
Solid State lonics 21 (1986) 83-94 
North-Holland, Amsterdam 

STUDY OF THE OXYGEN ELECTRODE REACTION 
USING MIXED CONDUCTING OXIDE SURFACE LAYERS. 
PART II: SMALL SIGNAL ANALYSIS 

M.P. VAN DIJK *, K.J. DE VRIES,# and A.J. BURGGRAAF 
Twente Vniversiiy qf Techno1og.v. Department qf Chemical Engineering. 

Laborarory,for Inorganic Materials Science, 

P.O. Bau 217. 7500 AE Enschede, The Netherlands 

Received 23 December 1985: accepted for publication 6 March I986 

The oxygen gas electrode has been studied for a number of mixed conducting oxide surface layers 
on top of Gd2Zr20 

I 
(TGZO) solid electrolytes. In part II of this paper we present the results of 

frequency dispers on measurements for the electrode reaction, supplying additional information to 
the results of current-overvoltage experiments presented in part I. For both kinds of experiments 
the same trends were observed for the electrode polarization. Best results are obtained for a sur- 
face layer of TGZO, while p-type mixed conducting oxides give less decreased values of the electrode 
polarization. High electrode capacitances were found in the case of mixed conducting surface layers 
(about 700 F/m2). The electrode reactions follow a Butler-Volmer type of equation. Most probably a 
diffusion process is rate controlling the overall charge transfer process. 

1. INTRODUCTION 

In Part I of this paper we presented the 
preparation and characterization of layers of 
mixed conducting oxides on solid electrolytes 
prepared by radio frequency sputtering. Mate- 
rials used were the solid electrolyte Cd2Zr207 
(TCZO) and the mixed conducting oxides 
Tb2Zr207+y (TGZlOO) and Ceo . z’“oa 3O2_y ((X.30). 
Carrying out current-overvol age experiments 
for the oxygen gas electrode reaction, it was 
determined that the presence and nature of a 
sputtered layer on top of a solid electrolyte 
has a large effect on the polarization behav- 
iour. With a sputtered layer of the ionic con- 
ducting TCZO material the highest current den- 
sities were obtained compared to the current 
densities for the bare solid electrolyte at the 
same overvoltage values. Mixed, p-type, conduc- 
ting TGZl 00 and CT30 surface layers gave a 
smaller increase of the current densities. In 
addition to the current-overvoltage experiments 
the electrode surface layers are characterized 
in this part of the paper by small signal com- 
plex impedance analysis, yielding information 
about the electrode resistance (Rel): 
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and the capacitive behaviour of the electrode 
interface. Results of the frequency dispersion 
measurements, according to the experimental 
procedure outlined in part I of this paper, are 
split up in a resistive part and a capacitive 
part for convenience. 

2. RESULTS 

2.1 Resistive part 

Values of the electrode resistance (R ) 
were obtained from the complex impedance e&a- 
grams as the difference of the intercept values 
of the polarization curve with the real axis at 
low and high frequencies. 

Fig. 1 shows the electrode resistances as a 
function of temperature at PO -0.21 atm (scaled 

2 
values according the procedure described in the 
appendix of part I). Activation enthalpies are 
listed in Table I. Just as in ‘the i-n experi- 
ments the configuration with the TCZO sputtered 
layer has the lowest electrode polarization 
followed by CT30 and TGZlOO. It is not excluded 
that at higher temperatures than covered in our 
experiments the CT30 layer turns out to have 
the lowest resistance. The bare solid electro- 
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g.1. Scaled electrode resistances (Rel) as a 
function of temperature at PO - 0.2latm. 

1 : 600 nm CT30/Pt 2: 600 ?un TGZO/Pt 
3: 600 nm TGZO/Au 4: 600 nm CT30/Au 
5: 150 nm TG.ZlOO/Au 6: 150 nm CT30/Au 
7: bare TGZO 

lyte shows the highest resistance. 
All electrode configurations with the Au- 

strip show a similar activation enthalpy of 
about 100 kJ/mol. except for the 150nm and 
6OOnm CT30 layers, where the activation 
enthalpy increases for higher temperatures. For 
the 600nm TGZO and 150nm CT30 it was found that 
the activation enthalpies were independent of 

P02’ The activation enthalpy for the bare solid 

electrolyte is somewhat larger. 
Evidently the configurations with the Pt- 

strip perform better in the high temperature 
range. Towards lower temperatures the curves 
for Pt and Au approach, which is an interesting 
point for pumping applications. 

For Pt hardly any difference in Rel is 
noticed whether the sputtered layer consists of 
TGZO or CT30. The curves of Rel versus T show a 
similar bend, with a high value of the activa- 

TABLE I. Activation enthalpies for Rel for 
the various electrode configurations. In cases 
where no Arrhenius behaviour was observed for 
R el the numbers in the column for AH describe 
the gradual transition in the slope of the 
curves. The first number shows the low tempe- 
rature limit, the second shows the high tempe- 
rature limit. 

elect rode 

configuration 

strip AH PO 

(kJ/mol) (at:) 

bare TGZO 
600 nm TGZO 

n 
II 
I, 

150 nm CT30 
600 nm CT30 

I, 

150 nm TGZlOO 

Au// 
Au 
Au 
Au 
Pt 
Au 
Au 
Pt 
Au 

120 0.21 
101 0.01 
106 0.21 
110 0.43 

240-l 40 0.21 
100-150 0.21 
100-150 0.21 
240-l 40 0.21 

99 0.21 

# For this configuration a symmetrical two 
electrode cell was used with Au strips to 
carry out temperature dependent frequency 
dispersion measurements. Consequently these 
R el results cannot be compared quantitatively 
with the other results which were scaled. 
However it is allowed to compare AH values. 

tion enthalpy at the lower temperatures chang- 
ing to a lower value at the higher tempera- 
tures. This indicates _a change in rate deter- 
mining step, as becomes clear from the PO de- 

pendence of Rel. Apparently the_influence20f 
Pt on the electrode reaction process is large 
and obscures possible influences of the eleC- 
trolyte surface layer. 

Fig. 2 shows the PO dependence of Rel. It 

is seen that for all c&figurations with a 
Au-strip the lines run parallel. R 

“b 
var i es 

as Porn, with -0.45 < m < -0.50 (+O. 5 for 

each fine). In the case of the bare solid 
electrolyte sample m--0.42(&0.05) and for the 
Pt-strip on 600 nm CT30, m--0.34(*0.05). In 
the latter case m changes to a POSitiVS Value 

around PO = 0.1 atm. This was found too by 

other invegtigators for Pt-electrodes (e.g. 
1,2) and it can be related with the fraction 
of occupied adsorption sites. At high tempe- 
ratures 0 < l/2 (0 - fraction of occupied 
surface sites) and at low temperatures 0 > 
l/2. The fact that the PO value at which the 

sign of m changes, decreazes for decreasing 
temperature, implies that the activation 
enthalpy for the electrode reaction (measured 
at P 

02 
= 0.1 atm) in this temperature range 
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Fig.2. Scaled electrode resistances as a funC- 
tion of P 

02 
at T = 727OC. 

1 : 600 nm CT30/Pt 3: 600 nm TGZO/Au 
II: 600 nm CT30/Au 5: 150 nm TGZl OO/Au 
6: bare TGZO 

covers a change in the mechanism. For the 
configurations with the Au-strip no such 
change in sign of m was observed, which im- 
plies that 0 < l/2 in the whole PO range 

2 
investigated. 

2.2 Capacitive behaviour 

Figs.3a-f show the complex impedance diagrams 
for the various electrode configurations inves- 
tigated. The inset of most figures shows the 
high frequency part of the polarization arcs on 
an enlarged scale. Numbers along the arcs indi- 
cate 1 Olog (frequency) values. 

The polarization arcs generally consist of a 
relatively large semicircle towards the lower 
frequencies. In the case of electrode configu- 
rations with a Pt-strip and in the case of the 
600 nm sputtered TGZO layer with a Au-strip, 

the semicircles show rather large depression 
angles (up to 35O) and are sanetimes skewed. 
For the mixed conducting oxides CT30 and TGZlOO 
sputtered layers with a Au-strip the semicircle 
depression angles are relatively small (lo- 
150). 

Towards the high frequencies in mOSt cases a 
straight line behaviour is observed, the behai- 
iour of which is independent of PO (inset of 

the figures). The bare solid elect?olyte with 
the Au strip shows a polarization consisting of 
two partially separated arcs. The low frequency 
arc has a rather low semicircle depression 
angle (- loo). 

The impedance data were interpreted in terms 
of tentative equivalent electrical circuits. 
Circuit parameters were obtained using a non 
linear least squares refinement program (3). 

For simplicity the constant phase element (CPE) 
is used in the refinement procedures: 

Y (CPE) - Yo(jO [II 

With n-l this element represents a capacitance 
and for n-0 a resistor. For w0.50 the CPE 
equals a classical Warburg impedance (2) in a 
semi-infinite medium: 

Z(W)=/2KW(jw)-1’2 or Y (W)-(J2KW)-’ (~IIJ)“~ [ 21 

The Warburg impedance describes a diffusion 
process and takes a different form for particu- 
lar boundary conditions (1 ,‘o. The complete 
expression for a R-type Warburg impedance (R-W) 
is: 

Y(R-W) = Yo(R-W)xg(l+j)xcotanh [g(t+j)] [31 

22 
where El - a&~# , Y,(R-W) = w, 6 is a 
characteristic diffusion distance, C the equi- 
librium concentration, D the diffusion coeffi- 
cient and w he angular frequency 2nf. In the 
limit 6 >> & i.e. in the case where the 
diffusion medqd can be considered semi- infi- 
nite, [ 31 reduces to [ 21. The Warburg constant, 
consequently, is defined by: 

Kw = 
RT 

n2F2C /2D 
[Ql 

The low frequency part of the impedance 
diagrams is discussed first. Depressed semi- 
circles can be analyzed with a resistance (R) 
and a CPE in parallel (the depression angle 
equals n * 3). Small semicircle depression is 
usually attributed to a relaxation process with 
a spread in relaxation times, for instance 
described by’ a Cole-Cole distribution function 
around w. - (RC),,&, e (5.6). Using the CPE 
and R parallel circui &, the average ~4~:~;;~ 
is obtained from (RC!average = (YoR) 
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TABLE II. 
Fitted results for the low frequency part of the impedance diagrams at T - 727OC and PO = 0.21 atm 

2 
(R and CPE in parallel). 

Configuration Strip R CPE “C 11 

YO 
n 

(0) (F) 

bare - TGZO AU 
600 nm TGZO AU 
600 nm CT30 Au 
150 nm CT30 AU 
150 nm TGZlOO Au 
600 nm TGZO Pt 
600 nm CT30 Pt 

3.4x10* 1.3x1o-a 0.89 8.7x10-' 
2.2x10' 1.7x10_' 0.58 1.6x10-‘ 
4.1x10' 7.4x10-* 0.90 8.5x10-* 
1.5x10* 2.0x10-* 0.85 3.8x10-* 
7.3x10’ 4.2x1 o-* 0.87 5.0x1 o-* 
6.0~10~ 6.6x10-6 0.58 1.2x10_’ 
4.1x102 9.5x10-* 0.65 5.8x10-* 

procedure was followed for the polarization 
arcs with small semicircle depression angle. 

Semicircles with rather large depression 
angles may result from the contribution of a 
diffusion process to the electrode reaction(l). 
For instance a Warburg element (W) in parallel 
to a resistance results in a semicircle with 
depression angle 45O. An alternative way of 
interpreting large depression angles can be 
effected by using circuits of branched ladder 
networks. Scheider postulates that the capaci- 
tive behaviour of the electrode polarization is 
totally ascribed to charge spreading in the 
diffuse double layer and a frequency dependent 
capacitance resulting frcm the microscopic sur- 
face roughness (7). Such a situation is likely 
to occur for the noble metal strip-solid elec- 
trolyte or sputtered layer contact. 

For comparison the capacitive value was also 
calculated in the case of the impedance dia- 
grams with large semicircle depression angles 
using the CPE description. 

Values of the calculated capacities are 
given in Table II and Figs. 4 and 5 (scaled 
values). Obviously large differences are found 
between the solid electrolyte surfaces of TGZO 
on the one hand and the mixed conducting sur- 
face layers of CT30 and TGZlOO on the other. 
The type of electrode strip (Pt or Au) has no 
significant influence on the high C-values 
determined for CT30 and TGZlOO. The C-values 
for a 150 MI sputtered layer are perhaps sane- 
what lower than for a 600 nm sputtered layer. 
The temperature influence seems to be small, 
but an increasing PO leads to higher C-values 

in case of TGZlOO an$ CT30 and lower C-values 
in case of TGZO. 

At the high frequency side of the impedance 
diagrams straight lines are observed in many 
cases. For the TGZO bare specimen and for the 
TGZO sputtered layer with the Au strip this 

line is observed at relatively large frequen- 
cies (lo*-10' Hz), while for the Tb-containing 
sputtered layers, both with Au and Pt strips 
the frequency range is about lo'-10' Hz. This 
points to considerably larger relaxation times 
for the predominant process in the case of 
mixed conducting oxides. It is noticed that 
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Fig.4. Scaled electrode capacitance as a func- 
tion of temperature. 
1 : 600 nm CT30/Au 2: 600 nm CT30/Pt 
3: 150 MI TGZlOO/Au 4: 150 nm CT30/Au 
5: 600 nm TGZO/Au 6: 600 nm TGZO/Pt 
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PO3 (ATM1 ,.-n 

T -727 C 

Fig.5. Scaled electrode capacitance as a func- 
tion of P 

02’ 
2: 600 nm CT30/Pt 3: 150 nm TCZl OO/Au 
5: 600 nm TGZO/Au 

this part of the impedance behaviour is inde- 

pendent of PO . 
Fran the igpedance data for these high fre- 

quency ranges Y, and n can be calculated, using 
the CPE description. For CT30 and TGZlOO it 
results that Y, is thermally activated with 
AH=40 kJ/mol, which is also the value for the 
activation of KW, when n = 0.50. 

For the bare TGZO specimen two rather sepa- 
rated arcs were observed (Fig. 3b). A complete 
description in terms of an equivalent circuit 
involves two parts in series, each part con- 
sisting of a CPE and a resistance in parallel. 
The high frequency part has n = 0.50 and the 
low frequency part has n - 0.90). It is noted 
that the high frequency part is rather PO 

independent and that Ki (and hence C2x D12and 
the parallel resistance are activated with AH - 
90 kJ/mol, indicative of an electrolyte related 
process. 

3. DISCUSSION. 

3.1 Au strip electrodes 

All layer electrode configurations with a Au 

strip showed similar behaviour in the electrode 
reaction, with respect to the values of m and 
AH at low temperature, ;hile at T = 1000 K 
values of a: -4 . a; = p and m = 3 were ob- 
tained. This indicates that the reaction mech- 
anism shows similarities for all electrode 
configurations, irrespective of the presence of 
mixed conductivity in the surface layer of the 
electrolyte phase. 

In principle both a reaction mechanism with 
charge transfer being rate determining and one 
with mass transport limitation can be consid- 
ered. Considering charge transfer limitation, 
the fact that a,* and ac* are not equal indi- 
cates asymmetry in the sequence of reaction 
steps. For a large number of possible mecha- 
nisms, concerning both dissociatively and asso- 
ciatively adsorbed oxygen species, and concern- 
ing situations in which different numbers of 
electrons are being transferred at the same 
time, values of a and m can be predicted (2,8). 
No consistent mechanism with pure charge trans- 
fer being rate determining was found which was 
able to describe the present results. 

Models including diffusion limitation in the 
rate determining process of the electrode reac- 
tion have been studied in the literature too. 
Wang and Nowick presented a model in which sur- 
face diffusion of atomic oxygen on .noble metal 
electrodes was coupled to a charge transfer 
reactipn step(l0 . 
UC* - ‘2 and m= - 4 

The model predicts aa* = 3 , 
, if diffusion limitation 

dominates, while the true Faradaic coefficients 

(a, = aa = 1) and m = 4 are found for charge 
transfer limitation. This model describes 
experimental results of these authors for 
porous Au and Ag, and Pt-foil electrodes on 
doped ceria solid electrolytes (500-800°C, 
lo-'-1 atm). We used a modified model of this 
type. 

An analogous model was very recently des- 
cribed by Nguyen et al. (9). These authors, 
investigating SC-stabilized zirconia with Au- 
paste electrodes, showed a model in which sur- 
face diffusion of 02- species is rate control- 
ling the electrochemical step. It was argued by 
these authors that adsorption and surface dif- 
fusion of oxygen is more likely to occur on the 
solid electrolyte phase than on the Au parti- 
cles. The electrochemical reaction Sites are 
connected to regions where the porous Au elec- 
trode and the solid electrolyte phase are in 
contact with each other. 

With this model, it was deduced that if 
diffusion limitation dominates, the apparent, 
charge transfer coefficients (aa* = 3 and 

% * = $) deviate from the real Faraiaic coeffi- 
cients (a, - ac = 1) and that m = 7. On the 
other hand, if charge transfer limitation domi- 
nates, the apparent charge transfer Coeffi- 
cients became equal to the real coefficients 
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and m - 4. For almost all their experiments 
Nguyen et al. found that diffusion limitation 
dominated with an activation enthalpy of 
97 kJ/mol, which agrees very well with values 
found in our study. 

Models of the cited type, which combine 
diffusion limitation and charge transfer limi- 
tation, well explain our experimental results. 
At the higher temperatures diffusion limitation 
seems to dominate and the CUtTent-OVerVOltW3 

~a~a~~p~~e~~~$3~*;o- exp(- h n*)]. Here 
‘is a function of the parameter i,/Q and 

GoriP! dimensionless parameter that is a meaa- 
ure of the relative ratio of the charge tr3nS- 

fer exchange rate and the diffusion rate. G 
always includes a characteristic distance along 
which diffusion takes place (!I), and the prod- 
uct of the diffusion coefficient (D) times the 
concentration of oxygen species at the adaorp- 
tion site (Co). In the model presented by Wang 
and Nowi 

3 
k 

Q = [&$#2 (10). At lower temperatures the 

alight de&ease of cz 
* 

suggests that charge 
transfer limita ion baecomes more important,. 

At P 
02 

< 10-S’ atm i-n curves were observed 

that showed properties characteristic for limi- 
ting currents according to eq. [3] and [ 41 in 
part I. This confirms that diffusion limitation 
is at least partially present at higher values 
of P 

02’ 
No clear indication of the type of mechanism 

can be obtained from the value of the activa- 
tion enthalpy (- 100 kJ/mol) since similar 
values are reported in the literature for both 
diffusion limited and charge transfer limited 
proce3aea (1,9,10). 

The type of oxide surface layer has a pro- 
nounced effect on the relative positions of the 
i-n curves, as was observed in our experiments. 
Since values of aa* and ac* are comparable for 
the various sputtered oxide layers, the differ- 
ence in the electrode polarizations can only 
originate from the fact that both charge trana- 
fer and diffusion rates are different to a 
similar extent. The diffusion flux is deter- 
mined by the product D x Co and the effects of 
D and Co cannot be separated simply. Thus a 
TGZO sputtered layer has the beat properties 
for adsorption (Co) and/or surface diffusion 
CD), and the TGZO bare solid electrolyte has 
the worst. Incorporation of Tb or mixed (p- 
type) conductivity negatively influences the 
properties of Co and/or D. These results point 
to the fact that surface diffusion along the 
solid electrolyte or sputtered layer phase 
rather than surface diffusion along the Au- 
strip contact prevails. This is in agreement 
with the fact that m = -0.50 was found, in 

correspondence with the model of Nguyen et al. 
which assumes solid electrolyte surface diffu- 
sion to prevail.(g). 

In order to explain why aputterd layers 
perform better than the bare solid electrolyte 
sample, it is interesting to refer now to the 
results of the catalytic CO-oxidation experi- 
ments on TGZ powders (11). These results showed 
that oxides which had been given a heat treat- 
ment at llOO-1300°C were moat active. This 
corresponds to the heat treatment at 11 OO°C 
given to the freshly sputtered oxide surface 
layers. On the other hand it was shown in the 
present study that preferential orientation 
occurs within the grains of the sputtered 
layer. The effect of orientation is not known 
at present, but in analogy to known effects for 
adsorption processes on metals, it may have a 
pronounced effect on adsorption in this case. 

The differences in electrode performance 
between the Tb-containing sputtered layers and 
the TGZO sputtered layer can result fran dif- 
ferences in adsorptive capacity too. It was 
noticed (11.12) that for Tb-containing oxides 
the reoxidation step in the catalytic oxidation 
of CO was rate determining. This step involves 
the uptake of oxygen and the donation of elec- 
trona, similar to the cathodic reaction dea- 
cribed here. It is suggested that electron 
donation is hindered by the p-type character of 
the CT30 and TGZl 00 surface layers, in which 
electron-holes are the mobile charge carriers. 
Hence it is worth to continue investigations of 
O2 redox reactions with n-type mixed conducting 
oxides too. The stronger decrease of the elec- 
trode resistance at higher temperatures for 
CT30 compared to TGZlOO possibly results from 
the fact that Ce-containing oxides tend to 
become n-type semiconductors at higher tempera- 
tures, annihilating the p-type behaviour of 
CT30 due to the presence of Tb. 

The above mentioned results do not imply 
that p-type materials should not be useful in 
anodic oxidation reactions of other reactants 
(e.g. CO, methanol, etc.) 

3.2 Pt strip electrodes 

Irrespective whether a sputtered layer of CT30 
or TGZO was applied, the electrode resistance 
and its temperature dependence for the elec- 
trode combinations with a Pt strip are differ- 
ent from the combinations with Au. The similar 
behaviour of the CT30 and TCZO sputtered layer 
canbinations, in the case of Pt, suggests that 
the rate determining step in the electrode 
process is closely related to the properties of 
the Pt-strip part of the electrode. 

The mechanism can be adequately described by 
assuming that charge transfer limitation and 
atomic diffusion limitation on the Pt-metal 
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cooperate. This results from the fact that the 
Values of aa*. aC* and m correspond with inter- 
mediate values as given by Wang and Nowick 
(10). From our experiments aa* - 1.1, ac* - 0.7 
and m = -0.34 (iO.O5), which falls n between 

t thevalueaaa=ac=l.Oandm=-7 for 
charge,tranafer 11 

% 
t, 

1 

itation and aa* -9. 
2 and m = - for diffusion limitation. 

The impedance diagrams correspond with the 
polarization behaviour found for Pt gauze elec- 
trodes by Verkerk et al. (1). 

3.3 Electrode capacitance 

It is supposed that the electrode capaci- 
tance, presented in Fig.4 and Fig.5, corre- 
sponds with the double layer capacitance in the 
case of the ionic conducting TGZO electrod 
configurations. Taking a mean value of 10 -% F 
and the surface area of the Au and Pt strip 
(15mm2) the dsuble layer capacitance should 
equal 7 x 10 F/m2. This is quite a small 
value compared with literature data ranging 
from 0.3 - 5 F/m2 (1,lO). Consequently, it is 
concluded that actually only 2 - 20% of the 
strip surface is effective in the electrode 
reaction. It should be remembered that this 
holds for scaled values of the electrode reaia- 
tance. A similar conclusion can be drawn frcm 
the experiment in which two gold strips were 
used on both aides of a bare specimen in a two 

tn IMPEDflNCE DIAGRFlM 
N 

I 150nm SPUTT. CT30IAU 

T= 738 C;pOZ= 0.21R 
. l 
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. l 

-1 l 
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. 

electrode impedance measurement. Now the meaa- 
ured electrolyte resistance can be compared 
with specific conductivity data for TGZO (13) 
from which an effective contact surface of -10% 
of the geometrical one can be estimated. 

Using the value of the geometrical contact 
surface (15 mm’) a minimum value of the elec- 
trode capacitance of 70 F/m2 is obtained in the 
case of CT30 and TCZlOO sputtered surface 
layers. Using 10% as an average value of effec- 
tive surface area contact, the capacitance is 
700 F/m2. Clearly this value is too large to 
result from the double layer capacitance, con- 
netted to oxygen vacancy redistribution in the 
outmost surface layers. The capacitance will 
rather be a pseudocapacitance, which is fre- 
quency dependent. 

It is supposed that this very high capaci- 
tive contribution results from electronic 
charge injection at the electrode strip con- 
tact, which is not compensated immediately by 
oxygen transport. Effectively, this implies 
that the atoichiometry of the mixed conducting 
oxide layers is changed for very low frequen- 
cies. This effect also explains the hysteresis 
observed in the i-n curves. 

The value of C can be related to the number 
of electgfn holes present. In (13) it was shown 
that [Tb ] and the electronic conductivity 
decrease in parallel, when the P 

G2 
is 

decreased. The value of C also decreases for 

. -2 
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Fig.6. Polarization curves at three different values of bias conditions. 
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decreasing PO . Another illustration of this 

relation betwzen C and [Tb’+] is seen in the 
impedance diagrams for measurements under bias 
conditions, as is shown in Fig.6. The diagrams 
are dominated by the difference in electrode 
resistance, corresponding with the Butler- 
Volmer behaviour, but C-values change too,4At a 
negative potential of 200 v11( C = 1 .4 x 10 F, 
for zero bias C - 4.4 x 10 F and at a posi- 
tive potential of 208 mV at the working elec- 
trode, C - 7.4 x lo- F. This variation of C 
with the potential results from the fact that 
the stoichiometry of the mixed conducting sput- 
tered layer is changed under bias conditions. 

The differences in capacitive behaviour of 
TGZO and CT30 is best illustrated in Fig.3f, 
which shows the impedance diagrams for a Pt- 
strip at same T and PO . Although the polariza- 

tion arcs are quite sigilar (R values are 
almost equal 1, the capacitive %ues vary over 
3 decades, indicated by the numbers along the 
polarization arcs. The large capacitive values 
for CT30 and TGZlOO lead to relatively long 
relaxation times for the electrode reaction. 
This can be a severe problem in the use of 
these materials in sensors, which have to show 
short response times on changing PO . 

2 

3.4 High frequency electrode polarization 

A straight line was observed at the high 
frequency part of the electrode polarization 
arcs, which extends over several decades of 
frequency and the angle of whicfi with the Z’- 
axis is between 35 and 55O. This implies that a 
diffusion process is most likely to cause the 
polarization effect. The fact that the behav- 
iour is Po2independent suggests that it con- 

cerns a bulk diffusion process. In the case of 
CT30 and TGZlOO both electronic and ionic char- 
ges could be responsible for the diffusion 
process. The activation enthalpy of 35-40kJ/mol 
for Y, (and for KW when n-0.50) can be related 
to the activation of the product Co/D frao 
equation [I(]. Assuming Co to be independent of 
T to first approximation, the diffusion is 
activated with an activation enthalpy of 
70-80 kJ/mol. This value is somewhat hinher 
than that for electronic conductivity (60kJ/mol 
for TGZlOO and 52 kJ/mol for CT30, chapter VII 
in [ll]) but lower than the values for ionic 
conductivity (a125 kJ/mol for TCZlOO and = 115 
kJ/mol for CT30). Therefore the diffusion is 
thought to result from a reorganization of 
electronic charges within the sputtered layer 
in a zone adjacent to the interface with the 
metal, due to the applied AC signal. 

In the case of TGZO the straight line behav- 
four was found at higher frequencies and with 

an activation enthalpy of 90 kJ/mol. Here reor- 
ganization of ionic charges (oxygen vacancies) 
can be considered, since the activation enthal- 
py for oxygen ion conductivity in TGZO is in 
the same order. Further experiments are needed 
to 

4. 

1 -* 

2. 

elucidate the actual diffusion mechanism. 

CONCLUSIONS 

Results of complex impedance analysis for 
small signal frequency dispersion experi- 
ments on the electrochemical oxygen gas 
reaction show the same trends in the polari- 
zation behaviour as was concluded fran cur- 
rent-overvoltage experiments (see, part I). 
Sputtered layers on top of a solid electro- 
lyte phase improve the oxygen electrode 
reaction compared to a bare specimen. The 
largest improvement is found for the ionic 
conductor TGZO, and lesser improvements for 
the p-type mixed conductors CT30 and 
TGZl 00. 
High electrode capacitances were found in 
the case of mixed conducting surface layers. 
The minimum valuj of the specific capaci- 
tance is 700 F/m , taken into account the 
fact that about 10% of the geometrical strip 
surface is in contact with the oxide sur- 
face. This C-value is larger than values 
usually found for double layer capacitances 
and points to pseudo-capacitances, arising 
from injection of electronic charges in the 
mixed conducting surface layer. Because of 
these high C-values large electrode relaxa- 
tion times are found, which implies long 
response times in sensor applications. 

J.i-n curves follow a Butler-Volmer type of 
equation. Experimental values of i, and c 
are changed from their true Faradaic values 
by diffusion phenomena. Most probably a 
diffusion process is rate controlling the 
charge transfer process. Surface diffusion 
along the solid electrolyte or sputtered 
layer phase can explain the difference in 
experimental results for different materi- 
als. 
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