 varies systematlcally from 1 (ohm cm)~1
for x = 0 to about 10-13 (Qcm)-l for x = 1.

:3) The thermal expansion coefficient of rhombohedral
Mg g5Cry xAlxog varies from 9.1 x 10-6 m/m/°C for x = 0
ii x 106 m/m/“C for x = 1.

4) The room temperature crystal structure of La,gg -
Mg g5Cr1-yxAly,03 is orthorhombic for x < .15 and is rhombo-
hedral for x > .15. The system La _ gs5Mg_ o5CrO3-La, 9sMg, o5 -
AlO3 appears to form a complete soiid solution series.

5) The orthorhombic-rhombohedral phase transition is
sluggish, occuring over about a 10°C temperature span and
shows about a 10°C hysteresis upon cooling.

6) Variation of the La/Cr ratio does not significantly
alter the thermal expansion or the electrical conductivity.

7) The temperature of the orthorhombic-rhombohedral
phase transition shows enough dependence upon the La/Cr
ratio that we should be able to use it as a measure of the
La/Cr ratio.

8) This study demonstrated that by careful control of
preparation techniques and by the application of the "Verwey
controlled ionic valency principle" the properties of LaCrO3
can be altered in both a controllable and predictable manner.
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HIGHLY CONDUCTING OXIDE MATERIALS

P. E. D. Morgan
Department of Metallurgy and Materials Engineering
University of Pittsburgh
Pittsburgh, PA. 15261

Oxide perovskites such as LnM0z, Ln.= rare earth, alkaline earth,
lead and M = chromium, manganese, iron, cobalt or mckel are often good
electronic conductors and some could find application as electrodes or
intcrconneetor matorinls in fuol cells.

One of the most studied, Lag_g4Srg.16Cr03 (1-4), has a resistivity,
R, of 0.2 + 1 2,am at room temperature dronpmg to a minimum ~ 3 x 10-
Q,an at 1000°C. Pure LaCrtﬁ has a melting point of 2430°C, almost cer-
tamly the highest of all the conducting perovskites, and so has been
the prime candidate for MHD, electrode application (5). LaFe03 has a
melting point ~ 1880°C (6) and LaMnOz is probably similar, LaCo03 and
LaNi03 seem to melt at ~ 1400°C,Lag_sSrg,.5Co03 has meta111c type conduc-
tivity* with R~ 1 x 10™% Q,cm at room temperature and ~ 6 x 10~4 a,cm
at 1200°C. Lag, sSrg, 5Fe03 is a semlconductor (p type) with R~ 7 x 10~ 2
f, ‘an at room temperature and ~ 5.5 x 10~3 @,am at 900°C, as is
ggrg 03, R~ 9 x 10~2 9,cm at Toom temperature and ~ 1 x 10-2,cm
at 1000°C

Some dexterity is requirea in the air sintering of polycrystalline
boules, isopressed at 50,000 psi from precalcined chemically prepared
powders for, at higher- temperatures suitable for rapid sintering, some’
compositions also begin to decompose, depending on the relative stability
of the higher valent states of M. Compositions where M = Cr, Mn and Fe
are the most stable. .Lag,s5Srp,sCo03 begins to decompose in air ~ 1200°C’
while the nickel composition, Lag,sSfg,sNi03, does not even form as a sin-
gle phase. - This_is in accord W} the known chemical stabilities
CriVv > MnIV > FelV > ColV 5> Nj However, annealing treatments in air
at ~ 900°C after sintering at higher temperatures allow some polyphasic
ceramic compositions to be converted to the single phase perovskite e.g.,

.5510.5Fe03; coincidentally the resistivity drops gre%tly, e.g., for
"Lao 5Sr(. 5Felz" from 2 @,cm before annealing to 7 x 10°¢ @,cm after the
air anncai. '

Especially where the higher valent states of M are less stable, we
may consider another series‘of complex oxides of the K2NiF4, pof?sm
nickel fluoride, type. Typical of this group is metallic LajCu (7)
whlle LagNi04 is metallic above 500°K. Mixed types e.g., LabrVIHO4 are

*Similar metallic conductivity has been known in the perovskite "tungsten
bronzes", Na,W03 (x = 0 »_ 1), for many years.
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also known (8). Conductivity in this crystal type is two dimensional as
opposed to the three dimensional perovskite. Sintering of the nominal
composition '"Lag,5Sr0.5Ni03" gave instead LaSrNiIHOA, + excess Ni0.

Nevertheless the resistivity was ~ 3 x 10'2 Q,cm at room temperature and
8 x 10-3 @,cm at 900°C. Therefore, the pure compound LaSrNillI0,, with
the KyNiF4 structure, was prepared; R v 5 x 1072 Q,cm at room temperature
and 4 x 10-3 @, cm at 900°C. LaSrFelII0,, however, has a high resistivity.

Some of the Ln,M0; compounds may well be more refractory than the
corresponding LnM03 although melting points have not yet been measured.

An interesting consequence of very high electronic conductivity is
the potential for increased thermal shock resistance. It has been shown
(9) that for a variety of good ceramic conductors, borides, silicides,
carbides, a sulphide etc., a modified Wiedemann-Franz-Lorenz equation is
applicable. If this relation applies to (for example) Lag, 5Srg 5Co03 then,
at 1000°C, the predicted thermal conductivity is greater than all other
known oxides, with the exception of Be0. This may well confer superior
thermal shock resistance to some of these materials.
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INTERCONNECTION MATERIALS FOR THE
THIN LAYER ZIRCONIA ELECTROLYTE FUEL CELL

R. J. Ruka
Westinghouse Research & Development Center
Pittsburgh, Pennsylvania 15235

In a project ending in 1972, sponsored by the Office of
Coal Research, Isenberg and coinvestigators (1) at the
Westinghouse Research & Development Center developed the basic
components of a high temperature zirconia electrolyte fuel
cell. Electrodes, electrolyte, and cell interconnections were
thin layers 20-50 micrometers thick. A system combining the
fuel cell with a coal gasification unit, both operating near
1000°C, was proposed. Engineering calculations suggested a
possible thermal efficiency as high as 607 based on the higher
heating value of the coal.

A schematic of an individual demonstration fuel cell
stack built during that earlier project is shown in Fig. 1.

Exhaust
'f?002.H20
Air Electrode
Electrolyte - “Interconnection
From Coal
Reactor Fuel
H,.CO Electrode
Porous
Support Tube

Figure 1. Cross section through Lhe wall of a
thin-film fuel-cell stack.
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An experimental model of a 15 cell stack was made on that
project and was leak-tight as produced, but after 100 hours
operation at 1000°C was found to have developed severe cracks
at the interconnections. In contrast, individual tests of the
air or fuel electrodes in contact with the zirconia electro-~
lyte had shown little deterioration in 1000 hour tests. This
suggested that an improved interconnection material, or perhaps
structural design or fabrication method, was needéd.

Last year, work on this fuel cell design was renewed
under sponsorship of ERDA (2) and work on the interconnection
problem was given priority.

Our approach to the interconnection problem was to select
a limited number of mixed oxide systems in which the metal ion
content could be substantially altered to tailor the proper-
ties of the interconnection material to the rather severe
requirements for an interconnection material., Guidelines for
our selection were as follows: (1) moderate material cost, -
(2) nearly invariant composition in both fuel and air atmos-
pheres, (3) non-reaction with other cell components at 1000°C,
(4) resistivity of less than 50 ohm cm and nearly 1007 elec-
tronic conduction at 1000°C, (5) negligible metal ion conduc-
tion, (6) thermal expansion characteristics compatible with
other cell components, (7) absence of destructive phase trans-
formations in the region from room temperature to 1000°C,
(8) low volatility of oxide components in the working atmos-
phere, (9) fabricability as a thin, gas-impervious layer.

These stringent requirements eliminate all but a few
mixed oxide systems from consideration. One of the few, the
rare earth chromite system, is particularly good from the
standpoint of low reactivity with other cell components, good
conductivity, and composition invariance. In fact, of the
various combinations of the rare earths with the 3-d transi-
tion metal oxides to form perovskite crystal structure com-
pounds, only the rare earth chromites remain "essentially"
invariant in composition in the air and fuel atmospheres
typlcal of fuel cell operation. .

We are presently concentrating our work on modifications
of lanthanum chromite, lanthanum being the preferred rare
earth constituent from the standpoint of cost, conductivity,
and thermal expansion. An orthorhombic to rhombohedral phase
transformation (3) between room temperature and 1000°C is an
undesirable feature of lanthanum chromite. This transformation
involves two forms of the same basic perovskite structure
having different degrees of crystalline distortion from the
ideal cubic. An essentially "diffusionless'" transformation
occurs readily in this system at the relatively low temperature
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of ~v270°C. This transformation is eliminated from the 25-1000°C
range by substitution for part of the cr3+, or part of the La3+
in the perovskite crystal structure. Thermal expansion match
with the electrolyte can also be adjusted in this way.

Fabrication of interconnection films of the lanthanum
chromite system is a difficult problem. Because of the low
metal ion diffusion rates, these materials can't be simply
sintered to form films at feasible preparation temperatures of
1200°C or below. Two methods are being investigated for this
purpose: (1) chemical vapor deposition, and (2) radio frequency
sputtering. The major difficulty with the former is obtaining
the desired chemical composition of the oxide, while retaining
non-porous films after annealing or over porous substrates is
the major difficulty with the latter method.

It is anticipated that interconnection film thicknesses
of 20-50 micrometers will be used in the thin-layer fuel cell
stacks. At these thicknesses, the lanthanum chromite materials
exhibit physical, chemical, and electrical properties that are
essentially the same as the bulk oxides at the operating fuel
cell temperature (~1000°C).

Critical areas for further study and development include:
(1) fabrication of films, (2) ionic conduction properties as
related to possible damage to the interconnection-electrode
interfaces while current is being drawn from the fuel cell,
and (3) long term stability as a non-reactive, invariant
composition and non-porous film under operating fuel cell
conditions.

In summary, lanthanum chromite, with various substitutions
which improve the thermal expansion match, conductivity, and
reduce the volatility of chromium components, has the basic
characteristics necessary for an interconnection material in
the thin layer, zirconia-electrolyte fuel cell for use near
1000°C. Fabrication, composition optimization, and long
term operational stability remain for further investigation.
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SUMMARY OF PANEL SESSION ON ELECTRODES

T. H. Etsell, Panel Chairman
University of Alberta
Edmonton, Canada

(a) Recommendations:

Consistent with most high-temperature systems, oxide
fuel cell development is dependent upon solving materials
problems. This is typified by the variety of requirements
stipulated for suitable electrodes:

‘Moderate cost

Good adherence

Thermodynamically stable

Chemically inert

Electrochemically active

Minimal interdiffusion with. adjacent components

Low volatility

Compatible thermal expansion

Resistivity-thickness ratio < 0.2 @

Ease of fabrication into thin porous layers
(~ 30 um) that resist excessive sintering

Mechanical strength

The most successful electrode materials to date are as
follows: . :

Anode
Co
Ni
Co-stabilized ZrQ; cermet
Ni-stabilized ZrO, cermet
Ce0y (+ Yy03 or Tagdy)

Cathode
LaCoO3 LaNiO3(+ Bi)
LaCo0y (+ Sr) LaMnO3 (+ Sr)
PrCoO4 Sn0y (+ Sb)

In203"(+ Sn)

The cathode may also be supported by a stabilized zirconia
.matrix and may be incorporated with a current collector.
Unlike the cathode, the anode materials appear widely
accepted. )

Further effort is required in the quest for a fully
satisfactory cathode material, e.q., mixed conducting
perovskite- and fluorite-type-oxides- should be.moge_fully
characterized. Cathodes with high oxygen ion mobility
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eliminate thé need for three-phase contacts. Although some
single cell data for up to four years at 1000°C are avail-
able, information on the long-term behavior of electrodes in
multiple cells, e.g., chemical and thermal compatibility -
with the interconnector and stability of their resistivity,
is needed. Furthermore, the effect on the anode from using
real rather than clean laboratory fuels should be determined.

As sophisticated preparation techniques can now be
used to prepare very thin impervious electrolytes, knowledge
of electrode polarization is more important since it .repre-
sents a greater percentage of the cell losses. Unfortunately,
despite a considerable effort, the polarization behavior of
solid electrodes on oxide electrolytes 'is unclear. Take,
for example, the cathode reaction

02,9 + 4e” + 2Vo >, 2 Oo

Neglecting some of the transport steps, this occurs as fol-
lows on aporous Pt electrode:

02,g (in bulk) =+ Oz,g (in Pt pores)

02,g (in Pt pores) - Oz,ad (on Pt and s.e.)
oz,éd (on Pt and s.e.) =+ 02,ad {near tpb)
02’ad (near tpb) -+ 2 0.4 (near tpb)

2 0.4 (near tpb) -+ 2 0.a (at ers)

2 oa (at ers) + 2Vo > 2 0° + 4h°

d
4h° + 4e” >0

In this sequence, ad is adsorbed, s.e. is solid electrolyte,
tpb means three-phase boundary, ers is electrochemical re-
action site, Vg is a doubly ionized oxygen vacancy, Op is an
oxygen ion, h° is an electron hole in the electrolyte and

e” is an excess electron. Processes of gaseous diffusion,
adsorption, surface diffusion, dissociation, bulk diffusion,
dissolution, ionic and electronic transport, and charge
transfer are involved. All the above seven steps have been
advanced as rate limiting with Pt electrodes, indicative of
the difficulty in obtaining and interpreting high-temperature
data and the great influence of often ill~defined electrode
structure.

To obtain a better fundamental understanding of
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electrode processes on oxide electrolytes, careful polariza-
tion studies are needed on well-characterized Pt electrodes
while appreciating the difficulties:

1) electrode structure may be time dependent

2) active electrode areas are uncertain and may change

3) Pt oxides may influence the results

4) Pt reacts with stabilized zirconia at high cathodic
overpotentials (> 1 V)

5) Pt evaporation can be serious-in long-term
experiments.

Greater advantage should be taken of a-c impedance measure-
ments although interpretation of the results is often dif-
ficult. For practical fuel cells, investigations should be
carried out on cermet anodes and oxide cathodes, and the
influence of electrolyte composition, long times (> 10,000 hr)
and lower temperatures (< 900°C) should be evaluated. Determ-
ination of exchange current densities for Hjy fuel would prove
interesting. Extrapolation of single cell polarization.
losses to fuel cell power stacks seems realistic if one is
aware that operatlng on real rather than clean fuels could
corrode or poison the electrodes.
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(b) Discussions

Regarding the loss in performance after 10,000 hr at
830°C of a cell with a Pt cathode, Meschter suggested that
this could be due to sintering of the electrode. However,
replacing it did not help. Despite this observation, sub-
sequent experiments revealed that Pt evaporation was the main
problem rather than an increase in cell resistance. Both
its tendency to evaporate and reactivity with oxygen and
zirconia make Pt not as attractive a choice as an experimental
electrode material. '

Srinivasan wondered if any efforts had been made with

H2 as fuel to separate the ohmic contribution during dis-
charge from activation overpotential. Etsell replied that
this has been done in several instances but invariably the
electrolyte resistance was large making separation of the
small activation overpotential contribution very imprecise.
With thin-film techniques, better polarization data for Hj
should be forthcoming.

With CO fuel, the non-ohmic contribution to the cell
voltage drop is larger but considerable confusion exists
as to the rate-limiting step. Tafel slopes of RT/F have
often been observed. Appleby remarked that this slope
‘cannot be interpreted by assuming charge-transfer control
with two electrons involved (n=2) and the symmetry factor
a = 0.5 since modern electron transfer theory shows that it
is impossible to transfer two electrons together in a packet.
Instead, rate control by a chemical, diffusion or adsorp-
tion process is needed. The latter may be possible in CO and
perhaps in O, to explain RT/F slopes. Etsell commented that
it is very difficult to separate adsorption from charge
transfer as part of the transfer of charge often occurs with-
in the adsorption step, while Meschter indicated that earlier
work on CO fuel suggested the two were not independent.
Etsell mentioned that charge-transfer control with n =1 and
a = 1 might be possible but not probable. It might also be
feasible to observe an apparent two-electron process if the
single electron transfer steps were not independent.
Appleby remarked that the observed Tafel slope depends on
the partial charge on the species involved in the slow step.

) Bergmann introduced the possibility of rate control
by oxygen ion transport in the electrolyte which, Appleby
gtated, conld also give an RT/F slope as found for Hy evolu-
tion at Pt electrodes in aqueous solution. Rotating disc
electrode experiments show that Hj diffusion is rate
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determining, i.e.,the reaction is under Nernstian control.

A similar situation may be present in certain solid electro-
lyte systems. However, Meschter contended that the fuel
must be involved to explain the quite different behavior of
CO from Hjy. Etsell remarked that, unfortunately, other pos-
sible rate-limiting steps, e.g., chemical reaction, can also
yield RT/F slopes from Tafel plots. Prompted by the re-
action between CO and adsorbed oxygen during isotopic ex-
change measurements, Appleby postulated a mechanism for the
anode reaction to explain an RT/F slope consisting of elec-
tron transfer to give O~ at the electrolyte surface and
chemical reaction with CO to produce CO; followed by rapid
discharge to COj. This will give the observed slope if the
chemical step is rate determining. Nonetheless, such con-
trol would result in a tendency toward limiting currents
which has gencrally not been observed.

Appleby asked if there were any data on the CO
reaction order for the process thinking that it might be zero
order, i.e., full surface coverage of CO at all CO/COp ratios.
Etsell replied that the exchange current density varies as
Pcol-3 Pc020-5. Meschter emphasized that isotopic exchange

results indicate that CO is not strongly adsorbed on fairly
noble metals.

Isaacs wondered about the use of Tafel plots for
interpreting polarization measurements on oxide electrolytes.
A large potential gradient at the interface is required to
influence an activated process involving charged species.

Can this be developed at a solid electrolyte interface
since, unlike aqueous electrolytes, electronic conductivity
is present spreading the gradient across a much greater dis-
tance? Accordingly, one might normally expect to find some-
thing more linear than logarithmic. Aqueous and solid elec-
trolytes appear to form two different ideal systems and
real solid electrolyte systems are somewhere in between.

Superior cathode materials generally are mixed oxygen
and electronic conductors. In response to an inguiry about
anionic mobility in In03, a distorted fluorite-type oxide
with one quarter of the anions missing, Isenberg stated
that the oxygen ion mobility is very low being comparable
to ¥Y203. It is a purely electronic conductor and is used
as a current collector. However, LaNiO3 is a reasonable
mixed conductor thereby allowing two-phase reduction of
oxygen (air-electrode interface) and oxygen ion migration
through the electrode bulk into the electrolyte. Isenberg
noted that many perovskites,e.g., LaNiO3, PrO,, PrCoOj3,
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display good oxygen ion mobility and, therefore, function
well as electrodes although they have high resistivity and
cannot withstand thermal cycling. Meschter felt that the
best approach appears to be a mixed conductor with a current
collector.

Weppner asserted that the important parameter for
mixed conducting electrodes is not oxygen ion mobility but
the chemical diffusion coefficient which may be several
orders of magnitude larger than the tracer diffusion coeffic-
ient as electron transport creates an electric field which
enhances oxygen ion transport. Isenberg replied that this
makes the situation even more favorable but, as a first
approach, tracer diffusion coefficients are suitable to
evaluate cathode materials. Weppner cautioned that the re-
lationship between tracer and chemical diffusion coefficients
is widely variable.
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PERFORMANCE OF SOLID OXIDE FUEL CELL ELECTRODES

T. H. Etsell
Department of Mineral Engineering
University of Alberta
Edmonton, Canada T6G 2G6

'Acceptable electrochemical characteristics and long-
term stability of so6lid oxide fuel cell eloetrodes are lim-
ited by several problems inherent in high-temperature
systems. Carbon deposition at the anode may occur if the
fuel gas composition is not carefully controlled, interdif-
fusion between cell components can affect critical properties,
temperature changes can cause cracking due to thermal expan-
sion mismatches, hermetic seals must be maintained, and the
nature of the electrodes may change due to sintering. Non-
uniform current distribution resulting from small three-phase
interfacial areas or high-resistivity oxide cathodes can
produce hot spots and associated mechanical stress. Consid-
erable research effort has been made towards the resolution
of some of these problems although long-term performance
data are often lacking.

" Fuel cell electrode performance can often not be sep-
arated from overall fuel cell performance and consequently
will be discussed by first briefly describing several import-
ant cell designs and the influence of critical design para-
meters. Cell discharge characteristics and stability will
then be summarized.

Design

General Electric originally described a cell with a
Zr0,-Ca0 or 2r03-Y203 tubular or flame sprayed clectrolyte,
carbon anode and liquid silver cathode (impregnated in porous
zirconia) opérating on CHy fuel (1). The clectrodes were sub-
sequently replaced by a nickel anode and PrCo03 cathode (2).

Brown, Boveri and Cie developed the ¢ell 1llustrated
in Fig.. 1 (3). Such a ¢ell ylelds a power decnsity of 250
mW/cm? at 900°C if the electrolyte is 0.5 mm thick. Parallel
plate (4) and bell-and-spigot designs (5) were subsequently
studied. The electrolyte was either Zr05-¥,03 or Zr0,-Yy03-
Yb,03 while nickel and cobalt anodes, and silver, doped -
T.aNiO5, Sn-doped Iny03 and LaCoO3 cathodes have been tried.

The Weptinghouse thin-film cell in Fig. 2 (6) is
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Figure 1. Brown, Boveri and Cie fuel cell.
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built up from 20-50 um layers (air sprayed, plasma sprayed,
vapor deposited or painted) of a porous nickel- or cobalt-
stabilized zirconia (70% metal) cermet anode, dense Zr0O,-CaO
or 7Zr02-Y03 electrolyte, dense manganese-doped CoCr204

(2 atom % Mn) interconnection material and porous tin-doped
In203 (2 atom % Sn) cathode. Short-circuiting is inevitable
near the interconnection-electrolyte interfaces as electrons
can flow from the inside to the outside of the cell through
the interconnection material without passing through both
electrodes while oxygen ions migrate in the opposite direc-
tion through the electrolyte.

Power densities for these cells as a function of temp-
erature are compared in Fig. 3 (5). The three lower curves
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Figure 3. Power densities for industrial fuel
cell designs.

are for Brown, Boveri and Cie cells consisting of a 0.5 mm
thick Zr0-Y303-Ybj03 electrolyte, Ni anode and Ga,03- doped
LaNiO3* cathode. Note that the General Electric cell real-
ized a power density of 400 mW/cm2 at 1000°C.

Regarding design parameters, one of the most exten-
sively studied variables is ceramic electrolyte cumpusilion.
Since IR drop across the electrolyte is often the major source
of voltage loss, performance is highly dependent on minimiz-
ing electrolyte resistivity and thickness. The ionic con-

ductivity of ZrO, doped with 12 mole % CaO can be cxpressed
as

V6B =



6 = 1170 e~25/200/RT (1

while that for both ZroO

and Ceo2 containing 9 mole % Y203
closely follows

2

¢ = 175 e-18/400/RT T (2]

The latter are over twice as conductive as Zr0,-Ca0 at
1000°C with this factor becoming greater at lower temperatures
due to the activation energy difference.

Comparing 2rO,- and CeO.,~based electrolytes, recent
work has indicated that Ceoz-G§203 has an ionic conductivity
four to five times higher than that given by Eq. [2] at
1000°C (7). However, CeOj is easily reduced at the fuel ]
electrode which introduces n-type conductivity. Nevertheless,
although energy efficiency is accordingly lowered going
through a maximum at a certain cell current, it can easily
exceed that for an electrolyte with ¢t = 1 and lower con-
ductivity (8). Furthermore, increasiﬁgnthe total conductiv-
ity (constant tio ) leads to larger current and, therefore,
power at maximuf gfficiency. Early work indicated that Pt
electrodes on Ce0j-Lajy03 electrolytes are less polarizable
than on 2r0s-Ca0 electrolytes, especially at low tempera-
tures (£ 800°C) (9). Further research is certainly justified
as to electrochemical properties and stability of CeOj-based
electrolyte fuel cells.

To maximize the power per unit volume of the cell in
Fig. 2, the product of cell resistance and overall cell
length must be minimized (10). Subsequent analysis combined
with selected material resistivities and cell dimensions
produced the plot in Fig. 4. The resistivity-thickness
products for the electrolyte and interconnection were chosen
to be equal (0.04 ohm-cm2) which led to equal active cell
(section of electrolyte between both electrodes) and inter-
connection lengths. The maximum power of 7.8 kw/ft3 (280
mW/cm3) corresponds to the inflection point on the current
density curve (0.66A/cm2), Also, the shallow minimum in the
resistance curve coincides with the inflection point on the
power per unit volume curve.

The optimum electrolyte and interconnection length at
maximum power output increases with increasing electrolyte
and interconnection resistivity-thickness products or in-
creasing air and fuel electrode gap lengths (La,zf,cf.
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Figure 4. Parameters for the Westinghouse fuel cell.

Fig. 2), but decreases with increasing average electrode
resistivity-thickness ratio (10). Changes are such as to
keep the cell resistance - cell length product at its optimum
value.

Recently, an analysis has been made of the performance
of a cylinder type cell using Hy-H,0 fuel with the cathode
and anode terminals at opposite engs (11) . The cell chosen
was assumed to be at 750°C with a Ce03-Gd;03 electrolyte
(p = 20 ohm-cm), Ni anode (p = 3.6 x 10-5 ohm-cm) and LaCoU3
cathode (p = 10-3 ohm-cm). Results are presented in Fig. 5.
Cases A and B are for the fuel entering at the cathode
terminal end and anode terminal end, respectively. The fuel
consumption, A, is the fraction of H20 in the_Hy-H30 fuel
gas and the mean current density was 0.1 A/cmz Current
density is proportional to fuel consumption rate (gradlent
of 1) and is, therefore, a minimum at the fuel consumption
inflection point. Note the high current density at the
cathode terminal in case A (since the cathode has a high
resistance). However, in case B, the current distribution
is approximately symmetrical since the small H, concentra-
tion (large A) at the cathode terminal yields a smalk emf,
i.e., driving force, cancelling the resistance effect.
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Figure 5. Influence of gas flow direction on
performance of cylinder type fuel cell.

Clearly, fuel gas should be supplied from the end with the
terminal of the lower resistance electrode.

As seen in Fig. 6, cell length is also a critical
parameter. Stacks 20 cm long composed of 2 and 10 cells
would give theoretical power densities of 55 and 217 mW/cm
at 750°C, respectively (11).

Discharge

Performance is most commonly categorized by discharge
characteristics (E-i curves). Open-circuit cell voltages are
generally reproducible and agree to within 3% of theoretical
values for single or multiple cells. .

Linear plots in Fig. 7 (12) for Pt electrodes in con-
tact with O, or Ar-02 mixtures have a slope approximating the
electrolyte resistance, indicative of solely resistance over-
potential. This agreement may not be realized since porous
electrodes only contact part of the solid electrolyte surface
reducxng its effective cross-sectional area for conduction
(13). Alternatively, insufficient cathode porosity can cause
marked polarlzatlon (14), although cathodes with suitable
composition, porosity and pore size should not cause serious
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losses at 900°C - 1000°C (15,16). Mixing the cathode with an
oxide powder of similar composition as the electrolyte can
greatly lower the polarization (14,17). Although low oxygen
pressures at the cathode result in significant diffusion over-
potential (12), oxygen or air is invariably the oxidant in
fuel cells.

A major advantage in high-temperature operation

should be rapid electrochemical reactions without the need
for catalysts. However, considerable discrepancy has existed
as to the presence or absence of non-ohmic polarization at
the fuel electrode. 1In the presence of Hy, additional polar-
ization is essentially absent in Fig. 8 (18). Reformed pro-
pane or hydrogen contacted the anode ‘'side of a 0.5-1.0 mm
thick 2r0,-Ca0 disc. For all gases, essentially only ohmic
polarization is present (there is a small non-ohmic. contribu-
. tion at low i) since Hp + O + H20 + 2e is the overall anode
reaction. Some concentration polarization is evident from
the lowest curve at high current densities due to dilution

. ELECTROLYTE : 215 85 Cuo.lso .85

\ H2:H20:=35:1

CaHg 1H,0:C0, 212331

E,voits

0.5

0 50 100 150

CURRENT DENSITY i, mA /cm?

Figure 8. Discharge curves for various fuels at
1000°C. Pt electrodes.
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Excellent performance for a 1.4 mm thick 2rO3-Yby03
electrolyte cell at 800°C with either a Hy-H20 or CO-CO3
mixture at the anode has been reported in Fig. 9 (19). -

TERM NAL VOLTAGE

w -
S -3
S~ RD\\ 50% CO;

L COL™ O 0% €O,
1 " hd

450 200 250
i(mA/em?)

CURRENT DENSITY

Figure 9. Discharge characteristics for a Zr0-Yby03
electrolyte cell at 800°C. Ni anode. Ag cathode.

For Hy fuel, this type of behavior has been verified at
1000°C for a Zr0,-Ca0 electrolyte, Ce0j3-Laj03 or Ce02-Y20
anode and Pt cathode (16,20), and for a Zr0,-Y;03-Yb203 eiec-
trolyte disc, Ni anode and 5n0, +'8 atom & Sb cathode . (21).
However, charge transfer at the anode generally does not
occur readily in dry CO-CO; mixtures. Considerable trans-
ition overpotential is apparent when the IR drop is sub-
tracted from the data in Fiq. 10 (22) and Figq. 11 (12) ob-
tained from 2r0,-Ca0 electrolyte tubes 0.8 and 2.0 mm thick2
respectively. Exchange current densities are about 1 mA/cm
and decrease further as the gas mixture becomes dilute in
either component.

Cell performance for single Westinghouse thin film
cells has been reported (23). A cell with a 60 um react-
ively sintered ZrOj;-Ca0O electrolyte, a cobalt-stabilized
zirconia anode in contact with Hy fuel, and a cathode con-
sisting of PrCoO3-impregnated porous 2r0,-¥y03 coated with
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Figure 10. Discharge curves for C0-C0p mixtures
at 940°C. Pt electrodes. A = 27.6 cm?.
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Figure 11. Discharge curves for CO-COz and Hp-H30
mixtures at 1000° and 1100°C. Pt electrodes.
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In203 + 2 atom % Sn still maintained a terminal voltage at
960°C of 0.6 V at 150 mA/cm®.

Westinghouse results from Fig. 10 have been extended
to a stack of 20 bell-and-spigot cells in Fig. 12 (22).

-dv/di=9.50

- T:1020%
/ Hp=12.4¢cc/sec
PMAX=IO.4vas i

-dv/d1=8.50n

s
T=1025°c 7
| CO+H =9:5cc/sec

PMAX: 6.7watts

4 _av/di=12n
1 A i 1

2 O
0 0.2 0406 08 10 1.2 14
CURRENT,amperes

TERMINAL VOLTACE,volts
S .
T

Figure 12. Discharge characteristics for a 20 cell
stack. Pt electrodes. A = 13 cm‘.

Excess hydrogen has been supplied to the anode in the upper-
most curve whereas complete hydrogen combustion was realized
for the lower curves. Further extension to 20 stacks of 20
cells (2 groups of 200 series-connected cells in parallel)
appears in Fig. 13 (22). At 1000°C using hydrogen as fuel,
the maximum power of 110 W was produced at a current of

1.2 A,

From the last results, it would appear that discharqge
characteristics for single cells can be extrapolated to
predict power system performance with some degree of
confidence. However, this cannot be adequately assessed
without further data.
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Figure 13. Westinghouse 100 W solid electrolyte
fuel cell power system. Pt electrodes.

Stability

Structural changes with time in cell components at
high temperatures pose many serious problems.

If not fully stabilized, zirconia will progressively
destabilize on thermal cycling (24). Stabilized zirconia
electrolytes tend to age due to cation and oxygen vacancy
ordering leading to a decrease in conductivity. Unfortu-
nately, aging kinetics are most rapid at the temperatures
of fuel cell operation (1), Typical behavior for 2r0,-Y,04

is presented in Fig.'14 (25). Samples were held for 9 days
in air and a further 16 days in H,-H,0. The data at the

various temperatures were obtained using interpolated
values from log o vs. 1/T plots taken in the vicinity of
800°C at selected times. Electrolyte resistance increases
considerably and obeyed first order kinetics given by

do
dt

= k(o - 04) [3]

where 0, is the final conductivity. Furthermore, éging
depends on atmosphere.
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Figure 14. Aging of ZrQy + 9 mole % Y04 at
800°C in air and Hy-Hy0.

Anode materials must not densify and block gas-chan-
nels, corrode in the fuel atmosphere or react with the elec-
trolyte. The cobalt concentration profile in a Zr02-Y¥,03-
Yb,03 electrolyte after cell operation for 10,000 hr at
838°C is shown in Fig. 15 (26). The_cobalt diffusion coef-
ficient was. calculated to be 5 x 10~15 cm2/sec.

Cathode materials must resist changes in their c¢on-
~ductivity and, like the anode, must have an expansion coef-
ficient similar to the electrolyte.

Coincident discharge curves for a cell comprised of
a 2r0y-Y,03-Yby03 electrolyte and a LaCo0j3 cathode and Ni
anode were found during 220 hr of cell operation at 1000°C
(27).. A power density of 202 mi/cm? was maintained. A sim-
ilar cell with a SnO, + 8 atom % Sb cathode operated satis-
factorily for 262 hr (21). Reasonable behavior for 1000 hr
at 830°C was reported for cells with a Ni or Co anode and
Ag cathode (4). Doped In,03 operated successfully as‘thi
cathode for over 1100 hr at 1000°c (14). Over 300 mW/cm
was maintained for over 7000 hr at 1000°C in a cell with a
Ni anode and PrCoO3 cathode (2). However, considerable
power loss was experienced with a cell involving a 0.9 mm
thick Zr0,-Y,03-Yb,03 electrolyte, Co + 10 atom % Fe anode
in contact with Hy fuel, and Pt cathode as indicated in
bFig. 16(26) . Although the open-circuit voltage was

- 78 -



A
1.0
Gew % \g
A\‘ -
0.8 X

I\
| i \
02 \{\
.o ~

[o} 10 20 pm 30
x—>

S~
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unaltered, the power decreased from 105 to 45 mw/cmz after
10,000 hr of operation. This was attributed to an increase
in electrolyte resistance. However, the necessary change
would be too excessive to account for the entire performance
loss. Vaporization of the Pt cathode is most probable
although cooling the cell and replacing the electrodes did
not help.

More research is definitely needed on the long-term
changes (5000-10,000 hr) in oxide cell components at about
1000°C as a function of time, atmosphere, current and
electrolyte composition. Emphasis should be placed on thin-
film materials. Secondly, more long-term cell performance
information is needed. In this case, great care must be
exercised in extrapolating single cell results to power
stacks.
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MECHANISMS OF ELECTRODE POLARIZATION IN
HIGH-TEMPERATURE SOLID ELECTROLYTE SYSTEMS

Peter J. Meschter
Department of Chemical, Metallurgical, and Polymer
Engineering
The University of Tennessee
Knoxville, TN 37916

Possible atomistic mechanisms of cathodic and anodic
polarization in electrochemical cells with solid oxide elec-
trolytes are reviewed. Polarization phenomena have been
investigated by d.c. and complex admittance techniques.

Rate limiting electrode processes are identified from the
variation of limiting current Iii and electrode resistance
Re with temperature, Py , comp051gion of electrode and elec-
trolyte, and electrode geometry.

The cathode or air electrode may be either an electronic
conductor (typically Pt, PrCoO3, In303-Sn0y) or a mixed ionic
and electronic conductor (pure Zr0Q, or Pr02.x). In the
former case, incorporation of oxygen into the electrolyte
requires three-phase gas-electrode-electrolyte contact. Thus’
the porosity of the supporting electrode becomes critical,
and pore diffusion a likely rate-limiting step. Polarization
data obtained on microporous electrodes (1-4) are evaluated
on the basis of a pore-diffusion formalism presented by
Schwerdtfeger and Turkdogan (5). Pore diffusion control pre-
dominates for small (< lu) pore sizes; small (< 0.02) Vafues
of P°2 ; and high temperatures. For this case, Iyjy o 0y

Polarization studies on macroporous elei?Eodes show wide
variations in results. 1In -general, I14m @ P . Adsorption-
dissociation of 0,, suxface diffusion, Eharggztransfer,'and
migration of elec%ronic defects in the electrolyte have all
been adduced as rate-limiting steps. Well defined studies of
rigorously characterized systems are required to resolve
these discrepancies.

In mixed-conduction cathodes, roughly equal transport
numbers for ions and electrons through the overall electrode
are desirable. In the absence of a suitable intercalation
compound, use of an embedded current collector seems
necessary to achieve this goal. No basic research on these
systems exists in the open literature.

The anode (fuel electrode) presents fewer problems. For
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sufficiently porous Pt or Ni anodes, no overpotential is
observed in Hp-Ho0 (10) or Op-Ar (3) mixtures. Polarization
does appear in CO-C0, mixtures (3), but is reduced when H%O
is added to the fuel gas (11). Apparently a combined surface
reaction-charge transfer step is rate-controlling. Results
of Grabke (12) indicate that O transfer from Hp0 to metal and
oxide surfaces is generally much faster than from COj, in
agreement with the proposed anodic polarization mechanism.
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A DOE OVERVIEW OF SOLID
OXIDE ELECTROLYTE FUEL CELL TECHNOLOGY

Ian Leslie Harry, Program Manager
Division of Power Systems
U.S. Department of Energy

On behalf of EKLA, I would like to woloome ynu tn the
.First Solid Oxide Electrolyte Fuel Cell Workshop. It is gratify-
ing to see such a good turnout of the leading experts in this
field. Before we get on with the agenda, I wuuld like to cay
just a few words about the ERDA Fuel Cell Program, about
workshops, and about the background of solid oxide electrolyte
fuel cell technology.

As most of you probably know, the ERDA Fuel Cell Program
is almost two years old. Clean, quiet, highly efficient power
generation from a variety of fuels at a lower cost is our
major objective. With this in mind, and in order to accelerate
the implementation of fuel cell technology, our program has been
divided into six major project areas. These are: Utility
Demonstrations, Systems Development, First Generation Technology,
Second Generation Technology, Fuels Utilization, and Applied
Research.

The solid oxide electrolyte fuel cell program is an integral
component of the Applied Research Project Area. This project
area supports emerging fuel cell systems by developing a technology
base to ensure continuing improvements and the development of
future advanced technology options. The solid oxide fuel
cell, with its potential for high system efficiency and reject
heat utilization, and with its limited technology base is an
appropriate project for the Applied Research area. Workshops,
like this, help determine the present state-of-the-technology
and provide inputs to determine the direction in which future
research and development should be directled.

Initial offorts on the development of solid oxide electrolyte
fuel cells for electric power generation from coal began in the
early 1960's at Westinghouse under the sponsorship of the
Department of Interior, Office of Coal Research (OCR). This
early work resulted in the initial development of a technology
base, the design of a 100 kw coal reacting fuel cell power plant,
a practical fuel cell configuration -- the thin-film battery, and
construction and testing of a 100 watt fuel cell battery.
Unfortunately, this early thin-film battery experienced severe
materials problems resulting in a useful life of less than 100
hours.

Thus, the present solid oxide electrolyte fuel cell program
is building on this technology base. Although technical feasibility
has been prev1ously achieved, the short-lived demonstration and
its accompanying failure regquire a rcthinking from a technology
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development prospective. It is the intent of ERDA's efforts
in solid oxide electrolyte fuel cells to develop this coal
utilizing option to the point where the Nation may share in
the benefits derived from successful application of this
technology to our energy problem.
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DISCUSSION OF POTENTIAL OF HIGH TEMPERATURE
SOLID OXIDE FUEL CELL POWERPLANT SYSTEMS

Marvin Warshay
NASA, Lewis Research Center
Cleveland, Ohio

Fuel cell powerplants were one of ten classes of advanced
energy conversion systems studied in the Energy Conversion Al-
ternatives Study (ECAS) undertaken by NASA (1) for ERDA and NSF.
The powerplant systems were to operate on coal or coal-derived
fuels and were primarily for central-station base load power gene-
ration. The objective of ECAS was to provide an evaluation of ad-
vanced fossil-fired central-station powerplants under common .
ground rules and constraints and to a comparable level of detail.

The ECAS Study consisted of two phases: 1- a parametric analy-
sis and 2- conceptual designs of selected powerplant systems to-
gether with implementation assessment plans for each system. The
prime contractors for the ECAS Phase 1 parametric analyses were
General Electric (2) and Westinghouse (3) who conducted essentially
parallel studies. The major results included performance and cost
(e.g., efficiency, capital cost, and cost of electricity (COE)).

In the study, emission and natural resource requirements were con-
sidered. Based upon Phase 1 and other considerations, 1l powerplant
system cases were selected by the ECAS Steering Committee for more
detailed study in the Phase 2 conceptual designs.

The high temperature zirconia solid oxide fuel cell (SE) was
one of the systems studied as part of the fuel cell study in Phase
1. Based upon the conclusions of ECAS, the present report dis-

. cusses very briefly the potential of the SE fuel cell powerplant
for base load electric power generation from coal.

The ECAS results support the expectation that efficiency .in-
creases with fuel cell temperature. In particular, the results in-
dicate that high temperature fuel cells (both SE systems which
operate at approximately 1832°F and the molten carbonate (MC) sys-
tem studied by Westinghouse which operates at approximately 1200°F)
fit well into the ECAS Study framework. In fact, their high quali-
ty waste heat is best utilized in large powerplant systems such as
the "coal-fired" base load powerplants upon which the ECAS Study is
based. The fuel cell waste heat can be used either by a bottoming
cycle or by a coal gasifier or in some cases by both. Further, - -
close integration can effectively improve the energy efficiency of
the coal conversion process. Finally, temperature helps the fuel
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cell to approach its high efficiency potential by reducing cell
polarization losses.

While the results of both contractors generally support this
conclusion, the overall SE powerplant system efficiencies by West-
inghouse are significantly higher than those of GE. General Elec-
tric considered four SE cases all with steam bottoming cycles.
Westinghouse looked at twenty SE cases, three of which were inte-
grated powerplant systems. The primary difference between the GE
and the Westinghouse SE concepts is related to the thimnner SE
cells envisaged by Westinghouse which deliver higher performance
than the more conservative GE SE concept. This results in a maxi-
mum of 34,3 percent efficiency for the GE integrated SE systems
compared to a 53.0 percent maximun for the Westinghouse SE inte-
grated cases.

The most impodant question, that of cost of electricity (COE),
for the SE system can be discussed relative to the COE of a 3500
psi/1000°F/1000°F steam system with a conventional furnace. ECAS
characterized this system as having 37 percent efficiency and a
32 mills/kW-hr COE (based on 1974 as the reference year for cost
estimates). The COE results for all integrated SE system cases ex-
ceeded the 32 mills/kW-hr. For GE the COE range was 42 to 45 mills/
kW-hr., The Westinghouse COE values ranged from 40 to 52 mills/kW-
~hr. 1In general, estimates of fuel cell efficiencies are more re-
liable than estimates of fuel cell powerplant costs. However, a
nunber of important generalizations relating to cost can be drawn
from the ECAS Study.

The first is that since the fuel cell systems in ECAS Phase 1
had not been gptimized lower cost systems are possible. For the SE
high temperature powerplant system, this is especially likely via“
a more thorough system integration than had been possible in the
scope of Phase 1. This fact was made evident from the results of
Phase 2 which ‘consisted of 11 conceptual design cases, including a
molten carbonate fuel cell powerplant system., These Phase 2 re-
sults will be covered briefly in the presentation to illustrate
the impact of more detailed treatments including partial optimiza-
tion.

One of the most important cost considerations for the SE sys-
tem is life., For all the fuel cell systems studied in ECAS, both
low temperature and high temperature, the effect of fuel cell .use-
ful life upon COE is pronounced until at least 30,000 hours. For
the Westinghouse SE systems which were based upon 10,000-hour life,
increasing life to beyond 30,000 hours could lower COE to the lower
30*s mills/kW-hr. However, for the SE fuel cells which have been
operated, less than 1000 hours life has been demonstrated. This
represents a major materials hurdle.
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. Performance affects COE in a numwber of ways. Efficiency
directly affects the fuel component in the COE. In addition, fuel
cell power density affects the capital and the O8M components of
COE. Higher power density reduces required cell area and, there-
fore, cost (assuming all unit costs remain the same). Thus, even
though the GE SE cases were based upon a 40,000-hour life, the
COE's were as high as those of the Westinghouse 10,000-hour cases
because of lower power density and efficiency.

In conclusion, the SE fuel cell has the potential to be the
heart of a very fuel-efficient integrated powerplant system for
base load generation of electricity from coal. The ability of
this system to achieve an attractive COE is directly related to
achieving a SE technologv capable of maintaining high power den-
sity for 30,000 hours and achieving optimum integration of the
balance of plant through design, subsystems technology, and trade-
off analyses within the total system.
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SHORT SUMMARY OF RESULTS
"INTEGRATED" SE CASES

A. GE

4 SE POWERPLANTS WITH STEAM BOTTOMING CYCLE

PARAMETER (1) @ ¢ @
FUEL/OX 1DANT LBTU/AIR >
TEMP., OF ' 1832 >
ELECTKULYTE THICKNESS, cin 0. 051 _ 5 0013
CURRENT DENSITY, ASF 200 20 00 700
CELL VOLTAGE, V 0.59 0.5 018 042
POWER OUTPUT, MW 1112 n - 632 84
FUEL CELL LIFE, HR 90, 000 - N

RESULTS
OVERALL EFF., % 32 3 5 8
COE, MILLS/KW/HR 45 4 45 42

B. WESTINGHOUSE

- (5) WESTINGHOUSE SE POWERPLANT WITH STEAM BOTTOMING
CYCLE
- (6) WESTINGHOUSE SE POWERPLANT INTEGRATED WITH GASIFIER

= (1) WESTINGHOUSE SE POWERPLANT INTEGRATED WITH GASI-
FIER AND WITH STEAM BOTTOMING CYCLE

PARAMETER (5) 6) m
FLIELJOX I DANT IBTUAIR  IBTU/AIR  LBTU/AIR
TEMP., OF 1832 1832 1832
ELECTROLYTE THICKNESS, cm 0. 004 0. 002 0.004
CURRENT DENSITY, ASF 400 800 400
CELL VOLTAGE, V 0.66 0.68 0.56
POWER OUTPUT, MW 1164 219 1064
FUEL CELL LIFE, HR 1q. 000 10, 000 10, 000
RESULTS

OVERALL EFF,, % 51 53 a8
COE, MILLS/KW-HR 40 48 52

- 94 -



B. INTERCONNECTION MATERIALS

Studies on Glass Composites and Doped Rutile
Interconnection Materials
P. G. Russell, H. S. Isaacs, S. Srinivasan,
Brookhaven National Laboratory; A.C.C. Tseung,
The City University (London)
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B-1

STUDIES ON GLASS COMPOSITES AND DOPED RUTILE AS
INTERCONNECTION MATERIALS*

P. G. Russell, H. S. Isaacs, A. C. C. Tseungt,
and S. Srinivasan
Department of Applied Science
Brookhaven National Laboratory
Upton, New York 11973

The main problem hindering the successful development of
a solid oxide electrolyte fuel cell is the cracking observed
in fuel cell stacks, caused by the difference in the coeffi-
cient of thermal expansion of the chromium sesquioxide, Cr,03,
interconnection material, and the stabilized zirconia support
tube and electrolyte(l). Recently, a mechanically stronger
nickel-zirconia cermet structure was obtained by carrying out
the reduction of the nickel oxide component at 1350°c, i.e.,
closer to the sintering temperature(2). This development which
gives a stronger anode bond both to the porous support tube and
to the Cr,0, interconnection layer, may overcome the cracking
problem. Névertheless, alternative oxide systems with improved
coefficients of thermal expansion offer a more reliable long-
term solution.

Any interconnection material that gives an adequate per-
formance at the proposed operating stack temperature of 1000°C
must meet the following criteria(l): (a) "chemical stability
in air and fuel gas; (b) resistivity in the working environment
of less than 50 ohm cm; (c¢) thermal expansion characteristics
compatible with other fuel cell components; (d) nonreactivity
toward other components; (e) fabricability as a gas~impervious
layer, 40 um or less in thickness;" (f) no phase changes or
recrystallization after extended periods of time; and (g) no
significant mass transfer effects under the chemical gradient
which, for example, may lead to the formation of voids and/or
high resistance contacts. Furthermore, additional thermal
stresses will be present due to temperature differences in the
system. A number of mixed oxide systems are being considered,
which may satisfy these requirements.

A different approach is ‘to use an interconnection material
which is plastic and has a low modulus of elasticity at the
temperature of operation. In this case, differences in the
coefficient of thermal expansion between the interconnector

*This work was done under the auspices of the U.S. Department
of Energy.

tvisiting Scientist from the Department of Chemistry, The City
University, London, England,
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and the solid oxide electrolyte and/or differences in the tempera-
ture would give low stresses and the chances of cracking would
be greatly reduced. Work at The City University of London(3)
has shown that Fe203 doped with Tioz and mixed with soda-lime
glass forms a conducting and impervious coating on mild steel.
This method depends on using a semic¢onducting oxide that is
partially soluble in the glass at the sintering temperature.
Partial precipitation of the dissolved oxide following the sinter-
ing process should result in a composite material consisting of
a conducting oxide phase within the glassy component. When a
tinuous oxide phase forms, the conductivity of the composite
1 be strongly dependent upon the conductive properties of
semiconducting oxide. 1In the absence of extensive recrystalli-
zation, the conductivity of a glassy phase containing the transition
metal oxide, which may be electronic(5) would be an important
factor. The advantages of this approach are: (a) the coefficient
of thermal expansion of this material can be adjusted within
wide limits by selecting different glasses and/or oxides; (b) there
is a wider choice of semiconducting oxides since considerations
of the coefficient of thermal expansion are relaxed; (c) the o
composite coating has a very low modulus of elasticity at 700° to 1200°c,
thus greatly reducing thermal stresses in the cell; (d) it is
far easier to obtain gas tightness since these materials are
similar to enamels and glazes used in the ceramic industry. As
an example, the electrical resistivity in a low melting silica
glass containing lead ferrite crystals in close proximity has
been found to be as low as ~1 ohm cm at 500°C(4).

Chromium sesquioxide was chosen as a reference material
because of its previous use in a high temperature fuel cel
stack. Samples containing Cr;03 and lead glass (Corning #0120)
in a 1:1 ratio by volume were sintered at 1200°c. with this
,slnterlng temperature the room temperature resistivity is about
108 ohm cm, while the values at 1000°C are ~10° ohm cm. Much lower
values would have been observed if samples containing less glass
had been sintered at higher temperatures (n1700°C). Chromium
sesquioxide is only slightly soluble in silica at a high tempera-
ture and is not a suitable oxide for use in an interconnection
composite.

Initial measurements showed that sintered pellets of Ti~

doped Fe;03 have a room temperature resistivity of less than
100 ohm cm. Room temperature resistivity measurements (Figure 1)
were made on a series of Tl—doped Fe,03 pellets, pressed at room
temperature and 12,000 psi, which were sintered for 24 hours at

J11000° and 1200°C. Some contact resistance is included in

isé measurements. The resistivity decreases rapidly to a
--dimum value upon the addition of a small amount of TiOj and
then increases more slowly in a linear fashion with further
additions. The minimum value at room temperature was observed
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with a 1.5 at % (1000 ohm cm) and a 0.7 at & (35 ohm cm)
Ti-doped Fey03 pellet for sintering temperatures of 1000 and
1200°C, respectively. These results are in good agreement with
the previous work on glazes containing Fej03 doped with TiO)

or SnO, where an nlat % impurity ion content gives a minimum
value in the surface resistivity(6). - Titanium increases the
conductivity as it enterf the octahedral site of the Fe304 spinel
Fe3+ [Feith.Fei:x Tii+ 04, where x < 0.2, by increasing the
number of Fe4t ions present. The charge hopping conduction
mechanism is due to rapid electron transfer between Fe2+ and
Fe3+ cations on adjacent octahedral sites which are closer
together than the tetrahedral sites(7). The small number of
Fe<s+ ions, obtained under the sintering conditiénsg, accounts
for the high resistivity in the absence of Ti4t ions.

o *‘J
il 1
DENSITY IN g/em 3

LOG o IN OHM -CM
»

////’
\ /S e
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i / SINTERING CONDITIONS
4

w

©0:1000°C FOR 24 hrs
2 .\// am:zI200°C FOR 24 hrs

o 5 10 B 20
ATOM % Ti DOPED Fe,03

Figure 1. Log p versus at % Ti-doped Fe203.
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Room temperature resistivity measurements were made on two
series of Ti-doped Fej03-glass composite materials sintered for
24 hours at 1200°C (Figure 2). 1In the series containing soda-
lime glass, the logarithm of the resistivity increases in a
linear fashion with the wt % glass (A log p/A wt % X 0.04 ohm cm/wt %),
while in the series containing borosilicate glass the resistivity
remains approximately constant as the amount of glass is increased
to 16.7 wt %.

.
H

o
DENSITY IN g/cm3

\

SINTERING TIME 24 hrs
SODA LIME
.1000°C #0081
*1200°C 0.70 ATOM % Ti
DOPED Fez O3
BOROSILICATE
+1200°C #7052
0.94 ATOM % Ti
- DOPED Fe, O3
1200°C SILICA
a2l .. o #7930
. DENSITY ~1% Ti
. « DOPED Fe 05

PN

LOG 5 IN f3-cm
(7]

25 50 siLICA )
5 10 15 20
wt % GLASS IN Ti DOPED Fe0s

Figure 2. Log p versus Ti-doped Fey03 - wt %
glass composites.

In each case, the minimum value of the resistivity occurs
close to the maximum relative density. A maximum densification
of ~88% was obtained with a sample containing 2.14 wt % soda-
Aime glass sintered at 1200°C. A densification of over 95% has
'een reported previously with a Ti-doped Fe203 sample containing

‘0 wt % soda-lime glass sintered at 1250°C(3). With a 25 wt 8
silica glass having a densification of n83%, the resistivity is
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still relatively low (%100 ohm cm). Although the resistivity at
1000°C in air would be 2 to 3 orders of magnitude less than at
room temperature,these composites must be chemically stable in a
H, environment.

The chemical stability of these materials was examined in a
Ho, environment at 1000°C. A number of samples containing 1 at$
Ti-doped Fe04 and borosilicate glass were kept at 1000°C for
96 hours in an argon + 8.5% Hy mixture. In each case, the iron
oxide component was reduced to metallic iron, the weight loss
corresponding closely to the oxygen content of the Fe;03 present
in the glass. Additional samples containing up to 75 wt % glass
behaved in the same manner. These results rule out Fey03-glass
composites for use as an interconnection material since the
glass does not prevent reduction by hydrogen. -In contrast,
composites of Cr;03 and soda-lime glass suffer a smaller weight
loss (nv3.5%) under the same conditions due to the formation of
a volatile product that condenses downstream. High temperature
glasses containing a chromite system were not considered for
further study.

Doped rutile and alkaline earth titanates have been examined
for use as interconnection materials. 1In previous work at
Harwell(8), the examination of a large number of mixed oxides
revealed that rutile (TiO,;) was potentially useful as an inter-
connection material in the ¥SZ solid oxide electrolyte fuel cell.
The best results were obtained with TiO; + 5 m/o Nb205, where the
resistivity at 1000°C was found to be 0.7.and 0.03 ohm ¢cm in air
and Hy, respectively. The rutile structure was retained after
extended annealing at this temperature.

Measurements were made in both'air and Hp; on a Nb-doped
TiO, sample sintered at 1700°C (Figure 3). High resistivities
were observed at low temperatures when the sample was tested 1n
air. The results obtained in air with decreasing temperature
before and after treatment in Hj are in good agreement. The
resistivity is lower in the reducing environment, and it increases
with the temperature, Here the hydrogen atoms in rutile act as
electron donors(9) along with the interstitial Ti atoms. The
electronic mobility, which decreases with an increase in tempera-
ture due to scattering effects, accounts for the increased
resistivity observed here at higher temperature.

The densification of TiO, sintered at 1700° was found to
be about 83%. Since rutile is soluble in various glass composi-
tions, further densification could be obtained with the addition
of small amounts of the proper glass. 'Thils approach should resul”
in a gas-impervious sample having semiconducting properties close
to those of doped rutile in both air and hydrogen.
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C. ELECTROLYTES

Optimized Electrolytic Domain Boundaries in

Solid Oxide Electrolytes
H. L. Tuller, Massachusetts Institute of

Technology-

Fundamental Factors that Might Limit the
Application of Zr0O, Solid Electrolytes in
Fuel Cells: Electfonic Transport, Electro-
lyte-Electrode Reactions, and Electrolyte

Decomposition
W. Weppner, Stanford University
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OPTIMIZED ELECTROLYTIC DOMAIN BOUNDARIES
IN SOLID OXIDE ELECTROLYTES

Harry L. Tuller
Massachusetts Institute of Technology
Department of Materials Science and Engineering
Cambridge, Massachusetts 02139

For many years high oxygen ion conduction has been
known to exist in a number of oxides which crystallize in
the fluorite structure. Enhanced conduction in these oxides
is due in large part to the readiness with which the fluorite
structure incorporates large numbers of lower valent ions
into its cation sublattice while retaining the overall
structure intact. The most successful fluorite type oxide
electrolytes have been based on the oxides Zr0O2, ThO2, CeO,
and HfO2 having additions of alkaline earth oxides, Sc303,
Y503 or rare earth oxides (l1). These substitutional lower
valent cations cause the formation of anion vacancies to
preserve electroneutrality. The resulting increase in
oxygen ion conductivity leads to exclusively ionic conduction
within certain ranges of temperature and oxygen pressure.
This region in Pgoj, T space is often called the "electrolytic
domain”". It is primarily within this domain that the above
oxides may be expected to function as solid oxide electro-
lytes in such applications as electrochemical probes,
oxygen pumps and solid state fuel cells. Nevertheless, the
positions of these electrolytic domain boundaries have only
been mapped out precisely for a limited number of potential
electrolytes (2,3). In almost no case has a systematic
study been performed to identify the dopant and concentration
of dopant which would lead to optimized electrolytic
behavior. 1In this paper we will first outline the major
requirements for optimized electrolytic behavior and then
review recent experimental data which can be utilized in
establishing the above requirements or conditions for a
number of solid electrolytes based on the ceria and thoria
systems.

" The operation of the above electrochemical devices all
depend on the ability to establish a stable emf across an
electrolyte due to the imposition of an oxygen concentration
gradient. This "Nernst" emf may under open circuit condit-
ions be approximated by (1)

1] "
€ = t; RT/4F in (Poz/Poz); t;~ 1 (1)

with R and F representing the gas and Faraday constants
respectively, and tj the ionic transport number defined as
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the fraction of the total conductivity which is ionic in
nature. This configuration may, for instance, be used as

a thermochemical probe to determine the oxygen activity of
a system when Pg,; is fixed at a known reference state. If
an external load is connected across the oxygen ion
conducting electrolyte, current will flow caus1ng oxidation
of the fuel gas at the anode and resulting in the direct
conversion of chemical to electrical energy. 1In this mode
the cell can be said to be operating as a "fuel cell".

The two major parameters which control the relative
usefulness of a given solid electrolyte are

1. the magnitude of the ionic conductivity, oj
2. the size of the electrolytic domain.

The first parameter is particularly important in fuel
cell applications since the magnitude of g controls the
internal resistance of the cell. The ability to pass high
current densities depends, at least in part, on having
sufficiently low internal cell resistances and therefore
relatively high oj's. Adequate levels of conductivity are
usually only achieved for temperatures above 800-1000°C in
these oxide electrolytes. For sensor applications this
requirement is not as critical, but qne still needs
sufficiently high oj's so that equilibration times do not
become excessively long.

The second parameter, i.e., the extent of exclusive
ionic conductivity (ti> 0.99), controls the maximum emf obtain-
able under equilibrium conditions (see Eqg. (l1)). This is
due to the fact that difficulties occur when the electronic
conductivity becomes a significant fraction of the total
conductivity. This causes a drop in the emf (due to
decreasing tj) as well as allowing mass transport within
the electrolyte even under open circuit conditions. For
applications such as in thermodynamic probes, problems
alreadv arise when the electronic conductivity approaches
v1% (4) of the total (i.e., for tj < 0.99). For fuel
cell operation, up to V15% electronic conduction may still
be tolerated (5). Electrolytes which exhibit exclusive
ionic conduction over a wide range of conditions are
therefore most desirable. Such properties are, for
instance, exhibited by calcia stabilized zirconia (CSZ),
which maintains an ionic transport number, ti > 0.99 at
1000°C over a .Ppj range of from 105 - 10720 atm (4) -
i.e., over 25 orders of magnitude!

To summarize for optimum operation of a solid oxide
electrulyte, one desires

a) maximum possible magnitude of ionic conductivity

b) as wide a range of operating conditions as
possible

c) minimal electronic contributions over the entire
operating range.
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Unfortunately these requirements do not always go
hand in hand. For instance to obtain increased oj one
would move to higher operating temperatures, but this
could, at the same time, result in a shrinkage of the electro-
lytic domain, not to mention the general problem associated
with decreased materials stability at elevated temperatures.
One must therefore determine the optimum conditions for
which one obtains sufficiently high 0i (the actual magnitude
depending on how thin one can fabricate the electrolyte)
while still maintaining a sufficiently wide domain. 1In
the present paper we attempt to correlate the magnitude of.
the ionic conduction parameters and location of the electro-
lytic domain boundaries to both the type and concentration
of lower valent dopants used in the fabrication of ceria
and thoria oxide electrolytes, and thereby determine the
optimum composition and operating conditions for these
electrolytes.

THEORY

Ionic Conductivity: In the oxide electrolytes considered
here, the concentration of mobile ionic defects (doubly
ionized oxygen vacancies, Vg ) is greatly enhanced above
intrinsic levels by doping with lower valent cations, eg.,
ca2* and/or ¥3*. The concentration of these mobile ionic
defects, nj given by the electroneutrality equation as

ng = V7] = [Cayl + 1/2[¥,] (2)

fwhere M is the appropriate quadravalent cation of the host
lattice) is therefore expected to remain practically
independent of temperature and Poj. The ionic conductivity
oj however, given by

- = Yio -
0; = n;q ¥ =n;q —7~ eXP AHi/kT (3)
L
= - exp AHi/kT

will show the temperature activated dependence of its
defect mobility uj. Following the above equationS the
ionic conductivity is expected to increase linearly with
dopant concentration (Eq. 2) and exponentially with T,with
an activation enthalpy AHj independent of dopant.
Experimental evidence to be presented later show, however,
that these relationships are true only at small dopant
levels.

" Electrolytic Domain Boundaries and Electronic Conductivity:
Under sufficiently reducing or oxidizing conditions all
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solids display some degree of nonstoichiometry which is
almost always accompanied by electronic defects viz.,
electrons or holes. By considering the appropriate mass
action relations it c¢an easily be shown (6) that the
electron contribution, important under reducing conditions,
takes the form

1/4

D
- _e _ -
0o = exp AHe/kT) Poz (4)

e
while the electron-hole contribution under oxidizing
conditions takes the form

+1/4

Dy
g, = — exp(-AHh/kT) P02 (5)

h T

where AH_ and AH,, the activation enthalpies for electrons
and hole§ respecgively,include contributions both for
defect formation and motion (when transport is by the
hopping godel). One also finds (6) that Dg is _proportional
to nj~1/2 while (7) Dn is proportional to n;*1/2. From the
above relations one expects the smallest overall electronic
contributions and therefore the largest domains at low
temperatures. (Note that enhanced oj is obtained instead
at elevated temperatures.) As far as the effects of dopant
levels are concerned, the above shows that high dopant
levels depress electron contributions while enhancing hole
contributions in these electrolytes.

One may experimentally locate the positions of the
domain boundaries and thereby check the validity of the
above predictions by taking advantage of the fact that the
electronic contributions are strongly Poj dependent while
the ionic conductivity is not. By measuring the total
conductivity ot as a function of Po2 one can identify oj
from the "plateau" in the data and og from the difference
between the total conductivity and 0j. One therefore
has the means for determining the ionic transport number tj
as a function of Poy at each isotherm.

One obtains an equation defining the electrolytic
domain boundaries by taking the ratio of the ionic to
electronic conductivity in terms of tj given by

%/ = = (6)
electronic i

Substituting in the above definitions for o and ogjectronic
(de or op) and solving for 2n Poj one obtains

) (7)

e i
kT

D t, ’ AH_ - AHj
!.nP°2=42n (é—;l—_q -4 (
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under reducing conditions and

C. t. AH, - AH,
_ i i h i
in P02 = 4 &n (q l—_t—l) + 4 (T) (8)

under oxidizing conditions. Thus one expects to find a
linear dependence between fn Poj and 1/T. With the above
equations, which combine the contributions of both the
ionic and electronic carriers, it becomes possible to
predict how the location of the domain boundaries .depend, for
instance, on temperature and dopant concentration. From the
above relations it also becomes clear, that

the electrolytic domain need not necessarily shrink at
elevated temperatures. This will depend on whether AHj is
greater or less than AHg and AHL. sSimilarly the dependence
on dopant concentration can be predicted from the ratios
De/Ci and Ci/Dp which)according to the ayﬁve relations,,
should be progortional to nj~3 2 and nil respectively.
Since one desires &n Poj(reducing) to be as low as pussible
and &n Ppj(oxidizing) as high as possible, one would
optimally choose a high value of nj and therefore a high
dopant level.

One can use the above technique most easily for solids
which exhibit a Po; dependent region of ot within accessible
experimental conditions. This occurs ‘for instance for CeO
electrolytes for Poz's < 1074 - 10710 atm (3 ) and for ThoO;
electrolytes for Poz's > 10-4 - 1076 atm (7 ) at temperatures
above Vv700-800°C. This is not the case however for
stabilized 2r02 which only begins to generate electrons for
Poz's < 10720 atm at 1000°C.

Experimental results obtained for CeO2 and ThOj
electrolytes doped with various types and concentrations .of
impurities will be analyzed in the next section and compared
with the predictions obtained above. Furthermore, since
both pure CeO2 and ThOj crystallize in the fluorite
structure (2r0Oz must be "stabilized" into the fluorite
structure by a minimum of ~10 m/o dopant) the effect of
various dopants on the magnitude of 03, the enthalpy of
motion AHj and the location of the domain boundaries may be
studied as a function of dopant concentration at small as
well as at large dopant levels.

RESULTS AND DISCUSSION

Data for the variation of conductivity as a function
of Poj, obtained recently by the author (6), for CeOy +
5 m/o Nd203 are presented in Fig. 1. The predicted Po,
dependence of the overall conductivity is observed,i.e.,
a Po, independent component (0j) at high Pojy's and a P02‘1/4
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dependent component (electrons) at low Po2's as indicated
by the solid curves (0e = 0 - 0j). Similar curves were
obtained for Ce02+2 and 7 1/2 m/o Nd203 and CeO2+5, 7 1/2
and 10 m/o Y303 in the same study (6). For ThO; + Y203
electrolytes, on the other hand, the Po2 independent region
has been observed by, Lasker and Rapp (7) to be at low Pgy's,
while at high Po3's’, a Poy+l/4 dependence (o = o - 0j)

is obtained 1nd1cat1ng instead positive-hole contributions.
Plots of the electrolytic domains for Ce02 + 5 m/o CaoO,
Ndp03 and Y203 are presented in Fig. 2. The data points’
shown represent the conditions of Po2-and T for which tj =
1/2 for the various electrolytes. These were obtained (6)
from ¢ vs. log Poy data of the type shown in Fig. 1 in the
manner described above. ~The data points are seen to fall
on a straight line (within experimental error) as predicted
from Eq. (7). The slopes as well as the locations of

these electrolytic boundaries can be seen to be strongly
dependent on the type of dopant. At-least  for this dopant
concentration, additions of Y203 appear to result in the
largest electrolytlc domain. Values for AH, - AHj obtained
,from the slopes of these curves (Eg. 7) and other data on
ceria electrolytes (3, 6 and 8 ) are listed in the first
column of Table 1 as a function of composition. These
values show a general tendency to decrease with increasing
dopant concentrations. It thus appears that the earlier
assumption made, i.e., that these activation energies AHj
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Figure 1. Electrical conductivity Figure 2. Comparison of data for
of Ce0; + 5 m/o Ndy03 measured iso- log Py2 vs. T-1 at tj = 1/2 for
thermally as a function of oxygen three different ceria solid solu-
partial pressure (6). The solid tions with equal dopant levels
curves represent the electronic ). Ce0y + 5 m/o Y,03 1s seen
component, Oq. to exhibit the largest electro-
lytic domain of the three at low
Pyo's
02 B
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TABLE 1
Ionic and Electronic Conduction Parameters

of Selected Ceria Electrolytes

AH -AH, C. AH, 0 ,(1000°K) D AH
e 1 1 N 1 e e
(ev) (10%/Qcm) (V) (107 2/Qm)  (10°Katn™Y/0em)  (ev)
cao
lm/o 1.96 0.11 0.72 0.26 45.1 2.68
5 1.77 1.76 0.78 2.08 10.4 2.55
12 1.0 3.02 0.77 4.01 9.2 2.47
Nd,0,
2 1.72 0.64 0.79 0.67 5.0 2.51
5, 1.55 0.76 0.74 1.43 1.0 2.29
75 1.70 0.88 0.74 1.65 1.9 2.44
¥39,
5, 1.6l 5.65 0.87 2.35 4.3. 2.48
15 61.6 1.21 0.50
10 114 1.25 0.58
Gd,0,
(+ MgO)
5(8) 1.00 0.68 3.77
10(13) 2.65 0.73 5.59
15(18) 18.4 0.92 4,29
20(23) 372. 1.31 0.94
25(28) 155 1.41 1.23

‘and AHg remain independent of dopant level, appears to be
contradicted, .

Even more dramatic effects :of composition on the
position and slopes of the domain boundaries can be obhserved
in Fig. 3 for the thoria-yttria system where the yttria
content varies from<0.42 - 12.5 m/o ¥203. Not only do the
slopes of the curves vary dramatically from low to high
dopant levels but the size or extent of the domain is seen
to pass through a maxima at high dopant levels in contradic-
tion to our earlier predictions. An interesting observation
to be made is that in the thoria system the domain at high
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Figure 3. Comparison of data for log Py vs. 1 at
ty = 1/2 for a series of ThO, + Y503 solid solutioms.
Data points were derived from data of Lasker and Rapp
(7). 1In almost all cases, the electrolytic domain
(at high P,3's) increases with increasing temperature.

Poy's ‘actually increases with increasing temperature,
particularly for the lower dopant levels, thus indicating
that AHj > AHL in these solids.

To understand the above results more clearly, it is
useful to separate out the ionic and electronic contributions
in Egs. (7) and (8). For ceria electrolytes, for instance,
we know the conductivity to be entirely ionic at high'Pgj's.
Thus by measuring the conductivity in pure oxygen as a func-
tion of temperature, one may obtain experimental values for
Ci and AHj for the various solid solutions. Values for
these parameters so obtained experimentally as well as ojf
{(1000°K) are presented in Table 1. For dopant levels up to

5-10 m/o, all the systems seem to show a consistent value .
for AH;j~0.7 - 0.8eV in agreement with predictions. Similarly,
in this dopant range, oj (1000°K) is, as expected, roughly
linear with concentration of a given dopant but does show a.
sensitivity to the type of dopant added

0, [Ce0, + 5 m/0 Gd,03]
(e.qg., = 2.6).
o, [CeO, + 5m/0 Nd203]

At larger dopant levels AH; increases rapidly with further
increases of dopant while 6j is observed to pass through a
maxima. Similar maxima in oj have previously been observed
for 2r0; (1) and ThO, (4) electrolytes, the cause of which
has generally been attributed to vacancy ordering. Given
this information one may, with the aid of Eq. (7), determine
the values of De and AHg from the experimental data. Values
for De and AHe so obtained are also listed in Table 1. One
finds that AHe, which is primarily associated with the
formation energy of electrons or the ease with which the R
solid deviates from stoichiometry, generally decreases with
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increasing dopant levels (6). This effect plus the maxima
exhibited by 0j at high dopant levels explains why the

domain size itself goes through a maxima at some concentration
of dopant. What appears to be occurring at these high

dopant levels is that 0 is decreasing due to ordering
effects while, at the same time, 0g is increasing due to
increased deviations from stoichiometry (6).

It therefore becomes clear at this point that certain
types of dopants not only give higher ionic conductivities
than others (for a given electrolyte host) but also more
extensive domains. Similarly for a-given dopant, there
exist optimum concentrations with respect to the magnitude
of oj and to the size of the electrolytic domain - the two
not being necessarily identical. The exact choice of type
and concentration of dopant -will depend on the specific
application. For fuel cells, for example, one would likely
choose a higher 0; at the expense of a somewhat smaller
domain. The reverse would be true for sensor applications.

In conclusion, it has been shown that the two most
important parameters controlling electrolytic behavior,
oj and domain size, are very sensitive to both dopant type
and concentration. It was further shown experimentally
that both these parameters can be optimized separately by
choosing the apb@opriate solid solutions, while the final
choice of composition depends on the specific requirements
imposed upon the électrolyte.
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FUNDAMENTAL FACTORS THAT MIGHT LIMIT THE APPLICATION OF ZrO, SOLID
ELECTROLYTES IN FUEL CELLS: ELECTRONIC TRANSPORT, ELECTROL%TE—
ELECTRODE REACTIONS, AND ELECTROLYTE DECOMPOSITION

Werner Weppner
Department of Materials Science and Engineering
Stanford University, Stanford, California 94305

I. Introduction

This paper will discuss several factors which can provide fundamen-
tal limitations to the application of solid electrolytes in high tempera-
ture fuel cells. Although specific experiments are discussed which have
been performed on ZtO2 the principles that are involved can he applied to
any solid electrolyte. Topics to be discussed include electronic conduc-
tivity and an experimental technique for the separation of the concentra-
tions and mobilities of electrons and holes, reactions between the solid
electrolyte and the electrode material, especially at low oxygen partial
pressures, and a method for the experimental determination of the decom-
position potential of solid electrolytes that have some electronic con-
duction.

II. Concentrations and Mobilities of Electrons and Holes in Doped ZrO2

Zirconia,which is stabilizedin the cubic CaF, structure by the in-
corporation of several mole % of yttria or some otﬁer lower valent oxide,
has a high and predominantly ionic conductivity at elevated temperatures.
It has been considered for use in various technological applications such
as fuel cells and oxygen sensors. Such uses may be limited, however, if
either electrons or holes make appreciable contributions to the total
conductivity. Such electronic transport acts as a partial internal elec-
trical short circuit, thus reducing the cell voltage and the efficiency
of the system.

Several previous studiés have been concerned with the partial elec-
tronic conductivities of several doped zirconia compositions (e.g., 1-4).
Little information exists, however, on the separate contributions of the
concentrations and mobilities of the two electronic charge carriers. In-
stead attention has been given only to the influence of oxygen partial
pressure and temperature upon the total electronic conductivity. Separa-
“tion of the concentration and mobility contributions may provide guidance
concerning the effectiveness of doping and the relative importance of var-
ivus types of impurities in the design of new solid electrolytes or im-
provements upon existing ones.

Experiments will be described in which the diffusion coefficients
(related to the mobilities) of electrons-and holes have been separately
measured in samples of 10 mole % yttria-doped zirconia (ngYzo ) as a
function uf the temperature. By use of data on the electron”and hole
conductivities, the concentrations of electrons and hnles have heen caleu=
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lated as a function of the oxygen partial pressure and temperature.

The technique which was used to determine the diffusion coefficients
of the electronic species involved measurements of the time dependence of
the voltage relaxation of the following galvanic cell.

. |
Inert Ag Zr9Y2021 Oxygen Reference
Atmosphere Electrode
+ .x
o L

At one side the electrolyte is exposed to a defined reference oxygen
partial pressure, either a mixture of Fe and "FeO" or air, using a porous
platinum electrode as a current collector. An inert atmosphere, either
nitrogen or argon, of very small volume, is present at the other side.
Electrical contacts were made using sputtered silver layers. Platinum,
and a number of other metals, may not be used in contact with the inert
atmosphere because of the possibility of the formation of zirconium -
metal compounds at low oxygen partial pressures (5-7), as discussed
later.

If a positive voltage less than that which would decompose the elec-
trolyte is applied to the galvanic cell, no ionic current can exist under
steady state conditions, since the inert electrode is not able to supply
oxygen lons. Thus any current which passes through the cell must be due’
to the transport of electronic species. The partial conductivities of
the electrons and holes can be determined by use of the Hebb-Wagner method

(8,9). The results for Zr9Y2021 are shown in Fig. 1.

The.chemical potential of the oxygen ions can be regarded as uniform
throughout the solid electrolyte because of the presence of a high concen-
tration of oxygen vacancies (10), which is essentially independent of the
oxygen partial pressure. Likewise, the electrochemical potential of the
oxygen ions 1s approximately constant because of the very high ionic conduc-
tivity of the solid. Therefore, the electric field which exists within
the solid electrolyte must be negligible. As a result the transport of
electrons and holes is due ,only to diffusion related to concentration
gradients, which we can assume obeys Fick's laws.

Tf a constant voltage is applied across the galvanic cell, a linear
concentration gradient of the‘grevailing conductive electronic species
(holes at Py greater than 10-10 atm and electroms at P~ .less than 10-10
at 900°C) 1s82- obtained afte- steady state is reached. 2 If, subse-
quently, this externally applied voltage is switched off, the electron
and/or hole concentration profiles will .tend to flatten out as a result
of transport under the influence of their concentration gradients
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according to normal diffusion laws. The concentrations at the interfaces
determine the cell voltage and their time dependence can be measured and
compared with expectations related to theoretical solutions of the diffiu-
sion equations.

Additional factors which must be taken into account include the ex-
istence of an internal p-n junction, recombination and formation of elec-
tron-hole pairs, and the equilibrium between the electron and hole con-
centrations.

The details of this technique and the data analysis have been pre-
sented elsewhere (4, 11, 12).

The values obtained for the electron diffusion coefficient as well
as those for the diffusion coefficient of the holes are presented in
Fig. 2, as a function of the temperature. It is seen that the diffusion
coefficient of the electrons is about 2 orders of magnitude greater than
that for the holes, and also has a lower activation enthalpy (0.56 eV
versus 1.4 eV). For this reason the stoichiometric point at which the
electron and hole concentrations are equal occurs at an oxygen partial
pressure about 8 orders of magnitude lower than that at which the con-
ductivities are equal. '

The concentrations of electrons and holes have been calculated from
the conductivity and diffusion coefficient data and the results are given
in Pig. 3, as a function of the oxygen partial pressure for tempera-
tures from 700 to 900°C.

From the temperature dependence of the product of the electron and
hole concentrations the electronic band gap is estimated to be about
4.1 eV,

III. Reaction Between Zr02 and Electrode Material

Another matter that may be life-limiting or may influence the kin-
etics or voltage range over which a solid electrolyte fuel cell can be
operated involves possible reactlons between the electrolyte and the
electrode or interconnection materials. A new dynamic method that might
be utilized to quantitatively investigate electrolyte-electrodec reactions
has been developed and applied to the case of ZrOZ—Pt‘ Interactions at
low uxygen partial pressure.

It was tound that voltage relaxation experiments using the contig-
uration mentioned earlier were characterized by voltage plateaus which
remained essentially constant over long periods of time, when platinum
was used Instead of silver at the polarized low oxygen partial pressure
electrode. The temperature dependence of the values of these voltage
plateaus in the Zr0,-Pt case {s shown in ¥ig, 4. These data can be re-
lated to the free efierfy of the reaction between the Zr0, electrolyte
and platinum compounds. By comparison with thermodynami data available
in the literature (6) .it is possible to identify which specific compounds
are formed, assuming that the free energy of formation of the electrolyte
itself is already known.
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as a function of the temperature.

-117 -



-5 -0 ~5 -20 -25 =30 -35
—>i0g Ry, [otm]

Figure 3. Concentrations of electrons and hules
in Zrg¥7071 as a function of the oxygen partial
pressure.

1.28
.26

1.24

E[v]
(vs.latm)

T .22

.20

L -———~CALC. FROM AG®(Zr Oy},

-

S~ WORRELL?0
° .o
L« S -5
-

x.« AIR REFERENCE ELECTHUUL. 3‘,8\

AGO(ZrPts).AND AG®(ZrPi3)]s5 ;
“~.._ AFTER MESCHTER AND

. : a6?
N [ev]
N ~4.9

oFe+FeO
1 1 ] o ]

900 1000 Hoo -

—7 [oc]

Figure 4, Temperature dependence of the plateau
voltage due to the formation of Pt-Zr compounds.

- 118 -



) 9.1
ZrOy+ 10 m/o Y, 0y- aG9 (ZrOguo
225 49 [V
el 1
T -8.9
2,20} -18-8
—8.7
—— E vs. l atm S~
2.15 ---— E vs, air(0.21 atm) T~ 8.6%
1 : 1 1
900 1000 1100
— 1 [°c]
Figure 5. Decomposition voltage of yttria-

doped zirconia.

- 119 -



Iv.

1)

(2)
3

(4)
1€)
(6)
)]
(8)
(9

(10)
(11)
(12)

Stability Range of Solid Electrolyte

Direct measurements of the range of stability of solid electrolytes
are sometimes difficult to make because of the screening effect of elec-
tronic conduction before the voltage necessary for decomposition is
reached.
volves the use of electrochemical cells in which electrolyte~electrode
reactions are deliberately caused to occur. If thermodynamic data re-
lated to these reaction products are available or readily measured, this
method can give information about the free energy of formation of the
electrolyte without complications due to electronic. conduction.

An alternate method that might be applicable in such cases in-

This method has been used to measure for the first time the free
energy of formation of doped cubic Zr0,, using its interaction with a
platinum electrode at low oxygen partial pressure. The decomposition
voltage of ZrO, doped with 10 mole % Y 0, as well as its free energy of
formation are Shown versus temperature in Fig. 5. These data indicate
that the doped zirconia is slightly less stable at low oxygen partial
pressures than is the case for the undoped monoclinic Zroz.
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HIGH TEMPERATURE SOLID OXIDE FUEL CELLS:
PRESENT STATE AND PROBLEMS OF DEVELOPMENT

F.>J. Rohr
Brown, Boveri & Cie AG
Heidelberg, W.-Germany

The technical realizability and economic use of high-
temperature fuel cells are dependent on whether it will be
possible to solve all problems in view of technology and
material, arising from the high operating temperature, and
to attain the expected power density and efficiency data for
a sufficiently long lifetime. Extensive research work has
been done in some laboratories to solve these problems. Above
all, efforts have been concentrated on the development of the
solid electrolyte, the fuel- and air-electrode, as well as on
the lifetime testing of these components in single cells.
Furthermore, studies have been made concerning the basic pro-
blem of connecting cells in series by means of an intercon-
nection material, and also on the development of module con-
cepts for the construction of batteries.

I. Development of Cell Components
1. Solid electrolyte

The solid electrolyte to be used for the construction of
high-temperature fuel cells has to meet the following
requirements for operating temperatures up to 1000 °C:
high oxygen ion conductivity at neglectablé electron con=
ductivity, phase stability, mechanical strength, gas
tightness, thermoshock stability, chemical resistance Lu
the reaction gases, as well as compatibility with the
electrode- and interconnection materials. These require-
ments are sufficiently satisfied by ceramic solid elec-
trolytes of doped zirconia. Inspite of numerous tests, it
has not been possible until now to find better oxygen ion
conductors, e.g. by replacing the Zr0O: with CeO.. Solid
electrolytes on Ce0O;-basis sutfer from the disadvantaye
that due to the high electroni¢ conductivity in reducing
atmospheres cell voltage and thus efficiency are reduced.
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For the construction of high~-temperature fuel cells 2rO,-
solid electrolytes are preferably used, which are doped with
15 mole percent calcium oxide or 10 mole percent yttrium
oxide (1) or 4 mole percent yttrium oxide and ytterbium
oxide each'(2). Doping zirconia with low valued metal oxides
results in a high oxygen ion conduction and stabilization of
the cubic crystal structure over a very broad temperature
range. Fig. 1 shows the influence of doping material and
temperature on ion conductivity. The specific electrical re-
sistivities pg which result at 800 and 1000 °C are shown in
Table I. Moreover, the table gives the allowed maximum wall-
thickness dg of the solid electrolyte for power densities
up to 0.25 W/cm?.

TABLE I
SPECIFIC RESISTIVITY OF ZIRCONIA SOLID ELECTROLYTES AT 800 °C

AND 1000 °C AND CORRESPONDING MAXIMUM WALL THICKNESS dg FOR
POWER DENSITIES p = 0.25 W/cm?

800 °C 1000 °C
Solid Electrolyte pp [fem] | dap [mm] pp [Rem] | dg [rm]
(2r02) 0.85(Cad) ou s 250 0.04 , 50 0.2
(Zr02) 0.0 (¥Y203) 0a 45 0.22 10 1
(2r02) 0.92(Y¥203) 0.0 .
(Yb203) 050 20 0.5 5 2

Production of thin-walled, gas tight 2rQO,-ceramics presented
a lot of difficulties for quite a long time. By using special
pressing and sintering techniques and pressing aids, as for
instance NH,HCO3, it is now possible to make gas tight solid
electrolytes in form of tubes and discs with wall thicknesses
dg > 0.3 mm (3). Even thinner gas tight ZrO,-solid electrolyte
films, having a thickness dg > 30 um were coated on a porous
ceramic substrate hy means of special thin film procedures (4).
By using thin film techniques it will be possible to reduce
the operating temperature to 900 °C, when doping zirconia elec-
trolyte with Ca0O, to 800 °C with Y¥,0;, and to 700 °C with
Y,03/Yb,03. In thlS latter case, material costs are cut con-
siderably. Whereas until recently cell concepts with self-
supporting solid electrolytes (dg > 0.3 mm) predominated, the
development of thin film concepts will henceforth be emphasized.
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Long-term behaviour under working conditions as well
as thermoshock resistance of Zr0O,-so0lid electrolytes have
been sufficiently tested. Life tests of cells with Y,03/
Yb,03;-doped electrolytes at 1000 °C showed that during a
working period of 4 years the required properties of the
electrolyte, i.e. the oxygen ion conductivity, phase
stability, gas thightness, mechanical strength, and chemi-
cal compatibility with the electrode materials and the
reaction gases will not be affected (5).

2. Electrodes

The voltage-current characteristics and the long time
behaviour of a high-temperature fuel cell are not only in-
fluenced by the quality of the solid electrolyte but alsn
by the properties of the air and fuel electrode. These are
dependent on both the appropriate electrode materials and
the structure of the electrode (porosity), as well as on
the phase transition electrolyte - electrode (adherence).
The electrical properties of the electrodes are usually
evaluated by the resistivity to thickness ratio pg/de,
resulting from the specific resistivity pe and the thick-
ness de of the electrode, and by the polarization voltage
losses V,. The latter arises if the charge transition at
the elecgrolyte - electrode interface is inhibited (charge
transfer polarization) and if the mass transfer of the
reacting gases or reaction products within the porous
electrodes is hampered' (concentration polarization).

a) Fuel electrode (anode)

Due to the reducing atmosphere of the fuel gas, normal
metals can be used as electrode material for the anodes.
In long time tests at 1000 °C nickel and cobalt proved to
be the most suitable. The porous electrode films of 30 to
100 um thickness are prepared either by plasmaspraying
the fine metallic powder (6), (2) or by sintering fine
grained cobalt-zirconia or nickel-zirconia-cermets (7).
Both processes produce porous electrode films of good
adherence. Roughening the surface of the solid electro-
lyte favourably affects adherence and polarization be-
haviour of the electrodes. The polarization losses which
occur at the nickel and cobalt electrodes at 1000 °C are
shown in Table II. Tests with laboratory cells over a
period of 34.000 hours at 1000 °C have shown that plasma-
sprayed nickel electrodes exhibit long time stability and
that they are compatible with the solid electrolyte (5).
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TABLE II

PROPERTIES OF DIFFERENT ANODES AND OXIDE CATHODES
AT 1000 °C

Electrode material pe/de[ﬂ] I-R r7j]2 Vp [jfﬂ 2
. 0,5 A/cm 0,5 A/cm

Anode:

Nickel, PS < 0.04 < 20 < 80
(PS=plasmasprayed)

Ni- or Co/Z2r0O;- < 0.2 < 100 < 70
cermet

Oxide cathode:

In,03 (SnO3), CVD < 0.3 < 150 50 - 100
LaNiO3; (Bi), PS < 0.3 < 150 50 - 100
LaMnO; (Sr), PS < 0.2 < 100 50 - 100

b) Air electrode (oxide cathode)

Due to the high corrosion effect of oxygen at working
temperatures of 800 to 1000 °C, only noble metals or
electron conducting metal oxides can be used as air
electrode material. Noble metals such as platinum are
completely out of question because of prohibitive costs
and insufficient long term stability. The search for
suitable oxide cathodes to replace the platinum and
silver electrodes which were originally used, turned
out to be a difficult task. With operating temperatures
up to.1000 °C 'in air or oxygen atmosphere, the electrode
material has to meet the following requirements: high
electron conductivity, thermal and chemical stability,
compatibility with the solid electrolyte, sufficient
porosity and good adherence at the surface of the elec-
trolyte. From the many oxide compounds which were
tested, only a few proved to be satisfactory with re-
gard to long term operation and thermal cycling. For
example, cathodes made from praseodym cobaltite
(PrCo03) show a high electronic conductivity, yet the
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II.

electrodes processed by sintering scaled off the surface
of the electrolyte during cooling to room temperature

(8). No such scaling off will take place with oxide ca-
thodes made from indium oxide doped with tin (In,03;/Sn02),
which are applied to the rough or porous surface of the
solid electrolyte by means of chemical vapor deposition
(CVD) (9). Plasmasprayed oxide cathodes of doped lanthanum
nickel oxide (LaNiO3;) (10) and lanthanum manganese oxide
(LaMnO3;) (5), showing a perowskite-structure like that_of
PrCoO;, also satisfied the requirements at operating tem-
peratures of 1000 °C, with regard to electron conductivity,
thermal and chemical stability, compatibility with the
solid electrolyte and adherence during thermal cycling.
Oxide cathode made from doped LaNiO; have been tested in
laboratory cells at 1000 °C for 4 years without affecting
the properties of .the electrodes (5).

The characteristic data of some well tested oxide elec-
trodes are shown in Table II. The ohmic losses I-Rp of
these cathodes at 0.5 A/cm®? caused by the electrode
resistivity pe/de range between 70 to 150 mV. The polari-
zation losses V, are of similar size. With increasing
thickness of the electrode de the ohmic loss is reduced,
but polarization losses are increased, due to retarded
transport of the reactants within the porous electrodes.
For this reason, the thickness of the cathode should
amount to de < 0.01 cm. For oxide cathodes with very good
electron conductivity (pe < 103 Q-.cm at 1000 °C) a
resistivity to thickness ratio pe/dg < 0.1 § might be
reached. Hence it follows that due to “the low cell voltage
of approx. 1 V only those cell and battery concepts are
suitable, in which the current path in the air electrode
is not more than 1 cm. This is of special significance for
the construction of batteries.

Single Cell

1. Design and voltage-current characteristics of the high-
temperature fuel cell

The voltage-current characteristics of a high-temperature
fuel cell are dependent on the cell parameters and working
conditions, in particular on the electrical properties and
the dimension of the electrolyte and the electrodes as
well as on the operating temperature and the partial
pressure of the reacting gases. For the investigation of
the voltage-current - and the long term behaviour, tubular
cells as shown in Fig. 2 were used. The cylindrical solid
electrolytes have a diameter of Dg < 25 mm, a height of

hg < 12 mm and a wall thickness of dg > 0.4 mm. The height
of the cells is limited by the electrical resistivity
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pe/de of the oxide cathode. According to the composition
and thickness of the solid electrolyte, the operating
temperature ranges between 800 and 1000 °C. The reactants
for cell operation may be oxygen or air at the cathode
and hydrogen or gas mixtures of hydrogen, carbon monoxide,
water and carbon dioxide at the anode. The latter can be
generated from natural gas or coal in a reactor connected
with the cell.

Typical voltage-current characteristics of a HT-fuel
cell when operated with H, and 0, or H,/CO-mixture and
air are shown in Fig. 3. At 1000 °C and a thickness of the
electrolgte dp = 0.5 mm, maximum power densities of
0.3 W/cm® (H,/0;) or 0.2 W/cm? (3 H, + CO/air) are achieved.
By reducing the thickness of the electrolyte (dg < 0.3 mm)
and shortening the length of the cathode in current direction
to less than 5 mm, the power density can be improved to 0.4 -
0.5 W/cm?. Depending on the composition of the fuel mixture,
the experimental open cell voltage E, amounts to 0.9 - 1.1 V
and corresponds well with the theoretical values. The vol-
tage losses urider load, particulary the ohmic loss IR of
the solid electrolyte and the electrodes as well as the
polarization losses Vp are shown in Fig. 6.

2. Operation as HT—electrolyéis cell

HT-fuel cells may also be used as electrolysis cells for
the generation of hydrogen from water. In this case, water
vapor, electrical energy and heat are led to the cell. Due
to the high operating temperature of 800 - 1000 °C the
applied DC-voltage at the electrodes ranges between 1.2
and 1.5 V. Fig. 3 (curve 3) shoWs the current density as

a function of the applied voltage at 1000 °C. With an elec-
trolysis voltage of about 1.3 V, a thickness of the elec-
trolyte of dg = 0.5 mm and a hydrogen/water ratio

H,/H,0 = 1, current densities of 0.5 A/cm are obtained.

In this case, additional heat is needed for the decompo-
sition of water, since the formation enthalpy AH of water
corresponds to a voltage of nearly 1.5 V.

Zr0,-solid electrolysis cells can be alternately used
for the generation of hydrogen and electricity, thus being
very suitable for energy storage and peak power levelling.

3. Long term behaviour of HT-fuel cells

In addition to the voltage-current characteristics, the
lifetime is of crucial importance for the evaluation of
the high-temperature fuel cell. Life tests with single
cells at 1000 °C have shown that open cell voltage and
power density remain practically constant over a period
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III.

of 4 years (34.000 operation hours). Even repeated switch-
ing off due to power breaks, and cooling down of the cell
to room temperature followed by reheating, did not affect
lifetime (5). The test cell still in operation that
achieved the longest lifetime up to now, consists of a
tubular solid electrolyte of 1.2 mm thickness having
plasmasprayed electrodes of nickel (anode) and of doped
lanthanum-nickel oxide {(cathode). With a constant load

of 120 mA/cm® over a period of 34.000 hours, practically
constant values of open cell voltage (approx. 1 V) and
power density (approx. 80 mW/cm?) were obtained after
some start-up effects during the first 1.000 operation
hours. On the basis of these results it can be expected
that with the tested solid electrolytes and electrodes a
lifetime of 5 and more years might be reached.

Batteries
1. Series connection (interconnection material)

Except for the limited electronic conductivity of the
oxide cathode, the main problems in developing HT-fuel
cells arise not so much from the single cell and its
components but from the difficulties in combining the
cells to multi-cell modules. For series connection, it
is necessary to fit the tubelike cells together in a way
that gas tightness and electronic conductivity are
achieved by means of a suitable interconnection material,
as shown in Fig. 2. This interconnection material (ICM)
has to meet the following requirements at operating tempe-
ratures up to 1000 °C:

® high electronic conductivity and neglectable low ion

conductivity in oxydizing and reducing atmospheres
< 20 Qcm)

(Prem 2
® chemical stability and phase stability
® gas tightness and mechanical strength

® good adherence and compatibility with the ZrO,-—
electrolyte and the electrodes

Some oxide materials have been developed which fulfil
these qualifications to quite a great extent, as for
instance:

e cobalt chromite: CoCr,0., (11)

® lanthanum chromite, doped with Sr and Ni (12), (13)

® lanthanum manganite, doped with Sr (5)
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With cobalt chromite, gas tight and stable connections
are achieved, but the electronic conductivity in a redu-
cing atmosphere is about 0.02 2~ 1cm~1, which does not
completely satisfy the requirements. Interconnection mate-
rials of doped lanthanum chromite and lanthanum manganite
have the advantage of better electronic conductivity in
a reducing atmosphere (prcm < 5 ficm), but the necessary
gas tightness is not completely reached, due to sintering
difficulties. Insufficient electronic conductivity or gas
tightness of the interconnection material result in elec-
trical losses, which reduce the total efficiency of -the
battery. Future development mainly has to aim at improving
the electronic conductivity and gas tightness of the
interconnection material, thus reducing the electrical
losses to an acceptable degree.

2. Development of modules

For series connection of the cells in a battery several
concepts have been developed. On the one hand, there are
self-sustaining concepts with 2r0,-solid electrolytes,
having a minimum wall-thickness of 0.4 - 0.5 mm, thus
giving the necessary strength to the battery, and on the
other hand thin film concepts with a porous ceramic
support, coated with the electrolyte- and electrode films
of 30 to 100 um thickness.

a) Self-sustaining module concepts

Tubular modules are obtained when cylindrical tubes are
fitted together at their front faces by means of inter-
connection material (Fig. 2). Following this concepts,
modules with 20 - 30 series connected cells have been
constructed and tested in small battery units, consisting
of 100 - 120 series connected cells.'Fig. 4 shows a
module constructed from 25 cylindrical cells and the
photograph of a 100-cell-battery consisting of 4 of

these modules is shown in Fig. 5.

The voltage losses under load of a 10-cell-module at
1000 °C, resulting from the ohmic resistivity of the solid
electrolyte (Rg), the oxide cathode (Rc), the nickel anode
(Ra), and the interconnection material (Ricy), as well as
Irom the polarization at the cathode and anode (Vo + Va)
are shown in Fig. 6. In order to diminish these losses and
to increase the power density, improvements should be aimed
for with respect to the resistivity of the solid electro-
lyte Rg, the resistivity to thickness ratio Rc of the
cathode, and the polarization of the electrodes V¢ + Va.
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This can be achieved by using thin film techniques for
the preparation of electrolytes, by shortening the length
of the oxide cathode in current direction, as well as by
improving the porous electrode structure of the anode

and cathode.

The power losses caused by series connection are part-
ly due to the electrical resistivity Rycm and partly to
the fact that no complete sealing is obtained by the
interconnection material. Thus, the guality of this inter-
connection material has to be improved as well.

Such module concepts suffer from the disadvantage that
for the construction of huge batteries a lot of single
cells have to be produced and series connected by means
of a relatively expensive manufacturing process. Thus,
production and investment costs would be too high.

b) Thin film module concepts

‘A further simplification and a reduction of battery
manufacturing costs is possible by using thin film
techniques as demonstrated in Fig. 7. By means of special
procedires, i.e. chemical vapor deposition, plasmaspray-
ing or a combined spraying and sintering technique, a
porous electrode layer, a gas tight ZrO,-electrolyte film,
and a second porous electrode layer as well as a gas
tight ICM-film are applied one after the other onto a
highly porous ceramic support. The thickness of the
different film amount to 30 - 100 um. In this way, multi-
cell modules with tubular support according to Fig. 7a

(4) or plate-type support according to Fig. 7b (5) can

be constructed. When using such thin film concepts. it is
not only possible to cut costs by savings of material and
simplification of the manufacturing process, but also to
reduce the operating temperatur to 700 - 800 °c, thus
reducing the technological problems which arise from

hlyh working tempeéeratures.
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Figure 1. Oxygen ion conductivity and: specific
resistivity of zirconia solid electrolytes as a
function of temperature and reciprocal absolute
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Figure 2. Conical and cylindrical tubular solid
electrolytes (a) with plasmasprayed electrodes
(b and c).

Electrolyte: (ZrOz) 0.92 (Y203)°.04 (Yb203)0. 04°
diameter DE < 25 mm; height hE <
12 mm; thickness dE > 0,4 mm

Fuel electrode (inside): Ni
Air electrode (outside): LaNiO3 (Bi); I.aMn03 (Sr)
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Figure 3. Voltage - current density characteristics
of a HT-fuel cell (curve 1 and 2) and HT-electrolysis
cell (curve 3) at 1000°C. Electrolyte and electrodes
correspond to Figure 2. (Dg = 22 mm; Hg = 11 mm; dg =
0,5 mm). Gas composition (1) Hp/0p; (2) 3 Hy + CO/air;
(3) Hy : Ho0 = I,
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Figure 4. Battery module with 25 series connected
cells. Solid electrolyte (Dg = 22 mm; hg = 11 mm;
dg = 0.5 - 0.6 mm) and electrodes correspond to
Figure 2. Interconnection'material: LaCr03 (Ni,
Sr) or LaMnO3 (Sr).
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Figure 5. High temperature fuel cell batteries with
100 (a) and 120 (b) series connected cells.
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Figure 6.. Resistance-'and polarization voltage losses
of a 10-cell-battery as a function of current density
at 1000°C. Module and cell components correspond to
Figure 2 and 4. Fuel/oxidant: Hy (Hy0 at 70°C)/air.

- 137 -



ELEKTROLYTE

{soooaooo s Zr0,(Y,03) , Zr0, (Y, 05/Yb,05)
0O 00O O 0 000 OO O 00 0O0
Hp /H,0
4. — FUEL 2 2 ____9 —_ CATHODE |h20$(sn02)
€0/co,

LoNiOs(Bi), LuMnO3(Sr)

: ICM LaMnO4(Sr)
o°o°o°o°o°o°o°o°o°o°o°ooooooo CoCry0,, LoCrOs(Sr.Ni)
9 00 00 00,0000 o o

POROUS SUPPORT
210,/0a0

[=25]
N G0
mm
1
3o 3]

Figure 7. Cross section of thin-film fuel cell
batteries with tubular (a) or plate-type (b)
porous ceramic support.
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INTRODUCTION

Thin films (< 1 um) have widely proved their usefulness in micro-
electronics industry. Vacuum deposition techniques such as cathodic
sputtering allows one to obtain thin films of metals, semiconductors and
isolators having simple or multilayered structures of well-defined
geometry. Advantages of these techniques in the solid electrolyte fuel
cells domain have been recognized by some authors (1, 2, 3, 4). In 1966.
N.J. Maskalick proposed a thin film solid electrolyte fuel cell using a
thin film ZrO,-Y303 as a solid electrolyte. The film was obtained by
anodization or sputtering method. It was concluded that the stabilized
zirconia phase (fluorite type structure) could not be obtained by
anodization or sputtering techniques.Greene et al in two recent papers
(1976, 1977) reported on results on Y,03 stabilized zircecnia thin films
obtained by RF sputtering ; polycrystalline films.were obtained ; their
structure and electrical properties (transport number t;, activation
energy of conduction E.) seemed to be largely dependent of sputtering
conditions. The t; (0 - 0.14) and E., (0.2 &) values reported in the first
paper evinced a predominant electronic conductivity, whereas in the
second paper the measured conductivity was attributed to ionic transport
(ti n“1 for T > 200°C and E_ v 1 eV). In 1975 we reported preliminary .
results (4) which showed that dense and stoichiometric films of CaO doped
zrO, having the fluorite crystallographic structure can be obtained by RF
spugtering in oxygen atmosphere ; the activation energy of conduction in
such films was near that found for oxygen in bulk materials. A detailed
study of these layers and their use for sensor applications have been
presented and published*recently (5, 6, 7).

The aim of this paper is to discuss from a research point of view
various advantages that may be associated with the use of thin films ;
the device and system approach is a subject open to discussion. We shall
try to cover the field of thin solid electrolytes and electrodes for
fuel cell application (note that sensors applications have already been
discussed in (7) ).
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Thin solid oxide films as electrolytes

Up to now, work on thin electrolyte films was essentially done on
zirconia based oxides. The experimental techniques used for their prepa-
ration are anodic oxidation, RF sputtering and electron gun evaporation.
Results obtained are scattered and seem to depend not only on the techni-
que chosen but also on its practice. Numerous parameters are concerned
(vacuum cleanliness, partial pressure of reactive gases, nature of the
source - cathode or evaporant - temperature, nature of the substrate).
It appears. that precise control of these parameters is needed for the
adjustment of ccmposition and structure of the deposits. Such a control
can only be achieved by using well-adapted characterization techniques
used in closed loops. Sophisticated characterization tools, developped
for surface science studies, such as SIMS, RBS, ISS, Auger, X ray, SEM
are of valuable assistance. As an example, Fig. 1 shows the RBS spectra
obtained on Zr0,-Cal lavers deposited respectively by RF sputtering ot a
Zr0,-Ca0 cathode (Fig. la) and by electron gun evaporation of a 2r0j-CaC
source of the same composition (Fig. 1b). It appears that RF sputtering
gives layers having uniform Ca distribution ; by comparing ~pure and
decped ZrO3 deposits one may conclude that doped layers are soichiometric.
The Ca distribution in the evaporated films is not reproducible (1b)},this
being probably due to variation with time of the surface composition of
the source. This example evinces clearly that deposit techniques may be
rapidly compared and optimized leading to the realization of thin films
of well defined and uniform composition. Note that adjustments cf the
technological parameters during deposition would permit the realization
of films having graded composition with depth. The extension of such
techniques to the deposit of other electrolytes has been announced (3)
In fact we nhave found that thin stoichiometric doped CeO; films are
easily obtained in the same way as doped ZrxOjp films.

14
R.F Sputterin
12+ (plagmn . Krg-?.()°_/o nt) .
10 . Zr0,p ° .
Ca & >
8l o ZrOp;+Ca0 =—:0.14 .
~ Zr ° °
[=] .
2 T
4} ca40 . 5 . ’
2 ° 3
_TEOPUPDXP000a0, 2 ,..,p". < .g-h"""‘
250 300 350 400
CHANNEL

Figure la. Rutherford backscattering spectra of a
pure zirconia film (e) and a _CaO doped zirconia film
(o) (each having about 1500 A thick).
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Figure 1lb. Rutherford backscattering spectra of gun
evaporation Ca0 doped zirconia films (about 1000
thick).

The ion implantation technique is an interesting tool largely used in
microelectronics technology. Its use for medifying the composition of
thin films of electrolytes has been tempted in our laboratory. Prelimina-
ry experiments have been done on Ca0O-ZrO, films obtained by implantation
of Ca in a thin thermal oxide of Zr and by direct implantation in 2r
followed by thermal oxidation in air at 600°C. It appeared that uniform
Ca distribution may be achieved by using the first technique ; the second
one seems to induce CaO precipitates.

The electrical conductivity of thin films can be easily measured by
a.c. . techniques down to very low temperatures (™~ 150°C). Note that the
time constant of dielectric relaxation T decreases linearly with the -3
electrolyte thickness (for 1000 & thick Ca0 doped 2rOp, T is in the 10 “s
range at 350°C). Fig. 2 shows' the total electrical conductivity of 2rOp-
Ca0 films of various compositions between 11% and 19% ; all these layers
were obtained by RF sputtering, the composition of the layer depending
directly on that of the cathode used (for details, see (6) ). One may
deduce form Fig. 2 that, for thin films, the activation erergy of the
conduction is not very dependent on composition in the range studied ;
this result seems to be in contradiction with that found on bulk material.
The resuits obtained for 11% composition coincide with those of bulk
materials ; prelimnary results obtained on implanted layers seem to
indicate that activation energy of conduction near that of sputtered
films may be obtained, whereas lower values of preexponential factor may
be attributed to the existence of defects due to implantation technique.
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Figure 2. Arrhesius plot of conductivity-temperature
product (Q.ﬁm)_1(°K) measured on Ca0-ZrQOj deposits of
about 1500 A thick.

(®) 11.5 + 0.5 atomic %
(®) 15.5 % 0.5 atomic %
(A) 19 £ 0.5 atomic %

The explored temperature (150°C - 450°C) with the thin film demonstrates
the usability of such films at relatively low temperatures, the low
conductivity being compensated by the thinness of the layer ; in fact
1000 & thick CaO doped ZrO, has a specific resistance of 12 Q.cm? at
350°C ; the'same value on 1 cm thick electrolyte is obtained at about
1000°C, )

Thin solid films as electrodes

Kinetics of the whole electrochemical reaction taking place in
solid galvanic cells based on oxygen conducting electrolytes is limited
in practice {in known systems) by electrode reactions. For example, the
resistance of PL/CS7 interface (8) is equal to 105 Q.em? at 800°C
(PR3 = 1 atm) i.e. many orders of magnitude higher than electrolyte
resistance of 1000 A thick electrolyte. Many other electrode macterials
have been examined. The doped SnO;, PrCoO3 and Ag were found to be the
most satisfactory. Ag is very attractive because of its high diffusion
coefficient for oxygen ; its rapid evaporation is a serious problem in
thick classical electrolyte cells which need high temperature conditions.

It is well established (8) that the catalytic activity of the
electrodes depends strongly on their Lechnigues of preparation, taxtura
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(porosity) and surface state of the electrolyte. The influence of all
these parameters on electrodes properties can be easily studied on layers
obtained by vacuum deposition techniques. Some preliminary results evinced
the relationship between the Pt electrode porosity and its catalytic acti-
vity (7). Such catalytic activity is gtrongly related to the surface disor-
der. 1SS technique is now in. progress in our laboratory to study this
effect by monitoring the oxygen adsorption-desorption equilibrium on Pt
as a function of temperature and pOy. First results seem to indicate that
ion bombardment of the Pt deposits increase its adsorption capacity.
Following our results and literature data, one can conclude that the
oxygen catalytic activity of electrodes is at present time the limiting
factor governing the use of thin film fuel cells.

Technological aspects of thin oxide fuel cell preparation

wWhen thin films are concerned, baking problems are of great importance
and have to be taken into account, wholly self supported thin films seem
to be of no practical use. The substrate has to provide electronic current,
gas and eventually permit the elimination of reactive products. When
using the 1/2 Oy + Hy ~+ Ho0 reaction with an 0-2 thin film conductor, it
is better to provide the oxygen via the substrate and create water in
the external medium. Maskalick developped a porous substrate made by
sintering y,03 powders and Zr in order to provide électronic conducti-
vity and hydrogen permeability supply ; some difficulties may arise such
as adhesion and continuity of the deposited film ; a compromise has to
be found between porosity of the substrate and thickness of the layer.
On dense substrates (metals : C, Al, Fe, Ni, Cu, Zr, Mo, Pd, Ag, Ta, W,
Pt, Au ; semlconductors or insulators such as Si0O, and A1203) we have
found that 1000 A thick layers deposited by RF sputtering . are dense,
pore free and adhesive with no crack formation at temperatures as high
as 600°C. The density of defects in such layers is essentially dependent
on surface cleanliness and substrate handling prior to film deposition.
On porous nickel (with a developped surface 20 times higher than geome-
trical surface), thicker deposits (up to 3000 A) are needed to provide
continuous films. .
The 1/2 O + H, + Hy0 reaction used with an H thin film conductor if
it was available, would surely limit the substrate problems. Dense
“electronic conductors saturated with hydrogen, such as FeTiHy could
probably be easily used. Known pure H* conductors are bad conductors ;
the use of a thin film technology, .by limiting the series resistance of
the electrolytic layer, might be in this case a particularly interesting
approach.

In order to provide higher voltages, a series interconnections of
a multi cell assembly has been described in the past (9). The proposed
structure which was™Based upon the use of rather thick electrolytic
films ( V30 y) is completeT?\compatible to thinner electrolytes.
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DISCUSSION

The consequence of the general thin film technology concept applied
to fuel cell fabrication is the possible decrease by several orders of
magnitude of the specific resistance of the electrolyte. This fact may
be exploited in two different ways : first, the use of good electrolytes
at lower temperatures than classically, and second the possibility of
using poor ionic conductors having no practical interest as bulk material.
Two important cases can be distinguished, depending of the material used
as electrolyte, which may be an 0-2 conductor or an HY conductor, the
technological problems associated with each type are very different. In
the first case, two difficulties may arise : to find substrates having
a high gas permeability and eventually, to find electrodes working at
low temperatures. in the second case (the use of HY electrolytes) the
electrode problems may be less crucial. In fact, electrodes such-as
platinum ar Ni seem t© have much léwer resiscance to the Iy ionipation
than the O, one (if one extrapolates the data obtained in ligud
systems) . The second advantage is the possibility of using substrates
such as metallic hyhrides which could be used as hydrogen storage
systems or permeable membranes connected with Hyp containers.
very little work has been published on anaydrous H* cunduclors. The
possibility of H* 3-alumina preparation, pointed out by Kummer (10) and
Bettman (11), has been reconsidered recently by Farrington (12). The
conduction mechanism in this material is not clear, but the electrical
carrier seems to be H3O+. The use of new techniques such as ion implan-
tation in thin films has been considered in our laboratory as a
possible tool for preparing, in anhydrous conditions, new protonic
conductors.
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TRANSPORT CONSIDERATIONS IN OXYGEN ELECTRODES
OF THE TRIPHASE BOUNDARY TYPE FOR ZIRCONIA CELLS

E. Bergmann and H. Tannenberger ()

Battelle Memorial Institute, Geneva Research Centre
1227 Carouge-Geneva (Switzerland)

In pringiple three types of gas electrodes can be built on solid electro=~
Lyteg (=) )

- electronic conductors with high gas diffusion capacity,

- triphase boundary structures : gas / metal / solid electrolyte,

- intercalation compounds with simultaneous high electronic and ionic
conductivity.

Cathodes used in high temperature zirconia solid electrolyte fuel cells
are usually made from porous layers of silver, platinum or indium oxide
and combine, to & different degr?e features of the first two types. In
the case of silver, it is known 3’ that oxygen sorption takes place at
the triphase boundary as well as on the metal surface., Oxygen ions are
injected into the solid electrolyte at the metal/solid electrolyte inter-
face and at the triphase boundary. With platinum contacts, electronic
conduction in the solid electrolyte seems to be the rate limiting pro-
cess .

Since true intercalation compounds with sufficient electronic conducti-
vity are not yet available for zirconia cells, the development of a spe-
cial type of contact has been pursued and ¢ould be called & pseudotri-
phase boundary. An oxide layer with good ionie¢ conductivity und appre-
ciahle electronic conductivity is intercalated between a metal or indium
oxide structure and the solid electrolyte. Materials used:are ceria {2
or doped zirconia ) (T), Tnese intercalation layers are’ supposed to
considerably decrease the polarization losses per unit triphase bounda-
ry. When combined with a well elaborated porous superstrate, these ca-
thodes permit current densities of several hundred milliamperes without
significant polarization losses,

To verify the envisaged mechanism of a pseudotriphase boundary contact

we have compared the experimental and calculated current density /
polarization relations of an idealized structure.
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The experiment was made on a line contact as shown in the first two figures.

CURRENT COLLECTOR

T\\\\\\\ Al 03 Pt THREEPHASE BOUNDARY
/ /
/ S
\ N /
- s A F ~10u
| N ‘FJQ N\ A u4qu
N/ / ~5u

“f& ~

\Hi L] S‘WJ NI

\(Zr0z)o.9( Y2 03)0
COUNTERELECTRODE

Figure 1. Cross-section through element with linear
threephase boundary electrode (schematic).

Figure 2. View of the linear threephase boundary
from above (without current collector).
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The alumina layer ensures complete oxygen impermeability. The intercala-
tion layer has a slightly higher total conductivity than the electrolyte.
At 800°C transport numbers for ions and electrons are approximately 1/2.
The electronic transport shows a higher activation energy. These elements
were placed in an air furnace and stationary characteristics measured
between T00°C and 900°C. They are shown in Fig. 3.

u/v
CATHODE COMPRISING INTERCALATED
LAYER
SIMPLE CATHODE
e = & s | T
700°c /8o0°C 00°C/ 700 °¢ 800°C
05
/// ,/’/ il
<" s00"C
1 1
50 100 j/mAcm-!

Figure 3. The counterelectrode used has very low
polarization under anodic load, comparable to the
ohmic conductivity of the electrolyte.

For the model calculations we made two assumptions:

« the oxygen sorption at the solid electrolyte

surface shows a linear response,

+ the metal / solid electrolyte interface has
negligible electronic polarizability.

The first of these two assumptions implies that ye
do not assume that oxygen sorption requires an
activation energy (8). We then remain with a mixed
diffusion/migration preblem for holes between the
surface and the metal contact described by the
following set of equations for the variables:

The first of these two assumptions implies tha
oxygen sorption requires an activation energy

we do not assume that
. We then remain with

a mixed diffusion/migration problem for holes between the surface and
the metal contact described by the following set of equations for the

variables :
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J (0°) : current carried by oxygen ions
$ : electrostatic potential
e : electron chemical potential
J (8) : hole current
divJ (0°7) = aivs (8) = 0 : Y]
J(0%) = %g—z—l grad % : (2)
J (8) = o (8) { %-g;ad M~ grad ¢ } (3)

vith the boundary conditions :

He = = FV at the metal/solid electrolyte interface
K

J .= )

M at the electrolyte / air interface

]

K : oxygen sorption rate.

The current density which is a linear function of the distance from the
line contact has been calculated for different values of hole conducti-
vity and sorption rate taking into account the dependence of the conduc-
tivity on the oxygen activity. The results show good qualitative agree-
ment with the experiments,
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AN AC TECHNIQUE FOR CHARACTERIZING SOLID OXIDE FUEL CELLS+

H. S. Isaacs, L. J. Olmer
Brookhaven National Laboratory
Upton, N. Y, 11973

High temperature solid 2r0;,-Y503 electrolyte fuel cells
offer a high efficiency route for the conversion of coal to
electricity(l). The optimization of the electrochemical cells
depends on minimizing voltage losses due to the resistance of
the cell components and the characteristics of the interfaces.
The voltage losses at the electrodes, for example, will depend
on the rate-controlling steps in the reaction seguence and a
knowledge of these mechanisms will indicate where improvements
in design or manufacture of the cell can be made. A wide
range of techniques are available for the study of the electri-

.cal and electrochemical characteristics of the fuel cells.

The technique employed in this work incorporated a square
current wave which was passed across the system being studied
and observing and interpreting the voltage response(2,3).

There are advantages in using a square current wave. The
method is rapid, it allows separation of any series resistance,
and it essentially incorporates a wide range of:frequencies.
There are various methods for analyzing the ‘voltage response.
An interpretation, in terms of an electrical analogue,

was chosen as it was simple and rapid., The voltage response
was approximated by a capacitance and resistance, Cp and Rp,
in parallel, and a series resistance, R;. The Rg values were
not, however, true resistive responses gut rather the resistive
contribution of one or more short time constants. The largest
time constant of the voltage response at a given square wave
frequency was measured, being equal to the product of Cp and

Rp (which was usually 1000 Hz). Detailsiof the apparatus

have been discussed elsewhere (2,3).

There were three types of 2r03-Y203 oxides studied. The
thinest oxide was about 30u thick and was grown by an electro-
chemical vapor-depositor technique(4). This electrolyte is
planned for use in solid oxide fuel cells(5) being developed
by Westinghouse. The .other oxides were prepargd via green-
sheet* and.slip-cast** routes. The slip-cast oxide contained
8 m/o Ya03, the othor oxides about 12 m/6 ¥Yy03. Electrochemical
cells were constructed from these oxides with platinum

*This work was performed under the auspices of the U.S.
Energy Research and Development Administration,
*Obtained from T. B. Reed, MIT.

**Obtained from Zircoa Corp.
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electrodes and studied in air.’ Leads were attached to the
oxide with a Pt powder paste and the electrodes painted around
them. Platinum pastes and Pt-organic solutions were used for
the electrodes. Electrodes were applied on each side of the
electrolyte adjacent to similar electrodes on the opposite
side of the oxide. Two, three and four electrode configura-
tions were used. Two electrode measurements included two
opposite electrodes and the electrolyte between them. Three
electrode measurements were used to study the interfacial
characteristics of a single electrode/electrolyte contact,
The. four electrode measurements, on the other hand, eliminated
any electrode contributions to the observed electrolyte
resistances. .

When the vapor-grown oxide was studied, the electrodes
dominated the overall characteristics of a two electrode cell.
When the impedance of a cell with annéaled eleclirodes was
measured, the Rg and Rp values varied rapidly with temperature
as shown by the largesg values in Figure 1. Electrodes were
annealed hy heating at 1000°C ur higher for over an hour. The
curves as plotted in Figure 1 were not linear, indicating more
than one process dominated the temperature dependence; the
temperature dependence approximated an activation energy of
25 to 30 Kcal/g mole. This temperature dependence was also
observed for the resistance at higher frequencies of
50,000 Hz as .shown by the broken line in Figure 1.

The magnitude of the impedances of the two electrode
cell was markedly reduced when the electrodes were recoated
with the Pt-organic paint. The curves shown for Rg' and Rp',
in Figure 1, were obtained during the first heating after re~
coating. Holding or annealing the cell at 1000°C for one hour
increased the resistances®which on cooling were the same as
those observed prior to recoating the electrodes. These marked
changes in resistances were the result of changes in the
electrode characteristics alone and as recoating the electrodes
would not influence the electrolyte behavior.

The resistance of the electrolyte expected in the two
electrode cell configuration with the vapor-grown oxide was
calculated from four electrode measurements of the electrolyte
resistivity. The calculated resistance Rcale) Was markedly
lower than the observed resistances although the highly active
nonannealed recoated electrode cell did approach the calculated
electrolyte resistance, at the lower temperatures as shown in
Figure 1. 1In addition, the electrolyte resistivity showed a
single activation energy of 20+l Kcal/g mole. This analysis
and the results clearly demonstrated that with this electrolyte,
the impedance of the electrodes dominate the cell and the
contribution of the electrolyte was negligible. Four electrode
a~c resistance measurements on the vapor-grown and slip-cast
oxides showed no discernible time dependence, whereas the
green-sheet oxide did. This indicated a probable grain boundary
impurity for this oxide(6,7).
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Figure 1. The dependence of resistance on temperature
for the vapor-grown Zr02-12 m/o Y203 oxide cell with
two electrodes

Ue RS’ Rp measured at 1000 Hz on annealed electrodes
RS measured at 1000 Hz on Pt-organic recoated
electrodes during heating

--- Total resistance measured at 50k Hz
Rea1e resistance cals:ulated from measured electro-
lyte resistivity.

The influence of d-c potentials on a single electrode was
studied using a three electrode cell where the third electrode
acted as a reference and carried no current. :

The variation of the analogue Rg, Rp, and Cp components
of the interface are shown in Flgure 2 for the vapor-grown
oxide. The capacitance of an interface may be related to its
electrical double layer, space changes or the electrochemical
reactions taking place. If the capacitance was a function of
the electrical double layer or space change, it would be
expected that the measured resistance would be independent of
the capacitance(8). This is not the case in Figure 2, as they
were inversely related. At positive potentials, the capacitance
was high (up to 500 uF/cm at 0.5 volts) and the parallel
resistance is low. At negative potentials, the reverse was
true and a minimum in capacitance was also reflected by a
maximum in resistance. )

The d-c current was also not symmetrical about the zero
potential. At positive potentials, the anodic currents were



higher than the cathodic currents at negative potentials.

This reflects a higher resistance or impedance at negative
potentials than at positive potentials, as was observed from
impedance measurements. These curves were interpreted in terms
of a resistance or differential resistance, Rpc, as can be seen
from Figure 2. The differential resistance was obtained by
graphical differentiation of the dc current/voltage curve and
is plotted in Figure 2. All the resistance Rpc, Rp and Ry were
higher at negative potentials and had a maximum at negative
potentials. These similarities indicate that both the a-c

and d-c behavior of the electrode are determined by the same
factors. '

looo;-'//f :Rs \ o

&" -~

€ %

< ® T
< b 2 €
E w EVD Zr02-Y203 o
1001000 3 AIR 1000°C £
O F = 10312 10 &
(723 - Q
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3 F [oX]
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Figure 2. The potential dependence of (a) the anodic
In end cathodic I currente; (b) the a=c capacitance
Cp, resistance and series resistance Ry measured
at 1000 Hz; (c) the differéntial resistance Rpc. The
results werce for a single electrode on vapor-grown
oxlde at 1000°C.

The polarization current for the electrode is shown again
in Figure 3, plotted on a linear axis, It is interesting to
note that both the anodic and cathodic curves are approximately
linear but have distinctly different slopes. If the electrolyte
resistance had controlled the polarization characteristics the
anodic and cathodic curves would be linear and have the same
slope. The slopes were determined by the potential dependence
of the reaction kinetics at the electrodes.
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Figure 3. The variation of the anodic and cathodic
currents plotted from Figure 2 as a linear function
of potential.

The electrode kinetic characteristics are significantly
different from those observed in aqueous systems(3). The
approximately linear current behavior over a range of potential
of 800 mV as observed cathodically is not observed in aqueous
electrochemistry even taking into account the influence of
increasing the absolute temperature from 300 to 1270°K. At
the reversible potential of the solid oxide electrodes in air,
the electrode kinetics may be controlled by the heterogeneous
reaction kinetics or concentration polarization. Concentration
polarization would control the reaction rates when the reaction
kinetics were rapid. Under these conditions, the capacitance
should show a distinct maximum and the parallel resistance a
minimum at the reversible potential (i.e., the Warburg
impedance) (8) . This was not observed which indicates that
reaction kinetics and not concentration polarization determined
the reaction rates. In aqueous systems, reaction kinetics
control is referred to as activation polarization. Activation
polarization is essentially the same as a high field conduction
process and the current increases logarithmically with potential.
This current was also not observed with the solid oxide and
attempts to increase the currents above 60 mA/cm“ with the vapor-
grown oxide was unsuccessful because of heating effects. The
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heating was a consequence of the methods used in this investiga-
tion and would not occur at these low current densities in a
fuel cell system. In the fuel cell system, the mass of the cell
is large and the heat transfer will be high. In these experi-
ments, the mass of the film was low and the heat transfer
coefficient to the air was low. The cell heated to extremely
high temperatures and, as shown in Figure 4, both the platinum
and the oxide melted.

Figure 4. Part of a vapor-grown oxide cell after
passing high polarization currents. The rounded
edges of the oxide and beads of platinum indicate
melting had occurred.

These measurements have led to the following conclusions:

1. The electrolyte resistance in fuel cells will be
negligible in comparison to the effective resistances of the
electrodes. The electrolyte composition can therefore be
changed to maximize the electrochemical reaction rates even
though the oxide resistivity would be lower. For example, the
Y503 concentration could be increased to increase the oxygen
vacancy concentration which may increase the rate of oxygen
reduction.

2. The resistance, as shown by recoating the electrodes,
can be decreased by over an order of magnitude and the polariza-
tion currents would be expected to increase markedly. However,
the improved electrodes in this investigation were unstable
and lost their activity at higher temperatures.
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3. The mechanisms of electrode reactions on oxide
electrolytes at present appear to be significantly more complex
than those in aqueous electrolytes. These effects are possibly
a result of the electronic conduction in the oxide which even
though <1%, could markedly change potential distributions at
the electrolyte/electrode interfaces.

4. The a-c techniques employed encompass a wide range
of variables relevant to solid oxide electrochemical cells
and could be applied to monitoring cells, quality control,
and understanding the reaction mechanisms which could lead to
improvements in fuel cell performance.
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ELECTROCATALYSIS OF COAL GAS COMPOUNDS
ON SOLID OXIDE ELECTROLYTES

David M. Mason and C. John Wen
Department of Chemical Engineering
Stanford University
Stanford, CA 94305

Abstract

It is generally accepted that the nature of the metal electrode is
very critical in determining the rate of electrochemical reactions in
cells employing solid oxides as electrolytes. On the other hand, the
role of the oxide electrolyte in catalyzing cathodic electrochemical reac-
tions involving gases containing oxygen has not been given much attention.
In the investigation of NO decomposition on scandia or calcia stabilized
zirconia by electrolytic removal of oxygen, there is a remarkable enhance~
ment of reactivity by several orders of magnitude on the zirconia electro-
lyte surface itself over that on platinum or gold. The purpose of this
paper is to discuss some aspects of the electrocatalytic nature of the
solid electrolyte electrodes including enhancement of the rate of the
oxygen cathodic reaction by presence of protons on the electrolyte sur-
face. Also, data on the anodic electrocatalysis Hp and CO are discussed.

Eggerimental

The experimental set-up is schematically shown in Figure 1. The
essential part of the cell comprised an 8 mole% scandia stabilized
zirconia disc pressed. between two alumina tubes with two gold rings as
seals which also served as current collectors. Gold wires 0.3 mm in
diameter were welded on the gold seals by a spot-welder to provide the
electrical leads. Generally, the gas samples were passed through a water
saturator or a liquid nitrogen cold trap depending upon the purpose of
experiment. Purified He gas was maintained in the chamber of the furnace.
All electrical measurements were made on a Fluke 8200A digital voltmeter
with an input impcdancc of 1014 onm.

The experimental observations consisted of measuring the currentpo-
tential characteristics. The cell overpotential, N, at given current, 1
was calculated from the .following relationship of:

E=F, + TR _*n 1)

where E is the measured cell potential, E_ is the open circuit potential

and Ry, is the cell internal resistance obtained by A.C. method at 1lkHz.

The positive and negative signs in Equation (1) represent the situations

for self-generating (fuel cells) and driven cells, respectively. Temper-
ature was measured with a chromel-alumel thermocouple.
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Results and Discussions

Oxygen Reduction at the Cathode

Until recently metal electrodes were thought to play the predominant
role in catalyzing the reduction of gaseous oxygen compounds in solid-
oxide electrolyte systems. However, Fabry and Kleitz (1) have noted that
the catalytic activity of these electrode-electrolyte systems can be
accounted for by both the metal electrode and electrolyte. Also in some
recent work of Pancharatnam et al. [2], it was observed that the rate of
NO decomposition electrochemically on stabilized zirconia with platinum
as the electrode was several orders of magnitude greater on the zirconia
electrolyte than on the platinum electrode. It was hypothesized that
F-centers on the surface of the zirconia created by the presence of the
electric potential were active sites for the NO decomposition, though
this hypothesis has to be further carefully tested. Also the electro-
chemical system gave decomposition rates at BOOYC L0O® times that observed
by Amirnazmi et al. [3} on zirconia in the absence of an electric field.

Figure 2 shows the influence of water vapor on the cathodic reduc-
tion of oxygen on a porous Au electrode. As it can be seen the total cur-
rent at a given overpotential N is substantially increased by adding a
small amount (3% by volume) of water vapor to the oxygen-feed stream at
the cathode. The same behavior has been reported in the study by Yuan
et al. [4] of oxygen pumps using stabilized zirconia. Similarly, the
electrode resistance of an electrochemical cell using calcia-stabilized
zirconia with porous Pt paste electrodes has been observed by Yanagida
et al. {5], to increase significantly in the absence of water vapor. 1In
fact, this catalytic effect of water vapor on the current overpotential
characteristics has been observed not only in the reduction of oxygen in
Pt but also in the decomposition of CO, as demonstrated by Weisbart et al.
(6). For those runs in which the feed gas (CO + CO,) is mixed with a
small amount of water vapor, the cathode current efficiency was much
higher than for runs using dry gaseous mixture.

In order to interpret this behavior, it is important to examine the
overall cathodic reduction of oxygen via the following defect reaction

0,(g) "+ 2V, (2r0,) + 4e' (Au) + 20, (2r0,) 2

where Q: denotes the doubly ionized oxygen-ion vacancies and O: repre-
sents the oxygen ions occupying the normal.sites. It is clear that the
three-phase contact zone where electrode, electrolyte and gas are in
mutual contact is the most reasonable location for the prepondernace of
electrochemical active sites. In fact, the necessity of maintaining as
much three-phase contact as possible has been shown by Karapachev [7].
Furthermore, it has been emphasized that the charge transfer overpotential
for cathodic-oxygen reduction is not negligible by Casselton [8). As a
consequence, the rate of formation of oxygen ions depends upon the elec-
tron transfer steps and the cathodic overpotential arising partially as a
result of the irreversibilities of electrochemical reactions.

In the presence of the water vapor, the oxygen ions, however, can be
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produced directly according to the reaction
H,0 (2 Z o :
2 (g) + v, ( r0,) « Oo(ZrOZ) + 2Hi(Zr02) (3)

As a matter of fact, Wagner [9] has reported that the solubility of hydro-
gen in the 2r0; + Y303 solid solution as interstitial protons is propor-
tional to square root of the partial pressure of the ambient water vapor
as expressed by the equation:

/2 (4)

° 0 x_ .1
n) = (KSPHZO v 1/0 1
The mole fraction of Hj was estimated to about 2x10™4 at 1000°C and 1 atm
H,0. The teTperature dependence was small. Moreover, the diffusion coef-
fictent of H; is of the order of 10~6 cm2/sec at 900-1000°C. This value
is at least two orders of magnitude higher than that of oxygen ions by a
vacancy fiechanism by Kingery et al. [10j. Therefore, the catalytic effect
of water vapor on oxygen reduction can be attributed to its solubility in
the oxide electrolyte.

Effect of Anode Reactions on Cell Total Overpotential

It has been suggested by Weisbart et al. [11] that the anode reac-
tions can occur in one of two ways, either (i) the oxygen ion (0%) forming
oxygen (1/2 0Oj) at the electrode surface and the latter then reacting with
the fuel or (ii) the oxygen ion (Of) directly with the fuel at the
electrode-electrolyte intexface.

The experimental results of current versus overpotential shown in
Figure 3 were obtained by passing various gases through the anode compart-
ment. Although the datum points denoted by different symbols are quite
scattered, they (except for H, at the anode) generally fall into a single
curve, thus suggesting that for these species the behavior of the pro-
cesses occurring at the cathode determines the current versus overpoten-
tial curves, oxygen being released without reaction at the anode except
for Hpy--the overpotential at a given current for H; being considerably
less than those for other gases. It is interesting to note that unlike
Hy, CO is not appreciably reactive at the anode.

The electrode reaction involving hydrogen may take a completely dif-
ferent route than that suggested above, possibly that suggested by
Wagner [9]:

o .

uz(g) T zer(pry + Hi(ZJ.Oz) (5)

2H, (Zr0_) + Or(2r0.) % H.0(g) + V. (2r0.) T
; (8x0, °(r2 Hz(g) ..(r2

In Figure 4 can be seen the excellent reproducibility of current
versus overpotential at 707°C. It is interesting to note that there is
no significant difference in overpotential characteristic between a fuel
cell and a driven cell. This behavior leads to the conclusion that the
electrode potential appears not to affect the overall anodic oxidation of
hydrogen appreciably. A more detailed study of the solid electrolyte
systems may be found in the work of Wen [12].
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Conclusion

Based on the preceding discussion, it is tentatively concluded that
the solid-oxide electrolyte cell acts as an oxygen concentration cell and
the presence of point defects.such as interstitial protons on the oxide
surface enhances the rate of reduction of 0, at the cathode and may be
responsible for catalyzing the oxidation of H, at the anode. 1In order to
obtain a much better understanding of the electrode processes involving
interstitial protons and F-centers, it is necessary to obtain more exten-
sive results by performing experiments using different electrode metals
than just gold and platinum and vary the metal-oxide surface morphology.
Also different solid-oxide electrolytes besides the zirconia family
(e.g.,.ceria, gadolinia, etc.) are being studied with a focus on cathodic
decomposition of NO and ancodic oxidation of coal gas compounds such as Hj,
CO, CH4 and their derivatives such as CH30H.
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CATHODIC AND ANODIC POLARIZATION PHENOMENA
AT PLATINUM ELECTRODES WITH DOPED CERIA AS
THE ELECTROLYTE

Da-Yu Wang and A.S. Nowick
Henry Krumb' School of Mines
Columbia University
New York, New York 10027

Our understanding of electrode processes which give
rise to polarization is very limited due to the conflicting
results of past studies (1), most of which have been carried
out using Pt electrodes and stabilized zirconia as the
electrolyte. 1In the present study, the current interruption
method, is selected. This method is advantageous because
(a) it allows separate study of the anodic and cathodic
.polarization effects, and (b) it can effectively separate
the ohmic polarization (IR drop) from the other effects.
Porous platinum electrodes are selected because these haye
been so .widely studied, while doped ceria is chosen for the
electrolyte because of its promise for fuel cells (2,3).

All of the samples are calcia doped ceria with CaO con-
tent from 6 to 1l5:molée.t. The mechanically mixed powders with
the right conposition are first calcined at 1000°C, then
ground and pressed into pellets and sintered at 1600°C for
24 hours. Before applying electrodes, all of the samples
are polished with 6p and lup diamond paste for several hours.

The electrodes are applied by firing platinum paste
(Englehard #6082) at 800°C in open air. Semi-circular
electrodes are put on both sides of the sample. as cathode
and anode. The reference is on-one side of the sample
separated by at least 0.5 cm from the nearest electrode; its
area is kept as small as possible.

A schematic diagram of the current interruption method
is given in Fig. 1. The anodic or cathodic overpotentials,
n., (relative to the reference electrode) are measured with a
storage type oscilloscope which records the residual voltage
after switching off the applied current. The voltage drop
which occurs immediately upon switching is attributed to the
ohmic polarization. In general, the IR drop from anode to
cathode or from either electrode to the reference shows a
linear relation with the applied current. The resistance
thus obtained (after correction for the electrode resistances
which had been measured directly by using a platinum foil to
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replace the sample) agrees well with the value of electro-
lyte resistance whic¢h is obtained from independent 4-probe
dc conductivity measurement. Therefore the residual voltage
is believed to come purely from anodic or cathodic over-
potentials.

Thus far we have studied several calcia doped samples
with the compositions. of 6%, 8%, 10% and 15% CaO, over the
temperature range from 600°C to 200°C, and with the partial
pressure of oxygen from 1l atm to 10-5 atm (obtained with
argon-oxygen gas mixtures).

For the anodic polarization, we have found that when
the overpotentials n, dre small {ng << kT/e) the relation
between na and the applied current I is linear. At higher
overpntentials,. the linear relation is no longer obtained.
For large overpotentlals (ng >> kT/e), the characteristic
Tafel behavior is observed (i.e. linear plot of logarithm of
applied current I, vs. na) with a slope equal to e/2,3 kT,
The entire curve can be fitted well with the Butler-vVolmer
equation (4)

enfng (en(l—B) Na )

I = I, |exp(- T ) - exp *T

with n = 2 and B = 0.5. Here Ip is the "exchange current".
This equation gives a linear I-ny relation at low ng and
Tafel behavior at high ng. Figure 2 shows some typical
examples of the fit of the above: equation to the data for
anode polarization. In this way, we have been able to
obtain the dependence of Ig5 on temperature and oxygen
partial pressure. In several cases, however, it was found
that by using the values of Ip obtained from small over-
potentials we could not fit the data tor tne range uf larye
overpotentials unless the values of B were increased from
0.5. In these cases, it was also found that there was a
step-wise change in the curve of IR drop vs. applied current.
This irregularity is believed to be due to changes in the
effective electrode area, often due to the deterioration of
the electrode surtface caused by a heavy current.

The Butlcr-Volmer equation with n.= 2, 8 = 0.5, implies
that at this electrode, the rate limiting process is the
exchange charge process, which can be represented by

00 I 0+ 2

The plot of cathodic overpotential ny vs. logarithm of
applied current I at pure oxygen or dry air atmosphere, also
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can be fitted with the Butler-Volmer equation with g =0.5,
n = 2. It is thus also consistent with the idea of an
exchange charge process. When the partial pressure of
oxygen is decreased further, however, the data deviate from
the Tafel plot and, depending on the partial pressure, a
limiting current is reached at different cathodic over-
potential ranges. Using the idea that the transport of
oxygen from the gas atmosphere through the cathode is slow,
and combining the diffusion and exchange charge processes,
the equation

neBng ne (1-B)ng
exp ( ®T ) eXP(—TT—)
I =
-1 2,-1 nefng
IO + (Ic) EXP(" T)

L

o is the cathodiec limiting current.

is derived (5), where I

By choosing an appropriate value of Ig, it was found
that the data could be fitted to this equation, again with
n=2and B8 = 0.5. In this way zhe temperature and oxygen
partial pressure dependence of I& could be obtained. When
the cathodic overpotential was increased beyond the limiting
current range, it was found that the current rises again.
This effect is illustrated in Fig. 3, which shows typical
cathodic overpotential curves. This last region gives.a
slope of 2.3 kT/e in the plot of n, vs. log I. At the same
time, the electrolyte resistance, obtained from the ‘plot of
the IR drop vs. I, decreases as the current increases. This
suggests the onset of electronic conduction through reduc-
tion of the electrolyte. Furthermore, we found that the
range of cathodic overpotential at which the current starts
to turn up depends strikihgly on the thickness of the
electrolyte, in support of this hypothesis (6). Finally,
the electronic transference number deduced from the plot of
ncg vs. log I falls into the same range of values as obtained
from independent sources (3,7). See Fig. 4.

In conclusion, we have found that, in contrast to the
confusion in the literature pertaining to previous polariza-
tion studies (mainly on stabilized zirconias), the present
work using doped ceria and the current interruption method
shows that the polarization phenomena can be interpreted in
a relatively simple and straightforward way. In particular,
the preaent data provide perhaps the clearest demonstration
to date of the charge transfer process both in the anodic
polarization and in the cathodic case for high PO,
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COMPLEX IMPEDANCE MEASUREMENTS OF Y3+ DOPED CeO,

K. F. Young and A. D. Franklin
National Bureau of Standards
Washington, D. C. 20234

We are developing electrical measuring techniques to determine the
long-term stability of oxygen-transporting solid electrolyte-electrode
systems at high temperatures. This should make it possible to elucidate
the mechanism producing whatever degradation occurs in bulk transport
properties and in electrode-electrolyte interfaces. The complex impedance
can be used, as shown by Bauerle [1], to obtain information about the
intrinsic conductivity of the electrolyte, the influence of impurities on
the grain boundaries and the rate of electron ion transfer at the elec-
trodes. We are using a network analyzer system to make these kinds of
measurements on Y3% doped Ce0,.

Using a network analyzer system provides an_extended frequency ‘range
and rapid measurement as compared to the time honored technique of using
an a.c. impedance bridge. A network analyzer sacrifices some resolution
in the mid range of frequencies (1 kHz to 20 kHz), however, the extension
of the lTow frequency 1imit to 10 Hz and the high frequency 1imit to 13 MHz
plus its faster operation make it far more useful in sorting out multiple
relaxation processes and other related phenomena. We presently operate a
network analyzer system in a semiautomatic mode and-data collection is
about 5 to 10 times faster than using an a.c. bridge. We have developed
computer programs using least squares fittinq techniques for our data
analysis.

When a network analyzer is operated in an insertion loss mode, as we
use it, then its operation bears some resemblance to an a.c. bridge
measurement technique. Fig. (1) shows schematically the circuit we use to
measure an unknown complex impedance Z*. It was drawn in such a way as to
show its resemblance to an a.c. bridge. The most fundamental difference
is that a bridge is adjusted to a null output for each desired frequency
and a network analyzer just compares V,* with VB* and gives the result
directly. From the circuit shown in Feg (1) Z*"can be written as:

vx o
7% =0 |-A-

VB*

where V,* and V,* are complex voltages. Since the voltages vary sinusoid-
ally then they Ean be expressed as:
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Figure 1. Schematic diagram of measuring circuit
for a network analyzer.

Jjut

<<
*
1

A" = Vpe
Vo* =y ej(wt-tb)

B
where o = frequency, t = time and ¢ = phase shﬁft between VA* and VB*.
The unknown Z* then becomes

V. .
v = 100 VA L
B

The output of the network analyzer operating over a frequency range
of 10 Hz to 13 MHz is the voltage ratio V /VB and the phase shift ¢. Ffor
our purposes, V /VB can be considered as @he amount of attenuation by the
unknown loss wh4ch has been inserted, and ¢ is the amount of capacitive
phase shift introduced by the unknown.
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Impedance measurements have been made for several sputtered Pt elec-
troded specimens of yttria doped ceria up to 800°C in both 0, and N,
atmospheres. Figure 2 illustrates reasonably typical data, the main
features of which can be summarized as follows:

High Temperature-Low Frequency

At high temperature and low frequency a well-defined relaxation
-occurs, visible on the right side of the plots in Fig. 2. This relaxation
is rather sensitive to the atmosphere, and is at least tentatively ascribed
to reactions at the electrodes. Our high temperature low frequency data
appears to require two parallel conducting paths. On the right hand side
of Fig. 3 is presented an equivalent circuit capab]e of representing the
data, in which R, represents a s1mp1e charge carrier exchange with an
infinite reservoqr such as oxygen ions with the atmosphere or electrons
with the Fermi sea of the Pt electrodes. -W- is a Warburg impedance,
representing perhaps the diffusion of reaction products into and out of a
reservoir, as for instance atomic or molecular oxygen.in Pt.

The Warburg impedance can be written
Zv"; = cx('l-.]')w_;E

where ¢ is an intensity constant, ='J , and w is the circular frequency.
The impedance at low frequencies o the equivalent circuit shown in Fig. 3
is given by: -
R
Z*. = d

1 (Jur,)"

= 1/2 (Rd\?
g

This equation is of the form given by Cole and Cole (2) and describes
a semi-circular arc with its center depressed below the real axis, such
that the angle subtended by the real axis and a line connect1ng the center
of the arc with its left intercept on the real axis is (1n/4). is the
distance between the intercepts along the real axis, and Tq is tﬂe time

where
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Figure 2. Complex impedance of y3+ doped Ce0Oy
specimen measured over the same frequency range,
10 Hz to 13 MHz, at three different temperatures,
a) 350°C, b) 450°C, c) 600°C.
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Figure 3. Equivalent circuit capable of representing
our complex impedance measurements. Cg = geometric
capacitance of the specimen, Ry = bulk resistance,
Zéb = complex impedance of the distribution of grain
boundaries, Z¥) = complex impedance of the electrode
processes.
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constant for this process. In Fig. 4 the partially sketched-arc has been
obtained by fitting eqn. (1) to the appropriate data by a least squares
technique. The agreement between data and eqns are excellent, thus pro-
viding a mathematical framework for more intensive study of the electrode
processes. .

100
.
600°C
[ ]
50 +
|
@ . -~
= -
0
S ]
N .
-
[o] Ny /
N Ve
N Ve
N ’
AN s,
/
N s,
N s
A ’
N e
N /
N /
-501+ \\ //
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v
| — ]
450 500 550 600 650
z' OHMS

Figure 4. Complex impedance of yttria doped CeOz;
specimen measured from 10 Hz to 12 MHz at 600°C
(enlargement of Figure 2€). The arc shown is
calculated using eqn.(2) of text and least-squares
fic,

~ 182 -



4x10°
250 °C

OHMS

4

1
0 4x108 8x108

Z',0HMS

Figure 5. Complex impedance of y3+ doped Ce0)
measured at 250°C. The right hand arc was
least-squares fitted using eqn.(2) and the left
hand arc is due to Rg and Cg. These two arcs
are summed according to ‘the equivalent circuit _
(Figure 3) and the result is the third curve
which passes through the data points.

Low Temperature - High Frequency

In our available frequency range (10 Hz - 13 MHz) and at temperatures
below about 450°C a response is seen which appears to be compounded of
several relaxations. The equivalent circuit of the left side of Fig. 3
can be made to fit the experimental data if the grain boundary impedance,
Zab’ is given by

I

. Az
gb 1

* (Gur)"

This equation corresponds to a distribution of relaxation times given by
Cole and Cole {2) where AZ is the separation between intercepts along the
real axis and n is a measure of how far the arc is depressed below the
real axis (% < n ¢ 1). Figure 5 shows the complex impedance of yttria
doped ceria measired at 250°C. The arcs drawn represent eqn (2) on the
right hand (low-frequency) side, and therefore the "grain-boundary"
effect, and the simple parallel RB-Cg network on the left, at high fre-
quencies.
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The "grain-boundary" effect appears large (aZ > R,) probably because
the specimen is quite porous and it is really the poreE that control the
effect here. The internal resistance of the grains is represented by RB'
Estimation of its value depends heavily on the goodness of fit to the
“"grain-boundary" effect. A 4-probe measurement would produce a value for
(R, + 4Z), which in this case would be useless as an estimate of the
reEistance to be assigned to the material itself.

Here again, a mathematical framework for separating and studying the
responses of various parts of the electrolyte-electrode system appears now
to be available. We are carrying out further experiments to confirm the
assignment of the various parameters in Fig. 3 to physical processes.
Then, using this complex impedance measuring technique we will begin long-
term stability experiments on high temperature solid electrolyte-electrode
systems.
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BROOKHAVEN NATIONAL LABORATORY
ASSOCIATED UNIVERSITIES, INC.. UPTON. L.L. N.Y. 11973

DEPARTMENT OF APPLIED SCIENCE TewerHone: (516) 345- 4078

Dear

A Workshop on High Temperature Solid Oxide Fuel Cells has been planned for

May 5 and 6, 1977, at Brookhaven National Laboratory at the request of the
Division of Conservation Research and Technology, Energy Research and Develop-
ment Administration. Please consider this letter as an invitation to you or
your organization to attend this Workshop.

The purposé of the Workshop will be: (i) determine the present knowledge
of factors limiting materials and processes taking place in this energy con-,
version system and (ii) the direction in which future R&D should be directed.

Contributions for presentations are requested and should be related to areas
considered relevant to the development of solid oxide fuel cells. In order to maxi-
mize the opportunmity for discussion, participants who wish to contribute to the dis-
cussion should submit an extended abstract or summary (less than 2000 words) of their
presentation for distribution prior to the meeting. In additionm, copies of

visual aids presented during the Workshop should also be made available either

prior to or during the meeting.

The tentative plans are to have presentations on the first day. This .will be
followed by panels on the second day, which will be headed by a chairman, to
assess the areas.of:

a. Electrolytes
b. Electrodes
¢. Interconnector materials

The objectives of the panels will be to: (1) summarize present status of
lerstanding and problem areas; (ii) ‘develop recommendations for future research
1 development; (iii) establish any need for future activities or meetings;

-.d (iv) provide a written summary of their conclusions. It is also intended

to publish the proceedings of the Workshop. This report will include all

relevant material presented and developed at the Workshop including extended

abstracts, visual aids, and the conclusions of each panel.

INFORMATION OPERATOR (516} 345-2123
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The following schedule has been set up:

a. We would like to be informed, as early as possible and preferably
before March 6, 1f you will be attending the Workshop and whether
you wish to contribute any formal presentation.

b. The extended abstracts of these presentations should be received
by April 6 to allow sufficient time for their distribution prior
to the meeting.

c. A final agenda, along with travel and accommodation details, will
be sent out in mid-April at the same time as the extended abstracts.

If there are any suggestions or questions you may have regarding the Workshop,
please contact me or Dr. S. Srinivasan.

Sincerely yours,

Hugh S. Isaacs

dva
Phone Numbers:

H. §. Isaacs == (516) 345-4078
S. Srinivasan —— (516) 345-4494
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I) l] I 4 BROOKHAVEN NATIONAL LABORATORY
aQul ASSOCIATED UNIVERSITIES, INC.

Upton, New York 11973

Department of Applied Science . (516) 345- 4078
June 10, 1977

Dear Participant:

At the request of Mr. I. Leslie Harry, we are sending you here-
with a paper entitled "Thermal Efficiency of Solid Electrolyte Fuel Cells
with Mixed Conduction", by P. Ross, Jr. and T. J. Benjamin of United
Technologies Corporation. This paper will be published in the Journal
of Power Sources. You may remember that Mr. Arnold P. Fickett referred
"to this paper during a discussion session at the Workshop on "High Tempera-
ture Solid Oxide Fuel Cells", to demonstrate the effect of low amounts of
electronic conductivity of the electrolyte on fuel cell performance.

" With best wishes,
Sincerely yours,
H. S. Isaacs
. . N é;ess.
A
S. Srinivasan
dva
cc.: I. L. Harry, ERDA

A. P. Fickett, EPRI
attachment
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THERMAL EFFICIEﬁCY OF S0LID ELECTROLYTE
FUEL CELLS WITH MIXED CONDUCTION

P. N. Ross, Jr.f and T. J. Benjamin
Power Systems Division
United Technologies Corporation
South Windsor, Connecticut O6074

Summary

The effect of mixed .anionic and n-type electronic conduction in solid
electrolytes on the thermal efficiency of a fuel cell system was analyzed
quantitatively. The mixed c0nduction’observed when electrolytes based on
ceria are used in He/air fuel cell applications lowers the maximum attainable
cell thermal efficiency to below 40%. Neither the zircopia nor the ceria
based solid oxide electrolytes studied to date can be used in a low tempera-
ture (700°C) system that meets simultaneously the requirements on power
density -and thermal éfficiency for e}ectric utility power plants. The mate-
rizl properties required for an advanced fuel cell power plant solid electro-
lyte were derived in terms of the jonic conductivity and the Schmalzried
parameters Py and Pg: Sion > 0-033 (Q cm)'l, Py > 103 atm., Py < 1073 atn.
at 700°C. '

Introduction

Many solid oxide systems have been considered for application as oxide ion
conducting electrolytes.in high temperature fuel cells. Solid electrolytes of
the doped zirconia type have been shown to be suitable for certain fuel cell
applications(1'3). They are purely ionic conductors over Qide ranges of
temperature and oxygen partial pressures but high temperature (-900°C) are re-
quired to obtain useful conductivities and the high temperatures severely limit
the materials which can be used in fuel cell febrication. The doped cerium
oxides have been shown to exhibit high ionic conductivities at lower temperatures
(700°C). However, recent studies(“”s) have reported that doped cerias are =

reduced in low oxygen partial pressure atmospheres such as at the fuel cell

t to whom correspondence should be addressed. Present address: United
Technologies Research Center, Silver Lane, East Hartford, CT 0©6108.
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anode and significant electronic (n-t:pe) conduction may result when, doped
cerias are used as fuel cell electroivtes. One of the consequences of mixed
conduction is consumption of fuel even at zero total current to compensate

for the current drain by electronic coanduction, i.e. the cell efficiency will
be reduced. The deleterious effect of mixed (ionic and electronic) conduction
on the thermal efficiency of a fuel cell System has not been determined quanti-
tatively for any of the ceria electrolytes. Calculation of thermal efficiency
will determine whether any of the doped-cerias studied to date will meet the
Electric Power Research Institute (EPRI) heat rate for advanced power plants,
7500 Btu/kwh(7) or an overall system thermal efficiency of 45.5%. The thermal
efficiency defined by the power generation industry is the ratio of the power
delivered to the standard enthalpy of combustion of the fuel and should be dis-
tinguished from the efficiency used by electrochemists which is the voltage ef-
ficiency, usually defined as the ratio of the power delivered to the total
available Gibbs free energy in the fuel.

In the present work, we report the calculations of the performances and thermal
efficiencies of ce}ia-based solid electrolytes and determine their potential as
electrolytes for advanced fuel cell power plants. The theory of mixed conduction
is also used to establish the properties which a solﬁd elecfrolyte must possess
in order to meet the EPRI systems thermal efficiency. Following the analysis used
by Patterson(e) we have chosen to characterize these material properties by the
parameters introduced by sehmalzried(g), oY) the o2 pﬁrtial pressure at which the
«p;type electronic conductivity equals the ionic conductivity, and PQ, the 92

partial pressure at which the n-type electronic conductivity equals the ionic
conductivity,

Theory

The reduction of solid electrolytes results in the generation of excess
electrons by '

= 1 ) -
0 =50, (g) + V= + 2e (1)

The electrons created by cation reduction are easily promoted to the conduction
band and electronic conduction results. The solid electrolyte can be written
as an equivalent circuit as shown in Figure 1. Wagner's theory of mixed conduc-

tion can be used to derive equations which describe the voltage, current,
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power and efficiency characteriscics of the cell shown in Figure 1. - For the
purposes of this study, only losses +ithin the electrolyte will be considered.
Therefore, the anode and cathode will be assumed reversible, Also, the terminal
voltage, VT’ is assumed to be equal to the difference in the electrochemical
potential of the electrons at the cathode (ni') and at the anode (n3

- T
ﬂ3 ﬂ3 (2)
In Wagner's general theory, the local charge flux of species i is
I, = -Af(a/z,F)on, ;121,23 (3)

" is the valence, and Vni is the electro-
chemical potential gradient of i. In order to obtain “1 (cations) and n2 (anions),

which are not experimentally measurable, in terms of n {electrons) and Hgr Bhe

dhere o, 1s the partial conductivity, Z

chemical potential of molecular oxygen in the gas phase further aq@nmptlogs must
be made. Local equilibrium is assumed between neutral atoms, ions, and electrons.
Virtual stoichiometry is assumed and the Gibbé—Duhem relation betweeg neutral
metal atoms and oxygen anions in the electrolyte is applied. Under these condi-
"tions, equation (3) reduced to

Tion = A %on (V“o /2 25F + VT‘3/Z F) (4)-
where
Iion = I1 * I2 and %on =1 * % -
Also, ' ‘
I, =I3=-Ao, vn3/z31~" . (5)

The system is further assumed to be at steady state so that all currents

are independent -of location in the electrolyte. Following Choudury and Patterson(ll),

we define a current parameter, r, also independent of location in the electrolyte,

s

/1 (6)

ion’ e
At fixed values of “6" “6 , each value of r defines an unique set of v, and I

T ext’
With the assumptions %f stgady state and only electrolyte polarization, expressions

for vV, and Toxt
potentials. Combining equations (2), (L), (5), (6) with 2y = -1 results in

can be written in terms of r, the conductivities, and the chemical
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[ 4
uo; o, d“o
ion 2
3~ Y%on 2Z2F ' l ("

The external current Iext is simply the sum of Iio

and I_, so equations (4),
(5), and (6) are used to 6bta;n

n

ul' . du )
1, - :% 0, 1+1) %ion 93 0, . (8)
ex . 1ro. -0, ) ]
ué r 03 %on 222F
2 .

where t is the electrolyte thickness. Equations (7) and (8) have analytical
solutions if o,

ion

and 03 are written in terms of Ho* For an ideal gas, the
chemical potential is related to the partial pressu%e by

“‘°2 = RT 1n P, (9)

2
Fbr‘a_mixed conductor exhibiting only excess electronic conduction and no hole
conduction, the ‘ionic and electronic conductivities are related by

/4 (10)

%on = %3 (Poa/Pa)
where Pe is the Schmalzried parameter for electronic conduction and corresponds
to the oxygen partial pressure at which the ionic transference number, ti’ is
equal to one-half, where

%ion
6, = ———20 (11)
i %on ¥ c3
Substitution of equations (9) and (10) into equations (7) and (8) allow integra-
.tion of VT and Iext' The final results are

[ r- (p(')z/Pe)l/'*

2RT

v, = 2R 1 : (12)

N tt }

T ZF T (Poz/"?e)lﬂi'

and i .
Text = %ion (%) (Vg = Byy) . (13)

where Eth is the theoretical opeh circuit potential in the absence of mixed’
conduction
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RT 2

E,, = == 1n ==&
t t
h 222? PO

The fuel cell power, P, is simply the product of the voltage and the current,

P = (V) (Toyt) (25)

The voltage efficiency, (nv), is based on the total Gibbs free energy of the

fuel, equivalent to Iicn times E Therefore,

th*
vy (L, .} v
T ext , T, e+ 1 .
= = s (=—) (——) - (1)
y Ein) Tion) Etn r

The thermal efficiency, (nT), of the cell is based on the standard enthalpy of
combustion of the fuel ‘

(V) (Toye)

2H° of fuel electrochemically converted

9.53 x 1_0'k

= 1 ey Vo ¢
[

nfF

r+ 1
=) (17)

where MW is the molecular weight of the fuel (in pounds), n is the numbér of

electrons in the oxidation step, and HHV. is the higher heating value of the

fuel. If only hydrogen is converted eiectrochemically, then

. r & 1.
Ty = 0.67 Vy (=)

Performance characteristics for a mixed-conducting solid electrolyte can
be calculated from equations (12), (13), (1&), (15), and (17), given values for
PO and Yien?
the equations can be used to determine the value of the Schmalzried parameter,

by allowing r to take on all values from -1 to -=. Alternatively,
Pe, required to yiéld the desired value of nT'
Results

As mentioned above, the EPRI goal for a solid oxide electrolyte fuel cell
is 2 total system heat rate of 7500 stu/kwh which is equivalent to an overall
thernal efficiency of 45.5%. In order to evaluate the required properties of

the electrolyte, the efficiency of the electrochemical cell alone must be
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separated from the total system effi:iency. This separation will depend in
general on the overall system desigu, but it is possible to establish a-separa-
tion that is reasonably general. We assume a hydrocarbon fuel cell application
vhich may: (a) oxidize the hydrocarbon directly in the fuel cell anode, (b) re-
form the hydrocarbon to hydrogen and carbon monokxide which is electrochemically
oxidized., For the latter cese, we define a reformer efficiency as

2x° of Hy and CO consumed
'n:

. (28)

o4° of fuel into reformer

This derinitioh of the reformer efficiency takes into account the degree of
utilization of the H2 and CO in the anode, Then the electroqhemical cell thermal
efficiency is defined as

7 o DC_Power delivered by cell

L =y (19)
&H” of H, and CO consumed
and the inverter efficiency is, as usual,
_ AC_Pover out (20)
nI ~ DC Power delivered by cell °

The overall efficiency, T, is then anTﬂI.

Equations (18) and (19) are easily modified for the direct hydrocarben
fuel cell., In this nR represeqts the product of the mole fraction of the. hydro-
carbon that can be electrochemically converted and the degree of utiliZEtion of
the fuel, or

o= 24° of hydrocarbon consumed
R =

(21)
&4° of fuel into system
Using reasonable values for nR and nI and 7 = 45.5%, the required value for Ap

is at least 50%, even for a direct hydrocarbon oxidation fuel cell.

For the isake of convenience, and comparison with experiment, pure H2 will
be used as the fuel, Since reversibility is assurxed for the electrodes, the
use of H, rather than a hydrocarbon changes. only the open circuit potential and

the value of o at the ancde. It will be shown that these changes are relatively
. -}
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§mall and do not affect the conclusins made using HZ as the fuel, . Xudo and
obayashi(h) have presented a complet: analysis of cation reduction and the
resulting ion-electron mixed conduction for Cel_§de02_(x/2). For thi1gomposi-
tion described by x = 0.3, %on = 0.033 (ohm-cz} — and Pe = 3.16 x 10 ~° ata.
at 700°C(h). Figure 2 is a graphical representation of equaticns (12), (13),
(15), and (17) for this system with air at the cathode and Py O/PH = L4 at the
anode (equivalent to the 80% hydrogen utilization). The curvgs hage been plotted
using T_ . (t/A) so that they are independent of geometry. For comparison,
Figure 3 has been calculated for (Zr02)0_93(Y203)0_07, at a temperature (820°)
at which the conductivity of yttria-zirconia.is the same as the ionic conduc-
tivity of gadoliniasceria at 7OOUC.

One characteristic of mixed conduction in oxide electrolytes, as Figures
2 and 3 clearly demonstrate, is that the efficiency passes through a maximum
with increasing current density, the maximum being located often at very high
current density. The performances and thermal efficiencies of fuel cells using
different electrolytes can be compared using ‘two different bases: (1) at con-
stant conductivity, and (2) at constant temperature. The comparison at ccnstant
conductivity normalizes the electrochemical cells to the same pover dernsity in
the absence of any electronic conduction in the electrolyte. Since the capital
cost of the fuel cell system is scaled by tne power density, the comparison of
different oxide electrolyfes at coanstant conductivity is equivalent to an approxi~-
mately constant capital cost basis. Based on present technology for fabricating
thin (~ 100 pm), impervious, ceramic layers, 0.033 (Ohm-Cm)-l is a minimun con-
ductivity needed to provide adequate power density (> 200 USF) and reasonable
capital cost(lh). Table 1 gives a comparison of the resuits at constant conduc-
tivity for several doped cerias against yttria-zirconia and demoustrates clearly
that in Hz/air fuel cell applications, none of the doped cerias can provide
thermal efficiencies greater than 40%. Table 2 shows the constant temperature
ccmparison at an advanéed power plant temperature of 700°C. While lanthanzn
doped ceria has a maximum efficiency close to 50%, the power density is too low
to be of jnterest, and the efficiencies of the other ceria cells are far below
5C%. The comparisons in Tables 1 and 2 of the performances of the yttria-zirconia
cell with the doped-ceria cells clearly illustrate the severe efficiency penalty
frea the demree of electronic conduction occurring in doped cerias in Hg/air
fuel cell applications.
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One can legitimately question %iie validity of conclusions deriyed entirely
from performances calculated from a “heory. Performance measurements in our
laboratory do confirm the essential elements in the theory of mixed conduction.
Figure L shows a comparison of the experimental and calculated performance
curves for a solid electrolyte of the ceria-gadolinia family. The values of
0 o nd ? o@easured independently for this material were 0.0672 (ohx:-cm)'l and
3.05 x 10 atm., respectively. The cell configuration was

(Pt, .97 ata. H, + .03 atm. H20)

(1 atm. air, Pt) Il (Cel-dexOQ-x/2)

The close agreement between the measured and calculated performance curves adds
to the validity of the analysis of potential electrolyte materials using Wagner's
theory of mixed conduction.

Discussion

Using the analysis presented here for the effect of mixed.conduction on
thermal efficiency, a map of the minimum properties required of oxide materials
for use as solid electrolytes in Hz/air fuel cells can be drawn, as done in
Figure 5, for ambient pressure cells. It is clear that none of the materials
whose properties have been reported in the literature to date meet the require-
ments for a low tehperature (700°C) application. The electronic conduction in
the doped cerias is too high to meet efficiency requirements, and the conductivity
of the doped zirconias is too low to provide both high power density (low capital
cost) and high efficiency._While the map of Figure 5 applies only to Ha/gir fuel
cells, the general picture is the same for a hydrocarbon fuel cell. Changing
the anode gas from a Hz-Hgo mixture to a HZ’ €0, H50, CO2 mixture does not
result in a significant change in Po' , Since the equilibrium constant for
Co + 1/2'02 =0, is very close to that for H, + 1/2 0, = H,0 for the tempera-
tnre.range of ihterest(lS). The magnitude of the component of electronic con-
duction is affected by the value of the ratio of P, O/P in the anode, but in the
practical range of usage, e.g. 1 to 20, the boundary for P
shifted significantly.

evj.n Figure 5 is not

The total system pressure affects both power density and thermal efficiency.
Because the gas pressures are raised to the 1/4 power in equation (12), substantial
pressurization is required to produce any significant effect. In the case of

the gadolinia-ceria electrolyte, pressurization to 100 atm. increased nT from 409
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to only U6%, still well below the ri:uired efficiency. For yttria-zirconia, the
effect of total pressure on. the powa:» density at 700°C'for nT > 50% was examined,
and it was determined that pressurization within practical limits (~ 10 atm.)
did not chaﬁge the power density by more than 50%, still insufficient power

density for use as a low temperature solid electrolyte.

The development of a low temperature solid electrolyte fuel cell~satisfying
the EPRI requirements for advanced power plants hinges on the discovery of oxides
having both fast anion transport and a high resistance to the creation of excess
electrons at low oxygen pressure by reaction (l). There is some indication that

these two properties are not independent. If we define. £H .as the partial molar

.enthalpy change for reaction (1), then the equilibrium constant, X, for this reac-

tion will be
K=K exp: (-0H/RT) (2k)

Following the analysis of Kudo and obayashi(u), it can be shown that

7L/

o = (eu) (x/Tv, Y2 (2 )" exp (-oR/2nm) ‘(25)

where y, is the electron mobility, and [Vo] the total number of oxygen vacancies in
the lattice. For a fixed [Vo], which is a functiom principally of the dopant level,
and at a fixed PO s the larger the &f the smaller the level of electronic conduc-

tion. If the purgly jonic component of conduction. is represented in the usual wgyf
ion =\ 7T ) P (-E;/RT) (26)

cg is a combination of material properties such as the number of anion vecancies,
the lattice parareter, and the anion jump frequency, and EJ._. is the activatiori
énergy for oxygen ion conduction. Our survey of the published properties of
doped zirconia and doped ceria indicated that the much higher ionic conductivities
in doped ceria are a result of much larger'cg values rather than a decrease~inin.
Further, as shown in Figure 6, a correlation was found between cg and &f for
doping levels in zirconia and ceria of less than 20 afo. At higher doping levels,
no correlation was found, probably due to vacancy ordering céusing deviation from
the behavior predicted by equation (26). The correlation of Figure 6 suggests
there is a cause apd effect relationship between high oxygen ion mobiiity in the

lattice and relatively high volatility of oxygen ions from the lattice. The
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values of O and a: required of a lcw temperature solid-electrolyte. are

located in the upper right hand corrn:r of figure 6, assuming that Ei is approxi-
mately 0.7 eV. It is clear that the material properties required represent a
substantial deviation in material behavior from that observed in the oxides
studied to date.
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Table 1:

System

(2r0;) 95(¥505) 47
(Ce0y) g(Gd505) 1

(Ce0,) g7(L1a305) 35

(Ceog).g,j(Cao)J05

(Ce0,) 45(¥505) o5

Meximum Thermal Effi:iencies at Constant Ionic
Conductivity.

Ref. T (%) By (atm.) P e (t/a)

. -38 (watts/cm)
12, 13 820 7 x 10 0.0028
L 700 3.16 x 10717 0.0048
16 1040 3.91 x 10717 0.0030
6 800 1.00 x 10°2*  0.0051
5 842 T 1.13 x 10713 0.0050

Table 2: Maximum Thermal Efficienc;ss-at Constant

Systen

(Zro,‘;)_93(yzo3)_07
(Ce0,) 32(G4505) 18
(c20,) g7(1a503) 35
(Ceoz).gs(CaO).os

(€e0,) g5(¥205) o5

"'émpérature (TOU ).

Ré;, % on (ol"un-t':m)-l Pe (atm.) P -+ (t/a)

(watts/cm)
12, 13 0.0127 1.00 x 10'““ 0.0015
4 0.033 3.16 x 107 0.0048
16 . 0.001k 1.34 x 10726 0.00017
6 0.01k 1.00 x 1077 0.0021
5 0.003 5.3 x 107% o027
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