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THE BEHAVIOUR OF SILVER CATHODES IN SOLID FLECTVOLYTV FUEL CELLS

H. Tannenberger and H. Slegert

Institut Battelle, 7, route de Drize
1227 Carouge-Genéve, Switzerland

INTRODUCTION

Fuel cells with solid zirconia electrolytes which work at 750°C to 1000°C
are promising systems to convert the chemical energy of cheap fossil fuels
into électrical energy. Expensive platinium catalyst can be avoided because .
of the high working temperatures. Silver as the cathode waterial and nickel
as the anode material have proved to be successful up to 900°C (1) (Fig. 1).
In these fuel cells, the resistance of the electrol,te predominates in the
total internal resistance of the cell, if the electrolyte has a thickness
of more than 1 mm. To increase the power output per unit area of surface of

-the cell, the thickness of the electrolyte should be reduced. In so doing,

polarisation phenomena become important.

This peper deals with the polarisation of silver electrodes. A tentative
explanation for the observed phenomena will be given,

Polarisation phenomena in high temperature s0lid slectrolyte fuel cells

A fuel cell with an oxygen-ion conductor as the solid electrolyte creates

a voltage btetween its electrodes due to the difference of the oxygen partial
pressure on both electrodes. This voltuge is expressed by the Nernst equa-
tion :
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If a current flows through a solid electrolyte fuel cell, the potential
betueen'the terninals will drop due to the internal resistance of the cell.

The internal resistance which limits the power output of the fuel cell can
be devided into the following parts :

- polarisation of the cathode
- ohmic: resistance of the electrolyte
- polarisation of the anode

The electrode polarisation thus defined contains all sorts of losses in the
electrodes, such as the electronic resistance, diffusion resistance of the

-gases, activation polarisation and so on.

The voltage at the termlnals of the fuel cell under load can then be
expressed by :

Va Eo - VC - vEl’- VA

YV = Terminal voltage
E = Open'cirguit voltage
A

= Ppiarisétiqn of the.cathode
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v = Ohmic voltage drop in the solid electrolyte

v = Polarisation of the anode .

‘The meonanism of the electrode polarisations is far from bLeing understood.
It is not yet even possible to determine unequivocably the voltage losses
due to polarisation from the total internal resistance.

Current interrupting techniquee are frequently used to separate electrode
polarisation from the ohmic resiatance of the electrolyte (2) (3).

We tried to obtain further information about jolarisation phenomen:i. by in-
vestigating cells of the type ‘ '

ag (0,) / (2r0,)4 4 (YB,04)q 1 / A8 (0,)

with varying electrolyte thickness, which permits the determination of the
influence of the electrolyte resistance on the total internal resistance
more readily.

EXPERIMENTAL

Fig. 2 shows schematically the experimental set-up. The cell to be studied
was made of a wafer of the electrolyte of ~ 30 mm diameter and about 3 mm
thickness, held between two tubes made of steel.

In the centre of the electrolyte wafer there was a hole, at the bottom of
it was placed the one electrode, the other electrode heing on the opposite
side of the wefer. The surface of the slectrodes was about 1 cm?. By vary-
ing the depth of the hole, the thickness of the electrolyte between the
two electrodes could be adjusted to the desired value.

Current collectors made of silver, were pressed against the electrodes by
springs. Thermocouples were placed on both sides of the electrolyte wafer,

An oxygen stream of 100 cc/min wde directed against both electrodes.

The electrical circuit, shown. in Fig. 5, allowed measurement of the current-
voltage characteristics of the cell. A current interruptor technique was
used to measure the ohmic and the non-ohmic part of the total cell resistan-
ce. To do this a short time interruption relay (type Struthers-Dunn M1CC-
C5-6.3 AC) was placed in the current circuit, wvhich could break the current
periodically for 0.4 wmilliseconds at a frequancy ‘of 100 cycles per second.
The voltage-time curve wae observed on an oscilloscope Tektronix type 503,
and could be easily photographed. '

As electrolyte, cubic zirconium dioxyde of the oomposition of

10 mol % Yb205

and 90 mol % zro,
was employed. The resistivity as a function of teamparature of this composi-
tion is shown in Fig. 4. The electrolyte wafer was prepared by sintering a
compact of the mixed oxide powders at 1900°C for 3 hours. The apparent den-
8ity was about 92 # of the theoretical density and the wafers were gas tight.

The surface wae prepared by rubbing with SiC paper, then rinced with dietilled
- water and heated at 1000°C for a short time.

Silver electrodes were proparbd by painting 2 layere of a silver paste,
Degussa Leitsilber 200, followed by & heat treatment up to 850“0{
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TESULTS
Fig. 5 and Fig. 6 show typical characteristics of the cells. They are
straight lines passing through the origin of the coordinates as they should,
because Lhe pariial pressure on the two electrodes is tlie same 3

pg = pg = 1 atm.

Al current densitles higher than ahout 200 mA/cm the characteristics begin
to flatten out. This phenomenon, also observed by other workers (3), may be
explained by the heating of the electrolyte due to the current flow. This
hypothesis is supported by thne fuct, that the current density, above which
the internal resistance of the cell decreases, deponds on the thickness of
the electrolyte and the nominal opcrating temperature.

We restrict furither discussions to the linear part of the characteoristics.:

Figz. 7 shows the %otal resistance ner cm? of cells having different
wlactrolyte thiicknessea, as a function of temperature. It is remarkable,
that the temperature dependence of the total resistance of the cell is

‘sensibly the same as that of the resistivity of the electrolyte, indepen-

dently of tne thickness of tne clectrolyte which varies by a factor ol ten.

.1g. 8 shows a cross-plot of Fig. 7,that is the total resistance of the cell
as a function of the ihickness of the electrolyte at three temperatures. as
can be seen, a residual regsistance R, remains, if the thickness of the
electrolyte is extrapolated to zero. ''he temperature dependence of Ry is
nearly the same as that of the resiativity of the electrolyte.

The separation of the total potential drop into the rapid ("ohmic") and slow
{"non-ohmic") part by tne current interrupting tecnnique did not snow a
collerent result. I{ was not possible to relate the “non-ohmic" potentlal
drop with the residual resistance R,. '

DISCUSSION

The essential result of our measurement is, that we were able to determine
the influence of the electrolyte rasistance on the total resistance of the
cell and so to defins a total polarisation of the electrodes. This total
polakxsatxon,’okpreqsed by the residual resistance Ry, depends on the
Yemperature in approximately the same way as ‘the ras1at1v1tj of the
electrolyta.

In the tentative eoxplanation of the observed phenomena we shall assume, that
the catiivdic and anodic polarisation will be about the same, that is half

of the obgerved total polarisation, and that the temperature is the same
throughout the sample. Where these assumptions may alter significantly the
interpratation, we shall discuss the possible consequences of a deviation
from our assumptions.

At first, we may attempt to ascribe the residual resistance Ry to a concen-
tration polarisation at the cathode due to the diffusion of oxygen through
a compact gsilver layer. - :

The potential drop due to concentratlon polgrieation is

KT .
/2 (1-37)

R = gab constant

where

T = ébsolute temperature
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F =« faraday constant

Jl « 1limiting current density

The limiting current density can be expressed by
’ 4® C D
= 73

where

Co = golubility of oxygen in silver
D = diffusion coefficient of oxygen in silver
d

= thickness of the silver layer

Fig. 9 shows the potential drop‘p as a function of current density with the
Vlimlting current density as unity.

The characteristics of our cells are pructically linear and never showed a .
tendency to limiting currents in the measured current range. If, neverthelsss,
we assume that the polarisation is due to the diffusion of oxygen in silver,
and the 1limiting current density is much higher than the measured current
density range and therefore the logarithmic behaviour of the concentration
polarieation may approximate to the obuerved linear behaviour, theory predicts
much swmaller values for the polarisation e.g.

7 = 13 mV
for j = 0.25 j, at 800°C

than the observed polarisation, which is about
Ay < 80 oV for 200 mA/cm?

We may therefore exclude that concentration polarisation occurs in our cells.

Activation polarisation, involving losses associated with adsorption, or
surfuce reactions, seers to us improbable at these high temperatures. In
addition 4t would seem quite surprising that the temperature dependence of
these losses should be the same as that of the resistivity of the elecotrolyte.

We propose therefore to explain the residual resistance by the fgct that the
electrodee are nctive only on discrete spots of small size, distant one from

each other. In the case of molten salt Iuel cells such .a model has alroady
been put forward (4). :

The residual resistance, found by extrapolating the total internal cell
resistance to zcro electrolyte thicknees, is then due to the lose of effective
cross-section for the current flow through the electrolyte and the dependence
of R, on the iewperature should be the same as that of the .electrolyte -
resietivity. Fig. 10 ehows achematioally the dependence of the total 1ntornnl
cell resistance on the electrolyte thickness expected,

In the following a quantitative estimation of the dimensions of and the
distance between the active spots will be given with the aid of aimulating
the element in an electrolytic tank.

To eimplify the situation for the aimulation we assume that the active spots
have the fore of parasllel stripe with conetant width (Pig. 11).

L~ P o
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The resistunce of ore "element", dependent on itc thickness,was measured
in the electrolytic tank. By putting in parallel n of these elements, the
resistance of the unit area of the cell can ve calculated.

Fig. 12 shows the simulated element in this electrolstic tank.

Fig. 13 shows the resistance ’lof this element as a function of its
thickness expressed by the parameter

.J_nd

28] ]

for a conductivity

g = 18 em

~and for a bath depth B

B=1lcn

It is important to note, that tne resistance 3ann be expressed in the form
of

Zl = 926 +1ﬂ'
for values of 1"

19'>1

independently of > . This neans, that the current flow is homogenous above
a distance 'd, where

: L

ML ]

e o : : . . b
“ig. 14 gives the residual resistance 920 as a function of ; .

The resistance R of an element with

resistivity g
and width B

is then given by

R' = % .’2 = )%’QO + % .

Nio In.

By puiting 2 n elements in parallel we get ti:c resistance of a whole cell
of length L and width B.
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Referring to Fig. 11 we have

and obtain finelly

EY
[ |
w+°
N

o

+
-
i
3

In this formula the term

5

can be identified with the measured residual resistance R_ we obtained by
extrapolating the electrolyte thickness to zero (rig. 8). ’

[ 15-]
3
]
b

It should be noted, that from the knowledge of R, by experiment, it ie not

possible to determine p and b (from °) separately but only pairs of valuea

p and b.
To interpret the results obtained at 800°C (Fig. 8), suppo}e that

L=B=1cnm

We can first calculate @ of the electrolyte from the slope of the straight

line in the diagram of total resistance versus electrolyte thickness. This -

yields

y'- 28R cm

in good‘agreehent with the value of resistivity measured independently.'

Tre residual resistanee:Ro was
R, = 0.8 cn®

If we assume that the element behaves symmetrlcally Hlth reapect to its
electrodes; we have, for instance, for the cathode

~Rg - 0.4Q2 cm2
and therefore

R°-0.4-—z—.2n°-

LB' 2

From this and Fig: 14 we can calculate the follov1ng table 1

p ) | 400 | ‘100 40 - | 20

b (M) 88 1.7 | 180 .107% | 6 .10

T eetat— eman

I~
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CONCLUSIOKRS

The hypothee;q'that the silver electrodes are active only-on discrete spots,
the one distant frow the other, is able to explain ‘the observed dependence
of the total resistance of the cell .

a8 (0,) / (50,), o (19,0,)0 | / g (0,)

on the thickness of the electrolyte. As the residual resistance R_ in this
model is directly linked to the electrolyte, its temperature dependence
should be the .same as that of the resistivity of the electrolyte.

The quantitative evaluation of the data shows thét the dimensions of the
active spots becowe very suwall if the distunce between them decreases.

Local overheating of the active spots, lowering the resistivity of the
electrolyte in their vicinity, would vield 8till smaller dimensions for the
spots having the same distance. :

'Conforming to Figs B8 and 1% we must adnit, that the»maximum distance between

the spots should be less than ebout SOO/A

It is evident, that the model of the strips employed for the s1mulation

does not correspond to reality. Certainly, the active spots are of irregular
shape and are distributed irregularly over the e¢lectrode surface. However,

the order of magnitude of b and p, calculated on the basis of our experlmental
value of R » would not be altered by orders of magnitude.

There remains the question of how to interpret the "non-ohmic" part of the
total potential drop. We would suggest, that the phenomenon, yielding the
"elow" potential drop, also lies in the electrolyte.

At least for the cathodic polarisation, it may be suggested that the
electrolyte region below the active spot is slightly reduced by the cathodic
current., If the current is interrupted, the open circuit potential corresponds
in the first. instant to the chemical potential of oxygen in the slightly
reduced electrolyte. After having inierrupted the current the reduced region
of the electrolyte below the active spots is reoxidized by the oxidizing
atmosphere in the cathode compartment and the initial open circuit potential
will slowly re-es tab11sh itself.
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Fig. i " Performance of" solid electrolyté cell

Ag /(Zr0,)g.9 (Yby03)o, 7 Ni
T = 800°C , electrolyte thickness : [.5mm

Oven

02 — q— 02
. . Stainless
‘Silver electrode ‘Current collector steel tube
- ‘Electrolyte wafer - )

Fig. 2 Experimental set-up of..thé.solid, electrolyte cell
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TEKTRONIX OSCILLOSCOPE TYPE 503
Ol -+ -~

POTENTIOSTAT KROHN-HITE 04 ms
UHR -T 361 S

@(B’af,ﬁ] o

50H,

SAMPLE mA ‘
RELAY STRUTHERS - DUNN
TYPE MICC-C5-6.3AC

Fig. 3 Electrical measuring circuit

ZrO,-Yb,05 / S0-I10

’
p
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R

102 . /
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2
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850° 800° 750° 725° 700° 675° 650° C

Fig. 4 Resistivity "of the electrolyte (Zr0O,)y 4(Yb,05)0,
os a function of temperature
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Fig. 5 Characteristics of the cell :

Ag (0,) / (ZrOp)os (Yb203)o, / Ag (0,)
Electrolyte thickness : 3.65 mm
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0.8 ,
634°C .
0.6+ : 719°C
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Fig. 6 Charoctenshcs of the cell : _
Ag (02) / (ZI’02 )09 (Yb2 03 )o | / Ag (02)
Electrolyte thnckness 0 38 ‘mm '
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100— 800°C — 725°C —— 650°C

d=0.38mm

d= 3.65mm
R /
(£ cm?2)
T 30 4 d= 110 mm

/// .
1 ) ! Il
0.90 0.95 ~1.00 .05 10 ——1/Txi0®

Fig. 7 Total internal cell resistance of three cells with different
electrolyte thickness as a function of temperature

50 T=650°C
R
(£ cm?)
40 v
30 /
’ 1 / : L~ = o
20 y - / T=725°C
/ // :
10 "‘ / / T =800°C
o" ///
4 "
o %23 e |
0 | 2 3, a dimm)

Fig.8 Total intern'ol cell resistance as 'o function of
electrolyte thickness d at three temperatures
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m
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RT -
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T=800°C
100
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Fig. 9 Concentration polarisation as a function of current
density in units of the limiting current density jI

»

AR (2cm?)

17 tga=p
P
Ro B Seff

a
W

-
electrolyte thickness

Fig. 10 Total internal cell resistance as a function of electrolyte
thickness for a cell having electrodes being active
only on isolated spots.

P electrolyte resistivity .
seff effective electrode area per cm
(Area of the active spots).
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Active strips

/“~~Electrolyte

Sirr‘\uloted//

\
Current lines
element

Fig. Il Mode! for the simulation of the electrode
L length, B width, d
p distance between "
the " active strips "

thickness of the electrolyte,
active strips ", b width of

\ \ \ .Current lines

Fig. 12 -Simulated single "element"
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8 / 0.002!
R - b ’
/ P
6 > : - 0.0144
A 0.033
~ ,
. ,/‘/&ooez
4 : 7/ 0.124
s 0.247
= // 0.500
Vs _ // |.000
> ’%’/:,//A
; ~_'//‘;¢" /
0.124 ’r
|
0 | 2 3
Fig. 13 "Resistance R of the simulated single “element” as a
function of the thickness parameter v =% for
2

different values %
(width of active strips )

LN

<

0-4 10-3 10-2 ’ 0-! .% 100

Fig. 14 Residual resistance #,as a function of width of

active strip -g-



