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The DC cathodic voltage current density (V-J)  characteristics at the contact between a solid disc 
P t - - 1 3 ~  Rh electrode and yttria stabilized zirconia (YZr) electrolyte were investigated to evaluate 
the conditions under which blackening occurred in the anionic conductor. Polycrystalline and single 
crystal samples have been studied using oxygen-argon mixtures between 10 ~ and 10 -3 atm oxygen 
and at temperatures in the range 800 to 1450~ It is shown that the rate determining step of the 
overall cathodic reaction, O2(g) + 2V6 + 4e'~20~] Under low field, ohmic conditions is the first 
electronation step, but true activation polarization at higher fields is masked by mass transfer 
limitations. The limiting current density in the polycrystalline material was directly proportional to 
the oxygen partial pressure (JLOCPo2) whereas at low temperatures, below 1000~ JLoCP~o2 in the 
single crystal. 

The former behaviour is attributed to a flux limit in the ambient oxygen gas, whereas the JLOCP~o2 
regime is believed to be a consequence of molecular dissociation, coupled with surface exchange, onto 
the mobile interfacial layer. It is further shown that blackening is a consequence of thermionic 
emission of electrons across the cathodic interface into anion vacancy traps and the cathodic V-J  
characteristics of the blackened material saturate to obey a JocV 2 law above about 2 V, indicative of 
a space charge limited current. A tentative model is proposed. 

1. Introduction 

The stabilization of zirconia into the cubic 
fluorite phase by the substitution of an aliovalent 
oxide, such as yttria, arises from the creation of 
oxygen anion vacancies, which enable the 
material to conduct ionically above about 
lO00~ [1 ]. 

At low fields, the mass transfer of anion vacan- 
cies is presumably sustained by redox reactions 
at the metal/electrolyte/oxygen interface. How- 
ever, it is well known that such stabilized zir- 
conias acquire a characteristic black colour, 
initiating at the cathode, when subject to a large 
current density. As a result the conduction is 
enhanced due to an increased electronic contri- 
bution, Jacquin [2]. 

Printed in Great Britain. �9 1974 Chapman and Hall Ltd. 

Etsell and Flengas [3] have pointed out the 
confusion in the literature (Table 1) concerning 
the rate limiting mechanisms responsible for the 
onset of blackening, and support the view of 
Brook et aI. [4] that the inconsistencies demon- 
strate the important influence of electrode 
structure on reproducibility. It must be empha- 
sized that, without exception, all previous experi- 
mentalists have measured potentials directly 
across the cell and assumed that anodic effects 
are small compared to the cathodic polarization. 

The present work arose out of a study of the 
conduction mechanisms in yttria stabilized 
zirconia (YZr) and included an evaluation of the 
onset of blackening under conditions appro- 
priate to an open-cycle MHD system [12]. The 
low field conduction in YZr has been shown to 
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be entirely ionic [13]. This paper examines the 
equilibrium voltage current density (V-J) charac- 
teristics of both polycrystalline and single 
crystal YZr sandwiched between solid Pt-Rh 
electrodes. 

2. Experimental 

Details for the preparation of 95% dense poly- 
crystalline 12 mol % YZr cylindrical samples 
and of a multiprobe conductivity apparatus 
have been given elsewhere [14]. Single crystal 
samples of 8.3 tool % YZr, prepared by arc 
fusion under nitrogen*, were annealed at 1500~ 
in oxygen to remove preparative substoichio- 
metry and, as with the polycrystalline samples, 
showed no X-ray evidence of a monoclinic 
phase. 

For the present work DC V-J curves were 
obtained by monitoring the potential between a 
solid Pt-13 wt % Rh electrode and an adjacent 
probe inserted into a hole drilled diametrically 
into the sample to one-third of its diameter; the 
electrode-probe distance being of the order of 
0.2-0.3 cm. The disc electrodes of diameter 0.8 
cm and thickness 0-2 cm were attached to the 
samples by a Pt paste intermediary.]- They 
covered three-quarters of the end face of poly- 
crystalline cylindrical bars. The limited size of 
available single crystals necessitated complete 
coverage of their cylindrical end faces. In all 
cases the electrode-electrolyte assembly was 
fired to 1500~ and thermally cycled before use. 
Except where mentioned, all measurements were 
DC, made in oxygen-argon gas mixtures at a 
total room temperature pressure of 1 atm, and 
1 1 min-~ gas flow rate. Equilibrium conditions 
were attained prior to all measurements, in 
respect of potential, ambient oxygen atmosphere 
and temperature. 

3. Results 

3.1. Equifibrium potential distribution across 
samples 

Figs. l(a-c) show a sequence of typical equili- 

* Obta ined  f rom Spicers Ltd., Che l tenham,  England.  
J o h n s t o n - M a t t h e y  type 75N conta in ing  a small  a m o u n t  
of  lead borosilicate flux. 
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Fig. la .  Potential  dis tr ibut ion at 1380~ in 12 mol  ~oo 
Y2Oa :ZrO2 at 1.29 x 10 .3  A cm -2  for var ious  oxy- 
gen partial pressures.  

brium DC potential distribution curves obtained 
at 1380~ on polycrystalline 12 mol ~ YZr 
for increasing current densities and oxygen 
partial pressure. These curves are corrected for 
thermoelectric, but not for contact e.m.f.'s, which 
could only be evaluated under equilibrium zero 
current conditions and which were therefore 
difficult to obtain when blackening was present. 
Corrections for contact e.m.f.'s, which could be 
estimated for unblackened samples, revealed 
negligible electrode polarization, irrespective of 
oxygen content, under conditions corresponding 
to the ohmic c~ region of Fig. 2a. The bulk 
linearity and reproducibility confirm that there is 
equilibrium between probe and electrolyte which 
is uninfluenced by the electrochemical potentials 
of electrons in the latter. 

Samples quenched from 1380~ after reaching 
equilibrium under the stated conditions of 
current density and oxygen partial pressure in 
Fig. lc, showed that the space charge regions 



28 R . E . W .  C A S S E L T O N  

3.0- 

2.5 

2.0' 

gl.5 

# 

1.0- 

0,5- 

i 

13/" I / .  
POz = 3 x 10 -3 a r m /  ..X/~e ~ 

/ '  ,/ 
/ m  / e /  

o/ /o / /" f 

[ 
~o-."/ / .,+ 

" ii  o-y { 
I 2.~'A"'" ,. 

5 x 1 0 -  -" / "  f / ,/ 

o 4 2 3 4 
Cathode (cm) Anode 

Fig. lb .  Potential  dis t r ibut ion at  1380~ in 12 mol  
Y2Oa:ZrOz at  1 .29x  10 -1 A c m  - z  for var ious  oxy- 
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indicated by the potential distribution curves are 
due to the formation of a tongue-shaped black- 
ened zone at the cathode. 

The general characteristics of Fig. 1 apply also 
to single crystal 8.3 mol ~ YZr, but significantly 
longer equilibration times were necessary com- 
pared to the polycrystalline material; as long as 
1 h compared to 20 min in impure argon at 
1400~ and 10 .3 A cm -2. 

3.2. Cathodic voltage-current density character- 
istics 

The equilibrium DC V-J characteristics at both 
the cathode and anode are shown in Fig. 2; these 
were obtained on polycrystalline 12 mol ~ YZr 
at 1380~ as a function of ambient oxygen 
partial pressure. The voltage V is the total 
potential measured between the electrode and 
neighbouring probe, and includes contributions 
from zero current potentials, bulk electrolyte 

v 
g 

o > 

! 
A, 

8 .:r 
/ 

Po2= 1oo otto/<,"/ /~ 
6 g '  / " T 

/ <,,;)' ../  xy>Jj 

i 

Cathode (cm) Anode 

Fig. ]c. Potent ia l  d is t r ibut ion at 1380~ in 12 mol  ~oo 
Y=Oa :ZrO= at 1"29 A c m -  2 fo r  var ious oxygen par-  
t ia l  pressures.  

resistance and any overpotential that may be 
present. Accordingly V = IR b+t/o+t/p, where 
R b is the bulk specimen resistance, 1/o is the zero 
current reversible potential and % is the polariza- 
tion overpotential which may itself include 
charge transfer (activation-t/a) and mass trans- 
fer (concentration-t/c) terms. It is considered 
from the position of the monitoring probe that 
the V-J curves of Fig. 2 are the result of true 
electrode processes, independent of oxygen 
diffusion effects from fhe cylindrical sample 
surface which may control the shape of the 
blackened zones. Of two specimens quenched 
from points A and B on the cathodic trace (Fig. 
2a) for 2.2 x 10 .3 atm ambient, only that sample 
quenched from B exhibited slight discolouration 
around the cathode interface after stripping away 
the electrode; the turnover point C therefore 
corresponded to onset of blackening. 

Of particular interest is the curve obtained for 
a CO2 atmosphere which does not show the 
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Fig. 2a. Cathodic current density-voltage character- 
istic of 12 mol ~ Y2Oa :ZrO2 at 1380~ for different 
oxygen partial pressures. ~ = ohmic region, p = 
mass transfer limited region, 7 = blackened zone. A, 
Band C, see text, section 3.2. X = onset of blacken- 
ing in CO2 and pure oxygen. 
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+ Argon (5 -8 xlO -5 el:m) 
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10-1 �9 4.6 x 10 -2 
�9 Pure oxygen (10 ~ 

. . . .  CO 2 ('-~ 10 -8 arm) 

- - -  

10-4 

10 .5 . . . . . . . . . . . .  

/JccV1.251 

10-3 10-2 10-1 10 0 101 
Voltage (volts) 

Fig. 2b. Anodic current density-voltage character- 
istic of 12 tool ~ Y2Oa:ZrO2 at 1380~ for dif- 
ferent oxygen partial pressures. 

cathodic polarization characteristics exhibited 
by samples in gas mixtures containing oxygen. 

The low field bulk conductivity was found 
invariant with respect to both CO 2 and Oz- 
based atmospheres. Quenching experiments indi- 
cated that samples in CO/ atmospheres do not 
exhibit blackening until X is reached on Fig. 2a, 
this being similar to the operative condition 
required for onset of blackening in pure oxygen. 
The similarity between the low field cathodic 
and anodic V-J curves for CO2 is striking, with 
identical, JocV TM, behaviour above about 
6 x  10 -2 A cm -2 at 1380~ 

The V-J characteristics for single crystal 8.3 
mol ~ YZr were similar to polycrystalline 
material, except, as previously noted, the attain- 
ment of equilibrium was much more sluggish. 
Additionally, the transition to the blackened 
state (corresponding to C in Fig. 2a) was much 
less well-defined, exhibiting a more rounded 
trace. 

The three regions of interest e, fi, and y in the 
cathodic trace of  Fig. 2a are considered in the 
following section, the anodic phenomena having 
no relevance to the problem of blackening in 
YZr. 

3.2.1. The low field ohmic region (e). Since the 
low field potential distribution in Fig. la  shows 
that the bulk conductivity is pressure invariant, 
the relative shift of the V-J traces in the ohmic 
region of Fig. 2a with oxygen partial pressure is 
a consequence of the zero current reversible 
potential. 

This lack of pressure dependence, however, 
was only found if the ambient gas flow was from 
anode to cathode, corresponding to the direction 
of anion vacancy transport. A weak but well- 
defined oxygen partial pressure dependence was 
exhibited if the vacancy transport and gas flow 
were not in complementary directions [15]. 

Fig. 3 indicates the trend of the total low 
field DC cathodic resistance (Rt) as a function of 
oxygen partial pressure (Po2) and temperature 
(T), from the ohmic V-J data. Rt includes two 
contributions; one due to the bulk resistance 
Rb of the electrolyte between cathode and 
measuring probe (independent of gas pressure) 
while the polarization resistance Rp, contributed 
by both activation and mass transfer effects 
[16], is derived in Appendix A (Equations A7 
and A10): 
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400~ 

E 

300- 

200- 

100- 

x 1406 

Polycrystdlline o 1240 
~_ 12 tool % YZr + 1000 

c3 880 

~ 

O -  
i - - T  1 

10-3 lO-.Z 10-1 10 0 
P02 (atm) 

Fig. 3. The low field ohmic cathodic resistance (Rd as a function of  oxygen partial pressure and temperature.  

R t = R b -}- Rp = R b + + 

(2) 

= Rb+-4-- ~ K~oC~ e x p - B ( ~ e o + A G g ) + ~  

where the ambient oxygen gas concentration 

l(106po2~cm-3 Cg = ~ \ ~ ] "  from kinetic theory and 

/3- - (kT)- l .  The bracketed terms arise respect- 
ively from activation and mass transfer contribu- 
tions. If mass transfer is negligible (JL>>Jo) a 
plot of log dRt/dPo~ versus log -Po2 would give a 
constant slope of (1 +n) independent of T. Fig. 4 
shows that this is the case. The dotted curves in 
Fig. 4 for T = 1000 and 1406~ show the 
consequences of correcting for the experimentally 
deduced limiting current density JL, and indicate 
that a small mass transfer contribution exists. 
Analysing the corrected data gives n = 0"8o. The 
ordinate values I v = ~o o when plotted as log 
(T-(1+")I~=1oo) v T - j  gives a good straight line 
from which ($eo +AGo ~ :) and/(o are estimated as 
-0.315 eV and 2-9 x 10 -18 respectively. Refer- 

ring back to Equation A7 allows the exchange 
current density to be calculated; this is sum- 
marized in Table 2 with JL for comparison, and 
it is apparent that they become comparable at 
low temperatures. 

3.2.2. The concentration polarization region ([I) 
The intermediate transition from the ohmic to 
blackened states exhibits a characteristic repre- 
sentative of a mass transfer limited process, as in 
electrochemical reduction phenomena. Accept- 
ing this starting point, the assumption of 
negligible charge transfer polarization requires 
that Jo >> Je, which is contrary to Table 2, and, as 
Fig. 5 shows, the experimental data for the 
concentration overvoltage (tlc) in the/ / region of 
Fig. 2a do not obey the elementary Nernst 
diffusion limit relation [16]: 

~/c = ~-~ In , (Yo >> JL) ( 3 )  

The nature of the slopes and non-zero intercepts 
in Fig. 5 clearly indicate that the assumption of 
negligible charge transfer polarization is invalid. 
The theory developed in Appendix B leads to 
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1 0 5 " ~ \ \  \ \  ' x~P~ 12 mol % YZr 4-*X 12401406 I000 ~ 

~ % ~ ,  t3 880 104 - 
x , 

1 :  
\ \ \  

I0 2 
10-3 1; -2 1()-~ 

P02 (otrn) 

Fig. 4. Plot of  the incremental  gradient  (dRt/dPo2) 
f rom Fig. 3 as a funct ion of  average oxygen partial  
pressure (/50_,). The dotted curves show the influence 
of correction for mass transfer contribution accord- 
ing to Equation (A10). 

/ / + P02= 4x10 -2 atrn 
�9 4 .3x 10 -3 / / 

"~" 0.2 x 1,3 x 1 0 - 3 / /  

o 

r 
0.1 

0 ,/'// 
lO 0 lb~ 16a 

JL 
JL--J 

Fig. 5. Plot of  the Nerns t  relation, Equat ion  3, for 
polycrystalline 12 tool ~oo Y2Os :ZrO2 at 1280~ 

the general overpotential-current density relation 
(J>0,  r /<0 for a cathodic reaction): 

J =  H ( 1 - ~ )  exp-~'/~q, (4) 

where H is a constant (usually equated to tlie 
exchange current density Jo for strong activa- 
tion), e' is an appropriate transfer coefficient 
and ~/t is the total, measured overpotential 

related to its charge transfer and concentraton 
components by: 

~t~lt = ~qa'-}- qc, (5)  

being the true charge transfer coefficient. 

�9 923 ~ 9.5 x10 -3 arm 
~" • 1000 ~ 10 -2 atm 

4-; 
+ 1194 ~ 1.6 x 10 -2 atrn / ~  / j -  

3- [] 1406 ~ 1.5 x 10-2 atrn .~:< , /  

• 2- 

0 
10 0 131 1'0 2 

J 
EL--  J 

Fig. 6. Equation 4a plotted as a function of temper- 
ature for oxygen partial pressures around 10-2 atm. 

Fig. 6 is a plot of Equation 4 in the rearranged 
form : 

[ ~ t [ .  _ _ 7 [ l n _ _  +1 n (4a) 
T o~ L JL-J 

for Po2~10 -z atm and shows the fi region of 
Fig. 2a to obey this relation well. It is apparent 
that the ratio H/JL is approximately constant 
for the stated oxygen partial pressure and that 
e' is strongly temperature dependent. Conse- 
quently all the experimental data were computer 
fitted to Equation 4 and the parameters JL, H/JL 
and ~' extracted. The limiting overpotential 
r/L corresponding to initiation of blackening at 
point C on Fig. 2a was also estimated. The small 
overpotential existing above about 10 -~ atm 
precluded reliable assessment of the parameters, 
and since COa-based atmospheres led to a 
different polarization phenomena, valid data 
were only available over a relatively narrow range 
of oxygen partial pressures between 10 -1 and 
6 x 10 .4  atm. However, such curves as Fig. 2a 
were obtained for single crystal and polycrystal- 
line YZr over a range of temperature and pres- 
sure to give information on the parametric 
dependence of these variables. 

Fig. 7 shows the relation of the limiting current 
density JL on the ambient oxygen partial pressure 
at different temperatures. The single crystal 
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Fig. 7. Dependence of the limiting current density on 
oxygen partial pressure and temperature, for both poly- 
crystalline 12 mol Yo Y203:ZrO2 and single crystal 8.3 
mol ~ Y2Oa :ZrOz. 
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data shows a JLOCP~ relation; the index 
decreasing from unity with decreasing tempera- 
ture, whilst it remained as one over the tempera- 
ture range for the polycrystalline material. A 
Boltzmann relation for the latter (Fig. 8) can lo~ 
be expressed empirically as: 

JL = AoPo~ T-~ exp ( -Q /kT)  (6) 

with Q = 0"263 eV and Ao = 2.75 x l 0  2 AK -�89 '~ 
arm -1.  Unfortunately, the single crystal data ~ ~o 2 
were evaluated at only four temperatures, for 

E 
which they lie in a transition zone between a "~ 
high temperature JLOCPo2 and a low temperature 

II 

JLOCP~o2 characteristic (Fig. 9). It can be con- . ~  
strued that the data tend towards activation -r ~o ~ 
energies around 1 eV and 0.3 eV at low and -~ 
high temperatures respectively. 

The ratio H/J L was constant at 0 -83_  0.11 tbr 
the single crystal and 2.10 ___0.25 for polycrystal- 
line 12 mol  % YZr (compare intercept of  Fig. 6), 1~176 
irrespective of  partial pressure and temperature. 

Fig. l0 shows the trend of  the computed ~' 
data as functions of  Po2 and T, the polycrystal- 
line data exhibit a pronounced sensitivity. 

3.2.3. The blackened state (7) region. The limit- 
ing overvoltage, ~IL, is a relevant parameter in 
that it represents the cathodic overvoltage corres- 

\ 
\ 

JLT2 = A O ex - -  
PO 2 

A o = 275 A arm -~ K-�89 

Q= 0.263 eV 

I 
8 6 

10-~- (K- l )  

Fig. 8. Boltzmann type dependence of  logto(JLT~/Po2) 
from Fig. 7 on reciprocal of absolute temperature for 
polycrystalline 12 mol ~oo YzO3:ZrO2. 

(Q oc 0.3 eV, Ao cc 103) 

-''~-~ n = 0.90 
"~n= 0.86 

. . . .  ~ ~ . - . S i n g l e _ ~ 7 ~ , , ~  crystal (JL,W,P~z) 
~ -  ~ -  ~ -  -- ~ - ~ O =  leV, AoCC 5 x105 ) 

n = 0.70 

Polycrystalline (Jucc poa ) 

(Q = O,26eV, A o = 275) 

6 7 8 9 

10T ( K - l )  

Fig. 9. The function loglo[T{(JL)po 2 = 10o] versus I/T 
for single crystal 8-3 mol ~ Y203 :ZrO2. Equivalent func- 
tion for polycrystalline 12 mol ~oo Y2Oa'ZrO2 is included 
for comparison. 

ponding to initiation of  blackening, and Fig. 11 
indicates its dependence on both temperature 
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Fig. 11. Influence of oxygen partial pressure, temperature 
and crystallinity on the limiting over-voltage 0/L) for 
onset of  blackening. 

and crystallinity, showing that //L approaches a 
constant value above about 5 x 10 -2 atm. In the 
polycrystalline material, there is a pronounced 
temperature dependence of  a Boltzmann type 
having an activation energy of  0-245 eV over 
the relevant range of  oxygen partial pressure. 

The high voltage V-J curves stabilize into a 
square law relation obeyed over at least a 
decade (Fig. 2a); a composite plot of  the 
tangential envelope for the electronic conduction 
mode in polycrystalline 12 mol  % YZr (Fig. 12) 
shows that the Joc V 2 region is temperature 

~ 

I0-~ 

1000 

l O - Z  

g 
lu 

3 lO-3~ 

10 -4  - -  A 
iO -1 1{~ 0 1() 1 1() 2 

Voltage (volts) 

Fig. ]2. Composite cathodic current density-voltage 
curves for the electronic conduction mode of Fig. 2a. 
A-B, Thermionic emission region for which a small 
temperature variation exists, being too insignificant 
for accurate plotting. B-C, space charge limited con- 
duction. 

sensitive. Identical behaviour was observed on 
an isolated polycrystalline sample of  17 tool % 
MgO :ZrO 2. 

3.2.4. Conductivity of blackened polycrystalline 
YZr. The curve of  bulk conductivity versus 
reciprocal of  absolute temperature for a black- 
ened polycrystalline 12 mol  % YZr sample was 
estimated by superimposing a small 50Hz 
signal on a large DC maintained during the 
measurements to retain the blackened state. 
Although the sample, in purified argon, appeared 
completely blackened, it was found that non- 
reproducible results were obtained until at least 
3 A era-2 DC was sustained. Fig. 13 illustrates 
this, showing cooling curves for samples black- 
ened at different DC current densities at 1400~ 
An activation energy of  0.2 eV was deduced for 
the saturated condition, compared to about 
0.7-0.9 eV for the stoichiometric material [13]. 

4. Discussion 

4.1. Introduction 

Table 1 shows that earlier work may be classified 
according to the derived influence of  oxygen 
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Y203 :ZrO2  blackened at 1400~ in argon,  showing 
influence o f  increasing D C  (blackening) current .  C om-  
parat ive curve for unblackened material  included [13]. 

partial pressur e on the limiting current density. 
The JLocP~02 derivation applies to cells operating 
at low temperatures with small electrode areas 
[8, 9] whereas references [3] and [10] employed 
relatively large electrode areas at higher tempera- 
tures to arrive at a JLOCPo2 relationship. Both 
[3] and [10] measure JL~10 ~ A cm -2 in air at 
1000~ being fully compatible with current 
estimates; on the other hand Yanagida [9] finds 

JL~10 -4 A cm -2 at 4 x  10 -3 atm and 560~ 
Extrapolation of the single crystal curve in Fig. 9 
would yield a comparable value of 5 x 10 -4 A 
cm -2 under the same conditions of oxygen 
pressure and temperature. 

Yanagida [9] found the low field polarization 
resistance, RpOCP~o2, to be mass transfer con- 
trolled (JL~J0), whereas the conclusion from 
current work at higher temperatures is that there 
is predominantly activation control (J0<JL). 
These observations are not inconsistent when it 
is noted from Table 2 that the tendency for 
JL <Jo increases at low temperatures. 

A final point of correlation comes from fitting 
published V-J curves to the experimental 
Equation 4 and extracting H/J L and e'. Table 3 
shows reasonable agreement. 

4.2. Possible mechan&ms 

Table 1 gives a variety of mechanisms proposed 
to explain the observed rate limiting behaviour, 
ultimately based on either a diffusion or concen- 
tration limitation in one of the reaction species 
which are usually assumed to be related to the 
overall cathodic reduction process: 

O2(g)+2V o + 4e'--*20~ (7) 

Here anion vacancies (Vo) transported from 
the anode are neutralized by the reduction of gas 
molecules (02) to oxygen ions (O~) by electrons 
(e') from the Cathode. The potential distributions 
in Fig. 1 indicate an increasingly positive space 
charge around the cathode with decreasing 
ambient oxygen content. This could only arise 
from partial blockage of oxygen anion vacancies 

Table 2. Comparison of calculated values of Jo and experimental data for JL for polycrystalline 12 mol 
% YZr as functions of Po2 and T 

The  exchange current  densi ty Jo was deduced f rom Fig. 4 using Equat ions  A7 and  A10, while the 
l imiting current  densi ty Je  comes  f rom the exper imenta l  Fig. 7. 

T =  1 6 0 0 K  1 3 0 0 K  1 0 0 0 K  

Po2 = 10~ 10-3  10~ 10-3 10~ 10-3  

(atm) 

J o ( A c m  -2) 4 x 1 0  -2  1 . 6 •  - 4  8>(10 -2  3 •  -*  2 . 7 •  -1 10 -3  

J L ( A C m  -2)  10 ~ 10 -3  7 . 3 x 1 0  -1 7 . 3 x 1 0  -4  4 •  -1 4 •  -4  
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Table 3. Analysis of  published V-J eurves fitted to equation 4 

Reference JL oc P02 Temperature Oxygen __H c~' 
relation (~ partial JL 

pressure 
(atm) 

Current work JLOCPoe 1000--1400 1 0 ~  - 3  2 0'1~ 0"8 
(P&T 

dependent) 
[3] JeOCPo2 1000 6 x 10- a 0"6-1 "5 0"7-0'9 

[10] JLOCPo2 1000 5 X 10 -2 0"3 0"2 

Current work JuOCP~o2 < 1000 10~ -3 0-8 ~0-1 
(independent of 

P&T) 
[4] JLOCp~ o 560 2 X 10- 1 0"4 0"06 

JLOCP~ z 800 1"3 x 10 -1 0"4-1 0'07-0'15 [8] 
~ 2  

transported from the anode and eliminates these 
as a diffusion limited source. (Additionally a 
diffusion limited flux of anion vacancies would 
not lead to an observed oxygen partial pressure 
dependence.) Consequently the limiting mechan- 
ism must involve mass transfer of  the ambient 
oxygen, which can approach the reaction site 
either by solution and diffusion through the metal 
electrode, by diffusion along the cathode elec- 
trode electrolyte interface or by diffusion through 
the electrolyte itself. The present experiment em- 
ployed solid disc electrodes attached by firing at 
1400~ with a fluxed platinum paste, microscopic- 
ally visible as a thin layer of  interfacial porous 
matter. Experimentally it was found that J L ~ 2 A  
cm -2 in pure oxygen at 1400~ Since the diffusion 
limited current density is, to a first approxima- 
tion, JL~(2e)Docs/~, where 6 is the diffusion 
distance and es the surface volume concentration, 
using Velho and Bartlett's [17] estimates for the 
solubility of oxygen in platinum at 1 atm total 
pressure (8 x 10 -5 wt ~ )  and the corresponding 
atomic diffusion coefficient D o ~ 6  x 10 -1~ cm 2 
s-1,  gives a limiting current density through the 
Pt disc (thickness ~ 0 . 2  cm) of 4 x 1 0  -1~ A 
cm -2 at 1400~ Furthermore, extrapolation of 
Simpson and Carter 's [18] low temperature data 
for the surface exchange coefficient of oxygen in 
14.2 mol ~o CaO:ZrOa to 1400~ (Sx 10 -5 
cm s -1) and the diffusion coeff• within the 
same material (2 x 10 .6 cm 2 s-a)  gives a limiting 
current density due to oxygen diffusion from the 

electrolyte surface to the interfacial reaction 
zone of about  4 x 10 _6 A cm -2. Clearly mechan- 
isms based on oxygen diffusion through either 
the metal electrode or the electrolyte bulk are 
unable to support the measured current densi- 
ties; consequently a model must assume the 
interracial transport of oxygen species and 
requires consideration of adsorption and chemi- 
sorption of oxygen to form a cathodic inter- 
facial double layer. An alternative mechansm 
which might be operative below 600~ is indi- 
cated in Section 4.5. 

Although no solid platinic oxide is known to 
exist in the temperature range used there is 
evidence for a chemisorbed monolayer of 
(Pt-O) due to adsorption of atomic oxygen, the 
rate determining step being the dissociation of 
oxygen molecules into adsorbed atoms [19]. 
Both Fryburg [19] and Krier [20] propose an 
activation energy of 1.85 eV for the rate of oxida- 
tion of platinum within the present experimental 
temperature and pressure range, and it is prob- 
able that a large fraction of this energy goes into 
molecular dissociation. Fusy et al. [21] have 
confirmed the influence of atomic oxygen in the 
oxidation of platinum by observing a half-order 
reaction at high oxygen pressures and tempera- 
tures. 

On the other hand Smith [22] has proposed 
that both adsorption and chemisorption occurs 
on pure (monoclinic) zirconia. He considered 
that 90-95~o of the surface oxygen is irreversibly 
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chemisorbed in the atomic state between 500 and 
1000~ with the remaining 5-10~ existing 
as a reversibly adsorbed mobile layer of charged 
O2 molecules, the electrons contributed by 
anion vacancy donors. Smith considered the 
chemisorbed layer as a consequence of adsorbed 
O2 molecules dissociating into two oxygen 
atoms bonded to zirconia surface sites, the 
activation energies for the adsorption of mole- 
cular oxygen and chemisorption of atomic 
oxygen being 1.5 and 2-5 eV respectively. 
Furthermore, Smith postulated the adsorption 
of oxygen molecules to be fast relative to subse- 
quent dissociation and chemisorption as atomic 
oxygen; any rate limitation would consequently 
arise from the supply of oxygen feeding the 
dissociation process at a surface site, either 
through a flux limit in the ambient gas or its 
diffusion to the reaction site. 

It is suggested that these concepts may also 
apply to the diffusion of oxygen along the inter- 
face between a solid impermeable metal electrode 
and a stabilized zirconia electrolyte, such that 
the overall reaction proceeds as: 

adsorption of O2 gas at the gas-interface 
annulus followed by diffusion along interface to 
the reaction site, then chemisorption at reaction 
site and finally the reduction reaction. (8) 

4.3. The low field rate determining step 

It was shown in Section 3.2.1. that the polariza- 
tion resistance is relatively uninfluenced by mass 
transfer, and the exchange current density for 
the activated reaction 7 determined as 

J0 = 2"9 x 10-18cg_O.S exp (0"315fl) (9) 

The problem is to consider the possible inter- 
mediates of reaction 7, uninfluenced by mass 
transfer steps which will satisfy the experimental 
Equation 9. Suppose reaction 7 occurs along 
the following steps: 

O2~20(adsorbed site) (7a) 

{2[O,+,e '~O']  ~ (7b) 
2[O,,+e ~O"]  (chemisorbed site) (7c) 
2[0 + V o ~ O ~ l  (7d) 

If 7a is the rate determining step (r.d.s.) then the 
exchange current density Jooc eg and independent 

of the symmetry factor for an electronation step 
[23]. On the other hand the reversible e.m.f, of a 
galvanic cell based on stabilized zirconia requires 
that the ratio of the total number of electrons 
transferred in the overall reaction to the stoichio- 
metric number, n/v = 4, in the Nernst equation, 
or v to equal unity. This eliminates any of steps 
7(b-d) as the r.d.s., which would, in any case, 
push step 7a into quasi-equilibrium and lead to 
Jo~c(~g -f~) (where f is some fraction), which is 
inconsistent with an experimental exponent of 
0.8. 

As a model based on complete electron transfer 
at the chemisorbed site is incompatible with 
experiment, it is necessary to examine the 
merits of a charged mobile adsorbed species. 
Let the intermediates of reaction 7 be: 

02 + e' ~ Of (adsorbed site) (7a') 
O 2 + e' --+20' "~_ (either adsorbed or (7b') 

2 [O '+e '~O"]  f chemisorbed site) (7c') 
2 [O" + Vo ~ O~] (chemisorbed site) (Td') 

As before, either Equat ion 7c' or 7d' as the 
r.d.s, will lead to an exponent of eg <�89 Appendix 
A considers the exchange current densities 
resulting from either of steps 7a' and 7b' as 

I c-," ~.1 - ~ / 4  r.d.s, which lead respectively to o o ~ g  or 
joOs c I - (1 + ~/4). 

The magnitude of the symmetry factor govern- 
ing the rate determining, charge transfer step 
will control the exponent n in the JooCeg relation. 
The respective limits on n for reactions 7a' and 
7b' as r.d.s, are 0 .75<n<1 a~d �89  as 
1 > e > 0. The experimental data are not accurate 
enough to insist that the exponent n = 0"8o lies 
outside the limits required by step 7b' as the 
r.d.s., and the choice between the two possible 
r.d.s, must be made by considering the relative 
magnitude of e. If step 7a' is the r.d.s., then 

= 0.8 to give n = 0-8, whereas e ~ 0  for 7b' as 
the rate determining step. The latter condition 
is tantamount to reaction 7b' being rapid in the 
forward direction and strongly retarded in the 
reverse, contrary to the requirement of a cathodic 
r.d.s. Consequently, step 7a' is considered to be 
the r.d.s, for the overall cathodic reaction 7, and 
would correspond to Smith's model [22] if  it 
were contended that steps 7b'-d' in tandem 
occurred at a chemisorption site following 

t mobile adsorption of 0 2 . This is consistent with 
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ESR experiments on related oxides [24, 25] 
which detected adsorbed Os on exposed surfaces, 
but the knowledge that at high temperatures the 
platinic surface oxide involves the atomic species 
does yield the possibility that chemisorption of 
atomic oxygen occurs on both the electrode and 
electrolyte interface surfaces. 

4.4. The approach to the rate limit 

It was demonstrated in Section 3.2.2. that the 
simple Nernst diffusion model fails to relate to 
the experimental results which are, however, 
satisfied by the more complex Equation 4. 

The basis of the theoretical model developed 
in Appendix B to arrive at the experimental 
Equation 4 is the solution of the steady state 
continuity equation for the sequential reaction 
8 which is subject to two fundamental postulates. 
Firstly the adsorption of oxygen gas molecules 
in the vicinity of the annular gas-interface 
boundary (the triple contact boundary between 
the metal electrode, electrolyte and gas phase) 
can be represented by a simple surface exchange 
mechanism, described mathematically by con- 
tinuity of the concentration gradient over, and 
just within, the annular plane (Equation B1). 
Secondly, the chemisorption of a mobile inter- 
facial oxygen species onto the electrolyte surface 
and its consequential reaction with an anion 
vacancy (which may be associated with a chemi- 
sorbed atom as a bound complex) is likely to be 
fast relative to the mass transfer step, and may 
be described by the modified Butler-Volmer 
Equation B2. 

Solving the continuity equation subject to these 
postulates leads to the experimental Equation 4, 
and shows that the constant factor H depends on 
the magnitude of the forward part of the reaction 
current density in Equation B2. As expected for 
the case of strong activation, H reduces to the 
partial reaction exchange current density, but it 
is more likely that the approach to the mass 
transfer limit, as in the current experiment, 
pushes H into a more complex relation as given 
in Equation Bllb. 

The theory presented in Appendix B, primarily 
to justify the necessity of assuming a surface 
exchange mechanism, makes no specific demands 
on the nature of the interfacial charge transfer 

mechanism; any attempt to correlate e; of 
Appendix B with the equilibrium symmetry 
coefficient c~ in Appendix A is unjustified. 
Furthermore, it was emphasized in Equation 5 
that c~ is modulated by the concentration over- 
potential; Fig. 10 illustrates that this factor is 
very significant in the polycrystalline material 
for which a flux limiting mechanism is considered 
to operate. Accordingly any further evaluation 
of the pre-exponential factor (H/Jc) from the 
theoretical Equation Bll is inappropriate other 
than to demonstrate that a rough estimate shows 
Jor to be large compared to Jo, as it must be for 
Jo to represent the low field r.d.s. : since 

( H )  2 J o r D  
Jc ~1 - 2ehao.72 ' 

D /kT "~ WkT "~ 

cm -3 ,  l l ~ 1 0  -4  cm gives J o r ~  10 4 A c m  -z .  

4.5. The high fieM rate limiting steps 

The sequence of the low field electrochemical 
steps is often destroyed by the imposition of a 
mass transfer rate limit, since activation pro- 
cesses are governed by the rate of charge transfer 
and become difficult when the adsorbed layer is 
depleted [26]. Consequently knowledge of the 
reaction sequence 7a'-7d' fails to provide any 
direct information on the nature of the rate 
limiting mechanism. 

Reference to Fig. 14 depicting the progressive 
steps across the gas-interface annulus shows that 
under low field equilibrium detailed balance 
gives 

afFg = r~(= ~(Co-CR)) = Fi, 

where the F's are fluxes, a the gaseous condensa- 
tion coefficient and f the probability of an ex- 
posed adsorption site. Consideration leads to 
the conclusion that three possible limiting condi- 
tions exist: 

(a) Gas flux limit, for which the adsorption 
probability f ~ l  and the limiting current 
densi ty JL = 4eaFgoCPo2. 

(b) Diffusion flux limit, under which condition 
the limiting interracial flux FIL raises the 
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(c) 

annular concentration CR to a limiting 
value CRL in relation to a detailed balance 
between the surface exchange and diffusion 
coefficients; accordingly JL=2ey(Co-- 
CRL)~: (Po~2- C) if molecular dissociation 
of oxygen precedes surface exchange. 
Surface exchange flux limit, for which the 
adsorption flux approaches a limiting 
value FaL =?co~P~o2 if a preceding 
dissociative step is forced into equilibrium. 

GAS PHASE A N N U L U S  INTERFACIAL ZONE 

of rodius R ond 
surface orea 2~TRh 

,rt v, 

, (Po2  

Ocl I'Q=T(Co--CR)~ FL = D@71R 

CO CR 

Fig. 14. Sketch showing balance of fluxes on surface 
exchange at the gas-interface annulus. 
F's are fluxes. 
7, D are respectively the surface exchange and diffusion 
coefficients. 
a,f are the condensation and adsorption probability of 
the oxygen molecule at the annulus. 

It has been demonstrated that JLOCPo2 in 
polycrystalline 12 mol ~ YZr, which is attri- 
buted to limiting mass transfer of the ambient 
gas flux Fg. Considering the situation where the 
gas flux condenses on an annulus of area 
2nRh, the limiting condensation rate is 2nRhaFg, 
where the condensation coefficient a involves an 
enthalpy of condensation AHc: a = aoeX p- 
( -AHJkT)  and Fg = Poz(2rcmkT)-�89 from kin- 
etic theory. Assuming a uniform flux of vacan- 
cies Fv across the electrolyte, and equating the 
vacancy current to the condensation current 
gives nR2Fv(2e) = 2nRhaFg(4e) and 

8heao (Po~ AH~ 
JL = 2eFv = (2nmk)~R \ T2 J e x p -  k--~ (10) 

which is the experimental Equation 6. The 
condensation enthalpy AHr = 0.26 eV compares 
with 0.32 eV evaluated by analysis of Fig. 7 of 
reference [3], and as reasonably expected is of the 

order of the enthalpy of van der Waal forces. 
Experimentally, the constant 8heao/(2nmk)�89 = 
275 (Poz in atm) and suggests that hao~ 10 -5 
cm s- 1. Taking h as the thickness of the interface, 
estimated optically as a few micrometres, shows 
that a reasonable value of a o is 10-1. 

The experimental data for the single crystal 
8"3 mol ~ YZr exhibits a flux limit at high 
temperatures, but tends towards another mechan- 
ism below about 800~ Unfortunately current 
results do not permit an unequivocal analysis of 
the low temperature data, other than to indicate 
a tendency to JLOCP~o 2 with an activation energy 
of 1 eV in agreement with both Kleitz [8] and 
Yanagida [9]. More explicitly, both these 
authors have directly measured a potential 
independent JLOCP~02 characteristic without the 
constant factor C = CRL required for the diffu- 
sion limit, case (b) above. It is easily seen that for 
the diffusion limit 

D Oc ~ DCRL 
)'(Co- c.L) = [ar I. 

whereas for surface exchange limit CRL~0 and 
),c o must be much greater than the limiting 
diffusion flux, i.e. ),Co>> DCRL/6 (6 is an effective 
diffusion length). On the basis of simple micro- 
scopic flow theory the surface exchange co- 
efficient is of the order of the product of the 
atomic vibration frequency and atomic jump 
distance, ),~kT/h*x2, where h* is Planck's 
constant; and also D~kT/h* x 2 2 and vIDe2 -1. 
Provided that 6 >> 2 then (Co- eRL) ~0 ,  contrary 
to observation. This simple argument would sug- 
gest that the low-temperature rate-limiting mech- 
anism arises from the coupling of molecular 
dissociation and surface exchange in preference 
to interfacial diffusion. 

The tenuousness of this argument does not 
invalidate the derivation of the limiting current 
density; consider the molecular dissociation of 
oxygen into an activated complex as being in 
quasi-equilibrium at the gas-interface annulus: 

02(g) + S (site)-~ 20  

for which mass action provides K a = c2/cgNs; 
Ns being the surface concentration of active sites 
at the annulus. The rate of transfer of the 
activated complex over a potential energy 
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barrier (E,) onto the mobile interracial layer is 

where 2 is of the order of atomic dimensions. 
Writing the equilibrium constant K, = 
exp(ASJk)exp(-AHa/kT), with ASa, AH, the 
entropy and enthalpy respectively for molecular 
dissociation, then as before the limiting current 
density 

2rcRhv(2e) 
JL = 2eFv -- ~R 2 

4he k T2Nc,ex /AS,\ex //E a--}-k_~Ha/2) P - /  - 

= A 0 exp ---Q (11) kT 
4hekT2h,R ( --i-'-'~j1022"] ~ _[ASa'~ 

A o - N s e x p ~ - ~ ) ~ 5  x 10s; 

AH.'~ 
Q = Ea- t - - -~-)~l  eI / 

experimentally from Fig. 9. (Although A o strictly 
includes a temperature factor the expression has 
been retained in this form to conform to the 
trend shown in Fig. 9.) Both Fryburg [19] and 
Krier [20] quote an activation energy of 1.85 eV 
for surface oxidation of Pt around 1000~ and 
the current estimate for Q is compatible if this is 
compared to AH,, and E, to the enthalpy for van 
der Waals forces. The experimental estimates for 
A o, with h~10  -4 cm, T~1000 K and 2~3  x 
10 -8 cm requires that N~s exp (ASa/2k)~5 x 10 I~ 
cm-1; putting Ns~,1014 cm -2 as a typical 
surface concentration of activation sites gives 
ASa~l '45 x 10 -3 eV K -1 ( - 3 3  cal mo l - lK-1 ) .  
To a first approximation, AS, may be compared 
to the difference in entropy between atomic and 
molecular oxygen, AS, = (2S o -  So2) = 31 cal 
mol -~ K -1 at 1000 K, using the tabulated data 
in reference [28]. 

No clear picture of the adsorption mechanism 
is possible, but the correspondence in activation 
energies suggests that molecular dissociation of 
oxygen is localized on the metal electrode 
surface in the vicinity of the triple contact annulus 
before transfer to the mobile interfacial layer. 
Some support for this hypothesis follows from 

Kleitz's [8] observation that the metal electrode 
influences the limiting current density such that 
arE decreases in the order Ag=Pt 10~o Rh-Rh,  
corresponding to decreasing oxidation poten- 
tials. 

Reference to Fig. 9 shows that a low tempera- 
ture JLOZP~02 regime was not observed in 
polycrystalline 12 mol ~ YZr, but it would not 
be unreasonable to expect its existence at lower 
temperatures, below 800~ Comparison with 
earlier workers, particularly Etsell [3], Brook [4] 
and Kleitz [8] reveals that choice of experimental 
conditions controls the detailed balance between 
the flux limiting and adsorption limiting mechan- 
isms. Kleitz deduced a JL~ Po~2 behaviour between 
750 and 1200~ using a point electrode, this 
would be compatible with the proposed model 
if the capture area corresponded to the gas- 
interface annulus, without adsorption on the 
exposed metal or electrolyte surface, followed 
by mobile transfer to the annulus. On the other 
hand the distinction in the conclusions arrived 
at by Etsetl [3] and Yanagida [9], who both 
used fired Pt paste electrodes, is that the latter- 
deduced a JLOCP~02 relation using small elec- 
trodes ( < l m m  z) at 560~ whereas Etsell con- 
cluded that large area electrodes (.~100mm 1) 
gave a direct JLOCPo2 proportionality between 
700 and 1100~ Conversely Brook [4] has 
presented evidence that a flux in the Pt paste 
exerts a controlling influence in acting as a 
sealant to pores in incompletely fired Pt paste, 
thereby preventing direct access of oxygen to the 
interface and minimizing the effective triple con- 
tact boundary area. Similarly Karpachev [29] 
increased the triple contact boundary area by 
scratching lines on the fired Pt paste electrode 
and observed a corresponding increase in the 
limiting current density. 

However, Brook [4] demonstrated that the 
limiting current density in 15 tool ~ CaO :ZrO 2 
at 520~ was inversely proportional to the 
thickness of Pt foil electrodes, between 30 and 
120/~m thick, which strongly suggests that the 
limiting mechanism involves oxygen diffusion 
through the foil. Current work in the author's 
laboratory has indicated that the Seebeck 
coefficient of 12 mol ~ YZr in contact with Pt 
disc electrodes falls to zero below about 500~ 
Current wm'k using other metal electrodes with 
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YZr may explain the influence of the metal in 
controlling the interfacial phenomena. This 
could indicate that the mobility of the interfacial 
species may be too low to sustain the hetero- 
geneous (electrode reaction) contribution to the 
total thermoelectric power, thereby allowing a 
second mechanism, based on oxygen diffusion 
through the electrode, to dominate. Nevertheless, 
Brook et al. [4] and Kroger [46] were unable to 
correlate their mass transfer data with oxygen 
diffusion and solubility data in platinum. 

Summarizing, it would appear justified to 
postulate that above about 500-600~ the 
limiting current density are which may be sus- 
tained prior to blackening is insensitive to the 
cathode structure (paste, foil or solid disc). 
Instead, it is considered that temperature and 
electrode configuration, through the effective 
area of the triple contact boundary, are the 
controlling factors. Only in this way is it possible 
to correlate existing experimental data, such that 
at low temperature and small electrode radius, 
molecular dissociation of oxygen dominates; 
whereas at high temperature and large effective 
capture area the oxygen condensation flux is 
rate controlling. Consequently Karpachev's 
[29] observation that JL could be magnified by 
increasing the effective capture length with lines 
scoured through the electrode can be accommo- 
dated. Conversely JL would decrease if the 
effective height (h) of the triple contact boundary 
were diminished through the use of a flux as the 
sealant [4]. 

Practical systems utilizing stabilized zirconia 
as power devices, such as open cycle MHD 
electrodes or fuel cells, require operation in a 
regime of the V-J curve exhibiting minimum 
polarization loss and freedom from destruction 
by blackening. Examination of Fig. 2a reveals 
that atmospherically this condition will only be 
met in pure oxygen (or possibly CO2) when 
operating near the point X at which blackening 
commences. Commensurate with this require- 
ment is the need to maximize JL, and to this 
end the model raised above proposes that this 
will be achieved by use of an electrode configura- 
tion having a large triple contact boundary area. 
Qualitative results using a laboratory scale- 
seeded MHD burner did suggest that a stabilized 
zirconia electrolyte contacted to a Pt disc 

cathode having a number of drilled holes was 
less susceptible to blackening; however the 
reduced surface area of contact led to a weaker 
electrode-electrolyte bond [14]. 

4.6. Blackening in yttria stabilized zirconia 

Turning now to the problem of initiation of 
blackening it would be reasonable to anticipate 
that the mass transfer limit leads to an effectively 
blocking cathode with interracial depletion of 
adsorbed oxygen. Consequently the polarization 
field would lower the potential barrier between 
the electrode and electrolyte sufficiently to 
permit thermionic emission of electrons across 
the interface with subsequent trapping in accu- 
mulated anion vacancies. The F centres so 
created would lead to the observed space charge 
region in Fig. Ic. 

The equivalent electrical circuit for the elec- 
trode polarization in an ionic conductor is a 
parallel combination of equivalent capacity and 
resistance, representing respectively the non- 
discharge of vacancies at the blocking electrode 
and the effective polarization of the electrode 
reaction [31]. When the concentration over- 
potential qc reaches a limiting value qL, the charge 
accumulation on the equivalent capacitor permits 
field lowering of the electrode-electrolyte barrier 
of height q5 o; the Richardson-Schottky equation 
applies for thermionic emission across a poten- 
tial step with attendant image forces [32]: 

4o J = 120T 2 e x p -  . \4tie*coL/ | 
kT J 

where qL/L is the polarization field across the 
equivalent capacitor of width L equal to the 
Debye length [33] and e* the high frequency 
dielectric constant. Fig. 15 shows the application 
of this equation to the envelope of curves such 
as A-B in Fig. 12, (using t/L from Fig. 11 in place 
of the total voltage V); q5 o = 5.4 eV and e*L = 
2 x 10 -v. Assuming e* of the order of 5-10 (the 
static value is about 40 for 8.3 tool ~ YZr [34]) 
gives L~2-5 x 10 -8 cm, being twice the diameter 
of an oxygen atom [35]. The equivalent electrode 
capacitance may be calculated as C = ee~ 
140 pF cm -2 (e now the static dielectric constant, 
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40) which is in good agreement with direct 
measurements by Bauerle [6] made under low 
field AC conditions. Bauerle found the capaci- 
tance was relatively insensitive to oxygen partial 

pressure and electrode configuration; the present 
correspondence suggests that the dominant 
influence could be chemisorbed oxygen atoms on 
one or both surfaces of  the interfacial components, 
and refers back to Smiths' postulate [22] that 
only 5 ~  of the available oxygen is reversibly 
adsorbed on free zirconia. The areal space 
charge density on the equivalent condenser (N) 
follows since C = N ( 2 e ) / q L  , giving N ~ 3  x 1014 

c m  - 2  at qL = 0"8 V. Since the surface density of  
anion vacancies fixed at 5 ~  occupancy by the 
yttria dopant concentration is 7 x  1013 c m  - 2 ,  

this would indicate that some vacancy accumula- 
tion may occur at the cathode prior to electron 
injection. 

4.6.1. Quadratic V - J  characteristic. It is 
significant that the electronic part of  the cathodic 
V - J  characteristics tends to a J ~  V z relation 
accurate over at least a decade. There is little or 
no ionic polarization in this regime (Fig. l c) and 
the voltage drop due to bulk resistive effects in 
the sample between the electrode and probe is 
much less than 0.1 V, so that the J~:V 2 regime 
must represent an interfacial phenomenon. The 
quadratic characteristic is exhibited equally by a 
'well-blackened' sample in argon and by a 
sample in oxygen which is known to exhibit just 
an initial discolouration around the cathode 
under these conditions. 

Extrapolation of the linear J L O C P o 2  relation 
obtained for the diffusion limit between 10 -3 
and 10 -1 atm oxygen did not agree with the 
estimated diffusion limited current density for 
pure oxygen. Instead, blackening occurred at 
lower current densities, approximately where the 
pure oxygen "ohmic Joc V curve intersected the 
quadratic J~: V 2 curve (point X on Fig. 2a), how- 
ever the evidence is based entirely on visual 
observation of cathodic discolouration. Similar 
quadratic characteristics were noticed above 1 V 
in the single crystal material and also in an 
isolated polycrystalline sample of  17 tool ~o 
MgO:ZrO2.  Cardon [36] has reported a J ~  V 2 
characteristic in thin slices of rutile (TiO/) which 
was attributed to space charge limited current 
at the positive electrode. However, it is clear 
that the phenomenon in YZr is localized at the 
cathode interface and exhibits a strong tempera- 
ture effect (B-C of Fig. 12). 
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The theory of space charge limited (SCL) con- 
duction in the presence of electron traps has 
been adequately covered elsewhere [37-39]. The 
space charge limited current is: 

9 eeolaoOV 2 
JSCL - -  8 8 d  3 (12) 

where/~0 is the microscopic electron mobility, d 
the width of the space charge region and 0 the 
ratio of free to trapped charge given by [38], 
0 = (Ns/Nt).exp-(AE/kT), Ns is the density of 
states at the bottom of the conduction band, 
being of the order of the concentration of atoms 
in zirconia (1023 cm -3) and N t the density of 
traps positioned an energy AE below the conduc- 
tion band. Lampert [39] has shown that the 
transition from ohmic to SCL conduction occurs 
at a voltage: 

(2e) No d2 
~CL -- (13) 

0Eg 0 

as does indeed occur at about 5V in YZr for 
pure oxygen at the highest temperatures, where 
little polarization is present (point X of Fig. 2a). 
N O is the density of free electrons in the electro- 
lyte, related to Ns through the band gap Eg by 
No = Ns e x p -  (Eg/2kT). 

A plot of log Jversus l /T in  Fig. 16 for V = 
10 V from Fig. 12 gives a straight line of slope 

9 eeo/~ 0 Ns 
A E = 0 . 8 7  eV and intercept 8 d 3 Nt = 

3A cmZV -2. If the density of traps is taken to be 
the concentration of anion vacancies fixed by 
composition at 3 • 1021 cm -3 and the electron 
mobility as 0.1 cm2(Vs) -1 (Section 4.6.2. 
below), then the width of the space charge 
limited region is calculated to be d~3.5 x 10 -3 
cm. Substituting back in Equation 13 with 
VSCL = 5 V yields a band gap Eg~3.4 eV for 
YZr at 1500 K which may be compared to 
room temperature optical absorption estimates 
of 3.8 eV [40]. 

It is not possible to do more than speculate on 
the nature of the electrode space charge limited 
region of about 35/~m width, having trap levels 
0.87 eV below the conduction band. There is 
some evidence [41] to suggest that trap levels at 
0.8 eV could be associated with chemisorbed 
O' surface states; on the other hand the conse- 

quential diffusion of Pt on blackening leads to 
the formation of an intermetallic Pt(Y,Zr) phase 
just within the electrolyte [42] and it may be signi- 
ficant that the estimated depth of the space 
charge region approaches that of the visually 
observed depth of penetration of Pt into the 
electrolyte (100 pm). 

4.6.2. High field electronic conduction in yttr& 
stabilized zircon&. The stabilization of the lna- 
1/T curve in Fig. 13 for the electronic conduction 
mode in the blackened material represents a 
saturation state within the bulk electrolyte 
independently of electrode limited space charge 
processes. Jacquin [2] has shown that conduction 
in the blackened state tends to an exclusively 
electronic contribution, and whilst it is impossible 
to define a state of 'saturation blackening', it 
does not seem unreasonable that the reproducible 
state is associated with a completely electronic 
conductor. An activation energy of 0.2 eV is 
typical for electron hopping between anion 
vacancy acceptors and a rough estimate of the 
mobility at 1000~ may be estimated by taking 
the electronic conductivity to be 3 (ohm cm)-1, 
and assuming electrons to be completely trapped 
by the available vacancies (whose concentration 
is fixed by the degree of aliovalent stabilization) 
a mobility of the order of 0.1 cm z (V s)- i  is 
estimated. Whilst the assumption of complete 
trapping is probably unjustified, giving too low a 
mobility, it does approach the typically expected 
mobility values for electron hopping. The crucial 
test for electron hopping is the existence of a 
direct Boltzmann type relation for the mobility, 
for which evidence is at present lacking. 

4.6.3. The nature of blackening. Finally a few 
comments are offered on the nature of blacken- 
ing in stabilized zirconia which does not appear 
to have been adequately considered elsewhere. 
The current work has demonstrated that blacken- 
ing is a direct consequence of electron injection 
from the metal electrode into anion vacancies 
accumulated at the blocking cathode to give a 
'saturated' electronic conduction mode. The 
potential distribution in Fig. lc and evaluation 
of photographs of quenched specimens (gee 
reference [15] for photographic details) reveal 
that the progressive movement of the blackened 
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zone is governed by temperature, current density 
and oxygen partial pressure. Furthermore, the 
geometry of the interface between the blackened 
and stoichiometric zones is a tongued-shaped 
configuration in cylindrical specimens. It is 
believed that the final position of the tongue- 
shaped blackened zone is a true equilibrium, 
represented by a balance between hopping of 
electrons through the blackened zone, oxygen 
diffusion from the cylindrical sides of the 
sample, and mass transport of anion vacancies 
from the anode. In other words the interface 
between black and white zirconia behaves as a 
'virtual cathode'. 

The trapping of injected electrons into vacan- 
cies, which may or may not be associated, would 
be expected to manifest itself both in ESR 
measurements and through optical absorption 
by colour centres. Thorp [43] consequent to 
blackening, has found ESR evidence for an 
isotropic F centre, consisting of an oxygen 
anion vacancy with a trapped electron and 
surrounded by a cationic tetrahedral configura- 
tion of zirconium ions. On the other hand the 
band edge for single crystal 8.3 mol ~ YZr has 
been found to shift from 2750 A to around 1 #m 
on blackening [30, 40]. Qualitatively therefore, 
blackening corresponds to complete absorption 
over the visible spectrum, but the fundamental 
mechanism is as yet far from clear. The existence 
�9 of a well-defined F centre would be expected to 
manifest itself as a small but prominent peak in 
the absorption curve somewhere between the 
band edge and phonon absorption edge at 10 #m; 
this has never been observed. Wright et  al. [30] 
have shown that blackening is accompanied by 
strong scattering over the entire visible spectrum 
due to colloidal particles in the 100-500 A 
diameter range; the shift in apparent band edge 
on blackening corresponding to the long wave- 
length edge of the colloidal scattering spectrum. 
Wright et al. believe the colloids to be zirconium 
metal particles precipitated as a consequence of 
anion vacancy aggregation, although direct 
detection of such metallic precipitate has never 
been achieved. This should not be confused with 
the semi-metallic zirconium oxynitride formed 
on blackening in a nitrogen-rich environment 
[44]. It is interesting to speculate on their relation 
to the 'syntatic zones' observed by Carter and 

Roth [45] which were said to be made up of or- 
dered clusters of complexes up to 600 A diameter. 
These were observed by electron microscopy of 
stoichiometric CaZr single crystals, and it is an 
arguable point whether stoichiometry was 
retained during electron bombardment. If this 
were not so, electron trapping within such syn- 
tactic zones may cause clusters of  colour 
centres with a broad absorption band over the 
entire visible spectrum, having conduction by a 
thermally assisted hopping mechanism. 

5. Conclusions and summary 

It has been demonstrated that while differences 
arise in interpretation, all existing work on the 
rate-limiting mechanism in stabilized zirconia 
are experimentally consistent within the limita- 
tions of the adopted experimental conditions. 

Summarizing the sequence of the conduction 
modes and V - J  characteristic, it has been well 
established that at low fields the conduction is 
entirely ionic, due to .oxygen anion vacancy 
transport; there is evidence to suggest that only 
a small fraction of vacancies are free to conduct, 
owing to association with cationic defects [13]. 
Both cathodic and anodic electrode reactions, 
represented overall by Equation 7 and its 
converse, exhibit ohmic characteristics for 
current densities well below Jo which itself is a 
function of ambient oxygen partial presstire and 
temperature (Table 2). Consequently the low 
field ohmic resistance is activation controlled 
above 800~ but there is some evidence to show 
a mass transfer influence at lower temperatures 
[9]. The rate determining step in the cathodic 
reaction 7 is considered to be the electronation 
of an oxygen molecule in the vicinity of the gas- 
interface annulus. This Os species is believed to 
be adsorbed onto the interface; further dissocia- 
tion and electronation then takes place to re- 
plenish a chemisorbed site which may itself be 
associated with an underlying oxygen anion 
vacancy prior to neutralization, according to 
Equation 7d'. 

The expected transition to a Tafel behaviour 
has not been observed in this and other work 
owing to the masking influence of mass transfer 
associated with the gas phase. The nature of the 
rate-limiting mechanism depends on experiment, 
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particularly temperature and diameter of elec- 
trode. At high temperatures and large triple 
contact boundary annular areas, the ambient 
gas flux striking the exposed annulus is rate 
limiting, whereas point electrodes or low 
temperatures lead to molecular dissociation 
followed by surface exchange into the interface 
as the controlling factor. 

Because of the rate-limiting mechanism there 
is an accumulation of anion vacancies at the 
(effectively) blocking cathode with field lowering 
of the interfacial potential barrier to permit 
thermionic emission of electrons which are 
trapped in oxygen anion vacancies. Subsequent 
to blackening, even at quite low current densities, 
an intermetallic Pt(Y,Zr) phase forms in the 
electrolyte adjacent to the interface which may 
control the space charge limited conduction at 
the cathode. However, the bulk conduction 
becomes saturated at high bias fields, the activa- 
tion energy for the ensuing electronic conduction 
being about 0.2 eV compared to 0.7-0.9 eV for 
the stoichiometric material. This and the calcul- 
ated mobility, favour hopping of electrons trap- 
ped in uncompensated anionic vacancies as the 
dominant conduction process. 

Appendix  A 

Derivation o f  the exchange current density for  the 
overall reaction 7 

Consider the intermediates of reaction 7 pro- 
posed in Section 4.2: 

02 + e' -~ 02 (7a') 
O; +e'--*20' (7b') 

2[0' + e' 4 0 " ]  (7c') 
2[O"+Vo-,O~] (7d') 

for which the charge transfer r.d.s, may be either 
7a' or 7b'. 

Considering step 7a' as the r.d.s., the partial 
current density is 

Ja = ek'a[ O2]exp(-aflA(a) 

-ek~[O~]exp(1-a)flAq~ (A1) 

where fl = (kT)-1 ,  ~ the symmetry factor, A~b 
the non-equilibrium potential supporting the 
charge transfer and k~, k~ the forward and 

reverse rate constants respectively. Since all 
succeeding steps are in quasi-equilibrium: 

k~[Oi]exp-c~flA~b = k~[O']%xp(1-c0flA~b 

k'[O']exp-eflAq~ = k"[O"]exp(1-a)flA(o 

k'a[O"][Vo'-I = k~[O;] 

The partial current density for the r.d.s. 7a' 
becomes 

j .  = ek'acgexp(-eflAO) 

l . .  I b .  lJ~\ 2 , [ o ; ]  2 
-ek~ -7, kb\k=kd] ~ ] 2 .  exp(4- cr 

= eK'acgexp(-aflA(~) 

- eK" [O~ 2 exp(4- a)flA~ 
a[VO]2" 

By definition, the partial exchange current 
density at equilibrium (Ja = 0, Aq~ = AqSo) is: 

Joa = eK" cgexp-~ 

"[0;]2 a 
=eKa-[- 2exp(4-a)fl (A2) 

K" [Vo] 2 
or A~bo = . In ~ , c g [ - ~  2 = 

�9 1 , [ V ~  (A3)  

which on substituting back into Equation A2 
yields: 

J0a = e A a t ~ - j }  �9 g -Y4)exp--~fleo (A4) 

e o = l/4fl. In K•iKa, is the reversible potential for 
the partial reaction. The overall exchange 
current density for the complete reaction 7 
assuming step 7a' as the r.d.s, is: 

do = 4jo, = I~,c~l-~'14)exp-~ (A5) 

since [Oo] and [Vo] are constants fixed by the 
electrolyte concentration. 

The remaining possibility is to consider step 
7b' as rate determining. Proceeding as before, 
the partial current density is: 
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Jb = ek[,[Oi]exp(--~[3A~) 

-- ek•[O']Zexp(1 - c0/~Aq~ 

= eK~,cgexp{ - (1 + c0flA~b} 

, , [ 0 ; ]  2 
- eKb[--~o]2 exp(3 -- c0flAq5 

At equilibrium, jb = 0, Aq5 = A~b o and the over- 
all exchange current density: 

/[-O• 1\1 +~ / l - l + ~  
neK d L  Od~-'-f'- t J o = 4 j o b  ='+ u ~ [ ~ ) .  % '-~)x 

e x p -  (1 + ct)fleo 

K'bC Dg - 1 +~ = 7 "exp - (1 - ~)fleo (A6) 

The rate constant k i = k i o  exp-(flAG~o), 
where AGo ~ is the standard free energy of activa- 
tion for the r.d.s.; accordingly a generalized 
expression for Jo reducing to Equation A5 or A6 
becomes: 

Jo = K, ocgexp-fl(Seo + AG~o ) (A7) 

and the overall current density for reaction 7 
reduces to: 

J = 4j = Jo[exp( -~ f lqa) -exp(4-~) f lq~]  (A8) 

with the charge transfer overpotential qa = 
A -A o. 

The charge transfer polarization resistance at 
low fields (J->0) is obtained by differentiation of  
Equation A8 : 

Oq, 1 (A9) 
R p  = OI s-~o --  4fl(7~RZJo) 

with ~zR 2 the geometrical (circular) area of reac- 
tion. It has been shown by Vetter [16] that if 
mass transfer additionally contributes, the 
polarization resistance is modified to 

1 f l  1 \  
Rp = 4-fl-~2t~00+~LL) (AlO) 

with JL the mass transfer limited current density. 

Appendix B 

Development o f  a theoretical model for  the 
approach to the rate limit 
Consider the overall reaction 7 in the approach 

to the rate-limiting state, and propose that an as 
yet undefined oxygen species is 'adsorbed' 
(through surface exchange at the gas-interface 
annulus) onto the mobile interfacial layer. This is 
followed by a combined partial charge transfer 
and vacancy neutralization reaction steps at a 
chemisorption site. The rate of adsorption at the 
annulus of radius R is assumed proportional to 
the difference in chemical activity between an 
oxygen species of concentration Co on the gas 
side of the adsorption plane, and the mobile 
interfacial species of concentration cR: 

ac, 
?(Co--OR) = D Or  R (B1) 

where y is a surface exchange coefficient and 
I t~Cr/~rla refers to the radial concentration 
gradient of the diffusing species just within the 
annulus. Both 7 and the diffusion coefficient D 
are assumed to be independent of concentration. 
It will be noted that exchange and diffusion are 
sequential reactions; the slowest limiting the 
overall reaction rate. 

Despite the destruction of the low field 
equilibrium between the chemisorption steps 
7c'-d'  and the r.d.s. 7a' by an intervening mass 
transfer limiting step, chemisorption of the 
mobile species onto the electrolyte is still likely 
to be fast relative to the mass transfer step. 
Consequently the partial reaction current density 

Jr at radius r can be written as the difference 
between the recombination and generation rates 
of the interfacial diffusing species at the chemi- 
sorption site of radius r: 

Jr = 2e ( U r -  Gr) 

The recombination rate U r is assumed to depend 
only on the concentration Cr of the diffusing 
species and not to require specific knowledge of 
the chemisorbed state. Noting that the experi- 
mental Equation 4 points to a charge transfer 
r.d.s, controlling the interfacial reaction even 
under rate-limiting conditions, Equation A8 can 
be modified for non-equilibrium conditions to 
give: 

Jr = JO, exp(-- arflr/r)-- exp(1 -- ar)flq 

The reaction transfer coefficient e~ and over- 
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potential ~/r include the influence of concentration 
overpotential as in Equation 5, and the reaction 
exchange current density J0r corresponds to an 
equilibrium interfacial concentration 0r. 

Applying the steady state continuity equation 
to an elemental volume 2nrhdr of interface of 
height h: 

aCr (2rrrhdr) -~ = 0 = (2~rhdr)D V2cr-(2rcrdr)~ 

Putting 

,Jot 
KI = - -  exp -  a'rflqr, 

2ehDgr 

']Or 
K2 = 2eh-----D exp(1 -c~;)flq r 

and writing in cylindrical co-ordinates, 

1 0 [" 0Cr'~ 
7o~--r~r~-~)-glcr.-t-g2 = 0 (B3) 

which is subject to the boundary conditions 

Oct - 0 (symmetry at centre of interface) (B4) 
Or 

and 

OC r 
~(Co--CR) = D W R (Bla) 

At equilibrium with no nett cathodic reaction, 
Jr = 0 and Equation B3 reduces to VzCr = 0 
having the solution cr = 0r = ~o for all r. The 
general solution to Equation B3 satisfying the 
boundary condition, Equation B4 is [27]: 

K2 
cr = Alo(z )+--  

K1 

where Io(z) is the zero order modified Bessel 
function of argument z = K~r. The derivation 
of A follows from boundary condition Equation 
Bla, and remembering K2/K1 = Co exp fir/r, 
results in: 

) Co Co exp flr/r 
cr = DZ /"  I~ + Co exp fl~r (B5) 

Io(Z) + ~-~I,(Z) 

where Z = K~R. 

The total interfacial reaction current is: 

R 
I r = ~2rcrjrdr = 

0 

2/rR2J0r(C~ fl'~r)Ii(Z) 
\Co . exp-  c~; fl~r (B6) 

Z[/0(Z) + ~ / I ( Z )  1 

where ~r is averaged. Dividing through by Io(Z), 

DZ Ix(Z) Z2 writing 6 = - -  - -  and noting = K~R 2 = 
~R Io(Z) 

J0r R2 
2 e ~ o .  exp(-g'r fl~r), this reduces to: 

( ~ o  - ) ~  Ir = 2rcRh(2e)7co 1-~oeXp fltb "i-+--6 (B6a) 

Considering now the surface exchange boun- 
dary at R; the exchange current across the 
annulus is, from Equation B1, 

I (=  Ir) = 2rtRh(2e)y(Co--cR) (B7) 

from which: 

CR = CO(1 2nRh~2e)~co) (B8) 

But from Equation B5: 

s -~- CO(1--~: expfl~r) +gO exp ]~r  (B5a) 

" / 1+6 

Substituting for the bracketed term into Equa- 
tion B6a and using Equation B8 yields 

Ir = 2nRh(2e);~Co 

I 
[1-(-2rcRh~2e)?co ) -  Co exp 

But by definition from Equation B7, the limiting 
current -'rE occurs when c ry0 :  

I L = 2nRh(2e)TCo (B9) 

andI  = 6IL 1-- - - - -expf lq r  (BIO) 
C O 

which is a general result. 
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Examin ing  the na ture  o f  6 as a funct ion o f  Z ;  

. 'DIL Z2 
for  Z~< 1, lo(Z),.~ 1, I I (Z ) ,~  Z and 0~L~ ~ -- 

rcR2Jor~ e x p ( -  ~; flqr), consequent ly  Equa t ion  
Co 

B10 reduces to (expressing the current  densi ty 
per  uni t  a rea  o f  interface contac t ) :  

J = Jot 1 - e x p ( -  ~ r /~ r )  

- exp(1 - c~)fl~r](z~l ) ( B l l a )  

be ing  the classical  e lec t rochemical  equat ion  for  
the a p p r o a c h  to the concent ra t ion  l imit  coup led  
with  s t rong ac t iva t ion  (small  Jo~). 

On the o ther  hand,  for  Z~> 10, I I ( Z ) ~ I o ( Z )  

and f i l  L ~ DZIL/yR;  

d = \2eyZheo]  

• [ ( 1 -  ~ - - ~ ) e x p ( - - ~  flqr ) -- 

exp0 + L 0  
In ei ther case the generic equat ion  at  large over- 
potent ia ls  (negative for  a ca thodic  react ion)  
reduces to the form of  equa t ion  4: 

1 J 
~ I n -  + l n  

where 

~ = c ~ , H =  Jot co f o r Z ~ < l  
Co 

�9 0~--; ( JOrJ2O~ ~2 
~r = "~, O --~ \2e~2h?o j for Z~> 10. 
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