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Oxygen Transfer on Substituted ZrO,, Bi.O,, and CeO. Electrolytes
with Platinum Electrodes

I. Electrode Resistance by D-C Polarization

M. J. Verkerk,” M. W. J. Hammink, and A. J. Burggraaf

Twente University of Technology, Department of Chemical Engineering, Laboratory of Inorganic Chemistry and Materials
Science, 7500 AE Enschede, The Netherlands

ABSTRACT

The electrode behavior of Pt-sputtered and PT-gauze electrodes on Zr0,-Y,0, Bi,O+Er,0, and Ce0,-Gd,0; solid electro-
lytes was investigated by means of d-c measurements in the temperature region of 770-1050 K and in the oxygen partial
pressure region of 1075 -~ 1 atm O, using N,-O, mixtures. On these different materials the same electrode morphology was
realized and was preserved during the subsequent experiments. The electrode process is strongly influenced by the nature
of the electrolyte. The electrode resistance for Pt electrodes on Bi,O;Er;0, was found to be many times lower than on
Zr0,-Y,0; and Ce0,-Gd.0;. On zirconia- and ceria-based materials diffusion of atomic oxygen on the Pt electrode is the
rate-determining step in the electrode process, whereas for bismuth sesquioxide-based materials diffusion on the oxide

surfaces is rate determining.

There is a considerable interest in solid electrolytes
for use in oxygen sensors, oxygen pumps, and high
temperature fuel cells. In these applications the elec~
trode polarization and the electrolyte resistance both
play an important role. These effects influence the re-
sponse of an oxygen sensor and give rise fo energy
losses and therefore to a decreased efficiency. of oxygen
pumps and fuel cells. Many studies are performed on
electrode processes. However, the dominant elementary
steps of the overall process are still unknown in most
cases.

The kinetics of the electrode process is strongly in-
fluenced by the electrode structure (1-8), electrode ma-
terial (4, 5, 7-9), and the electrolyte (4, 5, 7). Informa-
tion about the role of the electrolyte in the electrode
process is very scarce and is limited to the role of the
dopant. Schouler (4) found that the oxygen partial
pressure dependence of the electrode resistance of a
sputtered platinum electrode depends on the YoO;
content of the ThO; electrolyte. Fabry and Kleitz (7)
found that the activation energy of the electrode re-
sistance of a point electrode on calcia-stabilized zir-
conia is higher than that on yttria-stabilized zirconia.
Wang and Nowick (5) reported that the exchange
current of a Pt-paste electrode is not influenced by the
nature and the concentration of the dopant of the CeQO»
electrolyte.

Even less attention is paid to the influence of the
nature of the electrolyte on the overall electrode pro-

1 Present address: Philips Research Laboratories, Eindhoven,
The Netherlands.

Key words: electrode resistance, solid electrolytes, Pt elec-
trodes, electrode morphology.
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cess. From model considerations this influence has to
be expected if particular elementary steps are domi-
nant. In most. studies reported in the literature the
measurements are performed under different circum-
stances-and using different and badly characterized
electrode structures and consequently the results can
hardly be compared.

Therefore, we studied the influence of the electrolyte
conductivity and electrolyte composition on the elec-
trode kinetics using different oxygen ion conductors.
An important condition is that on these different mate-~
rials the same electrode morphology has to be realized.
Sputtered and gauze electrodes, subjected to several
treatments, can meet this condition. The comparison of
a sputtered and a gauze electrode on the same electro~
lyte may be a tool for investigating the rate-deter-
mining step.

The following systems were investigated:

(ZrOs) 0.83(YO1.5) 0.17 (ZY1T)
(Ce02)0.90(GdO01.5)0.10 (CG10)
(Bi203) 0.80 (Er203) 0.20 (BE20)
(Bi203) .70 (Er203) 0.30 (BE30)
(Biz03) 0.60 (Er203) 0.40 (BE40)

The bulk conductivity of the stabilized bismuth sesqui-
oxides is 10-100 times higher than that of the stabilized
zirconias and the substituted cerias (10, 11). Besides,
bismuth oxide compounds are used as oxidatinn cata-
lysts and a relative rapid transfer of oxygen on the
solid-gas interface is suggested. For these reasons, we
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investigated the idea whether the electrode resistance
on the bismuth-based materials might be lower than
that on the zirconia~ and ceria-based materials.

Special attention is paid to the possibility of using
the above-mentioned materials as a solid electrolyte in
an oxygen pump. Therefore, the measurements were
performed at relatively low temperatures and high
oxygen partial pressures.

In this paper a phenomenological description of the
influence of the nature of the electrolyte on the elec-
trode process is given (d-c study). In part II of this
study (12) the observed influence of the electrolyte is
analyzed with respect fo its critical steps by means of
a frequency dispersion study.

Experimental

Sample preparation and characterization are given in
Table I. The composition of the samples was checked
with x-ray fluorescence. The diameter of the samples
was 5-10 mm and the thickness 0.7-1.5 mm.

Measurements were performed in the temperature
range 770-1050 K and with N2-O2 mixtures in the oxy-
gen partial pressure range of 10~3-1 atm Oga. The oxy-
gen partial pressures in the range of 10—2-1 atm were
obtained by mixing appropriate O/Np2 mixtures and in
the range of 10~5-10—2 atm by an oxygen pump (15,
16). The oxygen partial pressure is measured using an
oxygen sensor based on stabilized zirconia. The gases
were supplied at a rate of 600 cm3/min.

The electrical circuit used in the d-c experiments is
shown in Fig. 1. A Wenking potentiostat was used. The
current was measured by the voltage drop across the
reference resistor. The voltages were measured with
an HP 3465A multimeter. The electrode resistance Rq
was measured using a voltage of 1-10 mV across the
sample and calculated according to

Ry = (dV) R [1]
el — H — 4Vp

The total bulk resistance R, was obtained from a-c
impedance measurements (13).

The complex impedance measurements were per-
formed in the frequency range 106-10—3 Hz using a
Solartron 1174 Frequency Response Analyzer with a
sample voltage of 10 mV. The circuit is described in
Ref. (13).

Electrode Preparation and Characterization

Platinum electrodes with a thickness of 0.75 ym were
sputtered onto the polished samples. The sintering of
the electrode during thermal treatments is influenced
by the nature of the electrolyte. To obtain the same
electrode morphology on different electrolytes a sin-
tering temperature in the region of 1200-1400 K was
necessary (2-4 hr). To be sure that no visible changes
in the electrode morphology take place during the
measurements, the system was equilibrated for 48 hr
at the highest measuring temperature, and an a-c
current treatment (1 kHz, 1V, 5 min) was applied. A
typical scanning electron microscope (SEM, JEOL
JSMU 3) picture is given in Fig. 2a. The morphology
of the electrode is characterized by the length of the
three-phase line and the surface area of the interfaces:
electrolyte/electrode, electrolyte/gas, and electrode/

Table I. Preparation and characterization of the samples

Sinter-
ing

temper- Den- Grain
Sys- ature sity size
tem Preparation method (K) (%) (um)
ZY17 Alkoxide synthesis (13) 1673 99 2.5
CG10 Citrate synthesis (14) 1773 96 5
BE20 Solid-state reaction (10) 1198 95 30
BE30 Solid-state reaction (10) 1275 96 30
BE40 Solid-state reaction (10) 1323 95 30
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Rret

>

=Ky

Fig. 1. Electrical circuit for the d-c measurements

gas. These data are given in Table II. The maximum
measuring temperature is restricted by the requirement
that the morphology of the electrode does not change
in time. This condition is satisfied if the maximum
measuring temperature is kept 150-200 K below the
sintering temperature of the metal electrode. At every
temperature the electrode was equilibrated for 16 hr
before a measurement was performed.

Platinum gauze electrodes (200 meshes/cm?) were
plastically deformed before use to obtain a reproducible
contact surface. An overall picture of the gauze elec-
trode is shown in Fig. 2b and ifs characteristic data
are given in Table 1I. Figure 2c shows a representative
part of the contact surface of a gauze electrode used
on ZY17 or CG10 and Fig. 2d shows the same for BE20,
BE30, and BE40. From these figures it is clear that be-
cause of the roughness of the contact surface oxygen
molecules can penetrate this interface. Therefore, the
actual three-phase line will be much larger than cal-
culated on the basis of the circumference of the oval
flattened parts of the gauze electrode. The gauze elec-
trode was held with a constant pressure on the sample.
Before the measurements were performed the above-
described thermal and current treatments were applied.

After performing the d-c measurements (1-10 mV)
and subsequently the a-c measurements [reported in
part II of this study (12)], the electrode resistance was
again measured by d.c. (1-10 mV). The total measuring
time was about 600 hr. The electrode resistance of the
Pt-sputtered elecirode on BE20 was increased by a
factor of two. Some EryOs particles could be detected
on the electrode surface by means of SEM and x-ray
diffraction. The Re for the other combinations was not
significantly changed during the measuring period.
SEM pictures showed no changes in the morphology of
the electrodes. Afterward the same samples were used
for d-c experiments in the region of 0-2V.,

Reproducibility of the electrode resistance of sput-
tered and gauze electrodes was checked on three
nominally equal electrodes applied on ZY17. The elec-
trode resistance falls in the region of log Rg + log 1.2
and log Re = log 2 for sputtered and gauze electrodes,
respectively.

Preliminary experiments on ZY17 with grain sizes of
0.5, 2.5, and 20 ym showed that the electrode resistance
is not influenced by the grain size of the electrolyte.

Theory

In this section the relevant theory for the interpre-
tation of the experimental data is given.

Table II. Characteristic data of the morphology of the sputtered
(sp) and the gauze (g) electrode

Three- Electrolyte/ Electro- Electrode/
phase electrode lyte/gas gas
line contact contact contact
Elec- length surface surface surface
trode {m/m?2) (m2/ms2) (m2/m2) {(m2/m?)
sp 1.2 x 102 0.64 0.36 0.8
g 1.4 x 10%* 0.64 0.96 1.6
g
Ratio — 860 16 0.38 0.50

sp

* Determined from the circumference of the oval flattened
parts of the electrode,
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Fig. 2. Morphology of the platinum electrodes used in this study. Sputtered electrode (a, upper left), gauze electrode (b, upper right),
contact surface of a gauze elecirode after use on a ZY17 or CG10 sample (c, lower left), and contact surfaces of a gauze electrode after

use on a BE20, BE30, or BE40 sample (d, lower right).
The elementary adsorption step in the electrode
process is given by
02(g) + 2Vaqs 552 0ags [2]

where Vaqs is a vacant adsorption site and O,4 is an
adsorbed oxygen atom. The mass action relation for
this reaction can be written as (Langmuir adsorption)

bads/ (1 — Gags) = K1(T) X [Pogl* [3]
The equilibrium constant is given by
Ki(T) = Ky°exp (AHpgs/RT) [4]

where AH 4, is the heat of adsorption.

The adsorption step is followed by diffusion to the
reaction site

Oads + Vrs = Ors + Vads [5]

where Vs and Oy are a vacant and occupied reaction
site, respectively.

At the reaction site the charge transfer process takes
place (given in Kréger-Vink notation)

Ors + 2€’ + Vo @2 Og® + Vg [6]

If the charge process is rate limiting the relation be-
tween the current I and the overpotential n is given by
the Butler-Volmer equation (17)

I =I,[exp (aanV*) — exp (—acnV*)] [7]
V* = wF/RT [8]
where «, and «¢ are the anodic and cathodic transfer co-
efficients, respectively, V* is a dimensionless potential,
I, the exchange current, and n number of charges
transferred.
However, if the anodic or cathodic process is limited
by mass transport the following equation holds (17)
I = [exp (aanV*) — exp (—acnV*)1/
[I;7! 4 La~lexp (aanV*) + L7 lexp (—anV*)] [9]

where I, and I, are the anodic and cathodic limiting
current, respectively, and are defined positive. At low
overpotentials, |nV*| << 1, ohmic behavior is obtained

I=naV*/ (I 4+ I~ 4 Le™1) [10]
Using [8] we find
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Ra=—= Ret + R + R [11]
el = 1 = et la lc g A p02 (atm) I
. RT 1 RT 1 RT 1
with Ret = — *—, Rjg = ——* —, and Rje = —* —. 0046
nF I, nF I aF I
From Eq. [9]-[11] it is clear that for Iis, Iic >> I, the
electrode process is determined by the charge transfer &> 6 - r
and for I, >> I, Iic by mass transport. £ o010
The oxygen atoms for the electrode process can be L
supplied by dissociated adsorption of oxygen molecules — 0.016
at the electrode or the electrolyte and the charge )
transfer will take place near the triple line (this will 4 4 0.21 L
be further discussed below). Now we assume a model
where the limiting current originates from diffusion of 0.60
atomic oxygen from the adsorption site at x = & to
the reaction site at x = 0. At x = & the concentration 1.0
oxygen atoms is constant [see part II of this study
(12)]. We can write then for I, and I, 21 r
Co(ads) — Cq(rs)
I, = —DnF — ” - [12] 9.0x1074
-3
Co(rs) — Co(ads) 1.0x10
I, = DonF v [13] 5 4 & 8 10
v (mv)

where D, and C, are the diffusion ceefficient and the
concentration of the oxygen atoms. I, and I, are given
per surface unit of reaction area. A cathodic and anodic
limiting current is observed for C,(rs) - O and C,(rs)
- C, (rs), respectively, and are given by

Fig. 3. Current-voltage characteristics for' ZY17 at T = 983K
using Pt-sputtered electrodes.

in Fig. 4. At about 960 K a bend in the Arrhenius plot
of Re is observed and E, changes from about 75 kJ

I = DonF_&ba—ds)_ [14] mol—* (high temperature parf) to about 250 kJ mol—1!
! (low temperature part). This bend is correlated with a
change from the regime where Ry ~ Pg,~% to the
Cd (rs) — Co(ads) regime where Re ~ Pogt% (see below). Its position
Ity = DonF [15]

a ”

where C, (rs) is the surface concentration of oxygen
atoms for ¢ = 1.

Results and Discussion

Pt electrodes on ZY17.—For all samples the I-V
relation at small voltages shows.an ohmic behavior, as
shown in Fig. 3 for ZY17. Due to a small d-c voltage
of 0-1 mV, probably originating from thermoelectric
effects, the curves do not pass through the origin. The
determination of the electrode resistance according to
Eq. [1] is not influenced by this small voltage.

The electrode resistance R measured as a function
of temperature for Pg, is equal to 1, 0.21, 1.6 X 102,
and 9 x 10—4 atm Oy, respectively. Values of the ac-
tivation energy E, and the pre-exponential term log R,
are given in Table III. The results for a sputtered and
a gauze electrode at Po, = 1.6 X 1072 atm are shown

on the temperature scale depends on the Pg, pressure
?nd its position on the Pg, scale on the temperature
Fig. 5).

Figure ba gives R as a function of P, at 983 K. For
comparison the Re-Po, relation calculated from Table
III for 908 K is also given in this figure. A minimum in
the Re-Po, curve is observed at a value of Poymit, For
both sputtered and gauze electrodes at Pgy < Poymin:
one finds Rg ~ Poy,~% and from Fig. 4 and Table IIT it
follows that in this region E, has a value of 75-100 kJ
mol—1. Whereas Pgy, > PooMit- one finds Rey ~ Poy™ %
and in this region E, has a value of about 250 kJ mol—1.
The value of Pgymin- shifts to higher values with in-
creasing temperature.

These results are in good agreement with literature
data concerning platinum electrodes on stabilized zir-
conia. However, the reported experimental litera-
ture data are incomplete and only parts of the picture
described above were measured. A minimum in the

Table [11. Activation energies and log R, of the electrode resistance of sputtered (sp) and gauze (g) electrodes on several
electrolytes. The deviation is given in the 65% reliability interval.

1 atm O3 0.21 atm O: 1.6 x 10-2 atm O= 9 x 10-¢ atm Oz
—log Ea —log Ea —log Ea —log Ea
Ro (kJ Ro (kJ Range Ro (kJ Range R, (kJ
System (Om?2) mol-1) (2m2) mol-1) (K) (0m?) mol-1) (K) (Om2) mol-1)
ZY17 (sp) 169+ 0.9 270 =15 165+04 260 7 <970 153 = 0.6 23010 <925 9805 145 = 10
>970 6.6 =+ 0.6 7210 >925 5.6 = 0.5 70 = 10
ZY17 (&) 13.8 = 0.6 245 *= 10 15.8 + 0.7 280 £ 10 <960 2.9 167 5501 98 =5
>960 49+04 75 =10 )
CGl0 (sp) 148+05 230 =10 149 = 0.5 321+9 <970 16.0 == 0.1 245 =3 <930 103+ 0.1 148 =1
>970 72703 91*6 >930 5.4 =03 614
CGl0 (g) 12303 212+6 123 +0.3 208 =6 <940 2.1 203 55=*0.2 96+ 4
>040 5103 77*5
2.2 x 10-t atm O=
BE20 (sp) 11.8 =04 145+ 6 9.6 +0.1 115+ 2 100+ 0.3 129 + 5 7103 10146
BE20 (g) 9.7+ 0.3 133 =5 8.8+ 0.4 137 +7 8.1:x+04 11686 5.6+ 0.6 8310
BE30 (sp) 111 0.1 138 =2 10.0 %= 0.3 1255 9.2 4+ 0.2 121 =3 6.8 0.6 99+ 10
BE30 (g) 8.3 =03 112 %5 7.9+ 04 108 = 6 6.3 =03 87 +4 3.404 45+17
BE40 (sp) 10.3 = 0.4 129+ 7 88025 110 = 8 9.6 £ 0.3 125 %5 57x11 75 £ 20
BE40 (g) 8304 1197 7.7%+05 110+ 8 6902 102 +3 3303 45+6
BE20 (gold, 11.2 0.9 150 = 15
sp)
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Fig. 4. Electrode resistunce os a function of temperature for
Pos = 1.6 X 10~2 atm Oz (O, Pt-sputtered electrode on ZY17;
®, Pt-gauze electrode on ZY17; [, Pt-sputtered electrode on
CG10; W, Pt-gauze electrode on CG10.

Rea~Pg, curve was reported by Schouler (4) for Pt-
sputtered and Pt-paste electrodes on (ZrO2)p.s3(YO1.5)0.17
and by Hartung (6) for Pt-paste electrodes on
(Zr02) 0.82(YO1.5) 0.10(MgO) g.0s. According to Bauerle
(2) at 1073 K, Ra ~ Po,~08% at low oxygen partial
pressures and becomes constant at high oxygen par-
tial pressures (0.21-1.00 atm O.) for Pt-sputtered
electrodes on yttria-stabilized zirconia (YSZ). In the
opinion of the authors the experimental data permit
the following interpretation: Poymin- has a value of
0.21-1.00 atm Oz and for Poy < PoyMin Re ~ Poy™ 05,
For Pt electrodes on YSZ an activation energy of about
100 kJ mol—! was reported in Ref. (4 and 7) in the re-
gion where Rg ~ Po,™*% and a value of about 250 kJ
mol-! in Ref. (2 and 4) in the region where Pgy >
P02mln.

The observed phenomena were ascribed by Schouler
(4) to oxidation of the platinum surface. This hy-
pothesis may be a good explanation for the high ac-
tivation energy found at high Po,. The observed rela-
tionship Rgq ~ Poyt% at Pog > Poymin- cannot be ex-
plained with the formation of an oxidized Pt surface
because it is well known that this is catalytically less
active.

In our opinion the observed phenomena can be ex~
plained in the following way. The oxygen atoms for
the electrode process are supplied by dissociative ad-
sorption of oxygen molecules at the Pt electrode. The
overall electrode reaction is rate determined by diffu-
sion of the oxygen atoms from the adsorption site to
the reaction side (see section on Theory). At Poy, <
Pggmin., 9,45 is low and mass transport limitation oceurs
at the cathode. At Poy > Pgo™™, 6,45 =~ 1 and mass
transport limitation occurs at the anode. This hypoth~
esis is discussed in the following.

As shown by Wang and Nowick (5) the electrode re-
sistance varies as the —% or -+% power of Pq, if the
electrode process is determined by charge transfer (see
following section). The experimentally found powers
of —1% and -+ point to mass transfer limitation and
can be derived from Eq. [14] and [157. For fu4s << 1
holds (1 — 6aas) =~ 1 and assuming that & =~ 3” we
find Li; >> Ii. From Eq. [3] it follows that f.qs =
Ki(T) X [Po,]% and using Eq. [10], [11], and [14] it
is found that
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Fig. 5. (a) Electrode resistance as a function of the oxygen partial
pressure at 983 K, 1, 908 K, 2; and 833 K, 3. Pt electrodes on ZY17.
The drawn lines represent a Po,~1/2 and Po,t1/2 dependence
respectively. (b) Pt electrodes on CG10. The drawn lines represent
a Poy~ 12 gnd Po,T1/4 dependence respectively. Open points:
sputtered electrodes. Closed points: gauze electrodes.
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For 0,45 ~ 1 we find that Ijc >> I, and (1 — fags) =
Ki(T) X [Pog] % and this results in

/Ky

o

According to Eq. [16] at Pgy, < Pogmin: (i€, fags <<
1) mass transport limitation of oxygen atoms occurs at
the cathode and according to Eq. [17] at Pg, > Pogmin-
(i.e., 0ags ~ 1) mass transport limitation of oxygen
atoms occurs at the anode. The surface coverage of
oxygen atoms decreases with increasing temperature
and this is in a good agreement with the observed
change of Pgy™in- as a function of T. From Eqg. [16] and
[17] it follows that in the region where R¢ varies with
Po,~% and Pg,* ' the activation energy of R is given
by Ea(Ra) = AHq — %AHags and E(Rg) = AHgq +
15 AH 45, respectively, where AHy is the activation en-
thalpy for diffusion. In literature no precise data are
known of AHy and AH,4s as a function of the coverage.
Supposing that AHy and AH,q4s are not strongly depend-
ent on the coverage, we calculate from the experimen-
tal values of E;(Rq) for AHy and AH,gs values of 170
and 160 kJ mol—!, respectively. These calculated data
are in reasonable agreement with literature data con-
cerning AHy and AH.gs of oxygen on platinum. Lewis
and Gomer (19) found a surface difftusion enthalpy of
145 kJ mol—1 for oxygen atoms on platinum at T >
500 K. The values of the enthalpy of adsorption found
by different authors scatter. Brennan et al. (21) re-
ported that AH,as decreases with increasing surface
coverage from 285 to 150 kJ mol—1 (300 K). Netzer
and Gruber (18) reported for high surface coverages
a value for AHag4s of 135 kJ mol—1! (870-770 K). Finally,
AH.4s can be calculated from the temperature depend-
ence of Po,min., According to the Langmuir equation a
minimum in R is predicted for ¢ = % and with Eq.
[31 this results in Ky(T) X Poymin. = 1. From Schouler’s
(4) data it follows that AH,gs = 280 == 15 kJ mol—!
and from our data AHgs = 160 + 30 kJ mol—1

Re = Ryc ~ Poy=*% [16]

Rel: Rja ~ POz'“/ﬂ [17]
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Additional evidence that the oxygen atoms for the
electrode process are supplied by dissociative adsorp-
tion on the Pt electrode and not on the electrolyte
comes from the following data. First, Po,min has about
the same value for Pt electrodes on ZY17 and on CG10
(compare Fig. ba and b) while with other electrode
materials no Po,min is observed and E, has a quite
different value (4, 9). Finally, the work of Kleitz (8)
strongly suggests that adsorbed oxygen atoms on the
stabilized zirconia surface are practically immobile.

The proposed hypothesis for the mechanism of the
electrode reaction on ZY17 gives a good explanation
for the limiting current observed by Giir (20) at low
voltages (= 300 mV). Giir performed measurements
on the cell

(—)Poy, Pt|ZrO; — ScaOs|Pt, air (+)

in the temperature region of 873-1173 K and P, region
of 10-6-1 atm. The limiting current was observed be-
low 1073 K and was independent of the oxygen partial
pressure at the cathode: Giir (20) assumed that the
anodic polarization of the cell was negligible. How-
ever, as discussed above, at T < 1073 K, 8aqs =~ 1 in
air. At a high surface coverage of oxygen atoms the
electrode process is limited by mass transport at the
anode, see Eq. [15]. According to Giir (20) the limiting
current has an activation energy of about 250 kJ
mol—! and this value is in a good agreement with the
value found in this study for E,(Re) at 6,45 ~ 1. There-
fore, we can conclude that the limiting current at
these high Po, values and low temperatures has to be
correlated with mass transport limitation at the anode.

The location of the reaction site is discussed in the
following. The difference in electrode resistance be-
tween a gauze and sputtered electrode (Rei(g)/Re(sp)
=~ 50) cannot be simply correlated with the size of the
electrolyte/electrode ‘two-phase area or the length of
the three-phase line. An additional experiment was
performed to determine whether the size of the elec-
trolyte/electrode two-phase area or the length of the
three-phase line plays a role in the magnitude of R
On three identical samples a 0.3 um thick Pt electrode
was sputtered and subjected to different thermal
treatments resulting in strongly different electrode
morphologies. The characteristic data are summarized
in Table IV. The shape of the frequency dispersion
diagrams is not influenced by the size of the Pt grains.
This is a strong indication that the mechanism of the
electrode process is not influenced by the particle size
of the Pt grains. As shown in Table IV the electrode
resistance increases strongly with increasing particle
size, With increasing particle size the size of the elec-
trolyte/electrode two-phase area is nearly constant
whereas the length of the three-phase line decreases.
We can conclude that the reaction area is correlated
with the length of the three-phase line. The width of
the three-phase line area (perpendicular on this line)
is small in comparison with the smallest Pt particles
used.

Pt electrodes on CG10.~—The data of sputtered and
gauze electrodes on CG10 are summarized in Fig. 4
and 5 and in Table III. The characteristics of Pt elec-
trodes on CG10 show a large similarity with that of
Pt electrodes on ZY17 and are therefore briefly dis-
cussed.

Table 1V. Characteristic data of a Pt-sputtered electrode on
- 2Y17, treated at different temperatures

Electrolyte/
Thermal Size of Length electrode Electrode
treatment the Pt- of the contact resistance
tempera- grains three-phase surface (02, 823K) -
ture (K) (pm) line (m/m?2) (m2/m?) (Qm?)
973 =0.1 =15 x 107 0.99 0.95
1173 0.5 3 x 10¢ 0.93 6.25
1273 1.0 1.5 x 108 0.85 10.5
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In the Rg-Po, relation a minimum is observed.
For Pgy > Poymn it is found that Rg ~ Pog* and
Ea(Re) =~ 230 kJ mol~!, whereas in the region where
Pgy < Pogmin, Re) ~ Pgy~% and Ea(Re) ~ 756-100 kJ
mol~1.

In the region of Pgy > Poy™in- there is a good agree-
ment with the data of Wang and Nowick (5) for Pt-
paste electrodes on CeO3-CaO [1-15 mol percent (m/0)]
and Ce03-Y203 (6 m/0). The power ¥ points to charge
transfer limitation, as shown by Wang and Nowick
(5). The exchange current is given by

Io~Kce[6(1 —0)]% [18]

where K. is the charge transfer reaction constant. If
the electrode reaction is determined by the charge
transfer and the oxygen for this process is supplied
through adsorbed oxygen atoms on the electrode, it is
derived from Eq. [3], [10], and [18] that for Po, >
Poymin. (i.e., ¢ ~ 1) Ry ~ Poy*t%. The activation energy
is given by Ea(Rel) = Ea.(ct) + AH./4 (5), where
E.(ct) is the activation energy of the charge transfer.
Using the experimental values E,(Re) and AHags =
160 kJ mol—! the value of E,(ct) is calculated to be
190 kJ mol—1,

In the region of Poy, < Poymin. Wang and Nowick
{5) found that Re ~ Poy~% and E,(Ra) ~ 95 kJ mol—1.
The power — Y can be derived from Eq. [3], [10], and
[18] assuming that the electrode process is determined
by the charge transfer and ¢ << 1 (5). However, in
this study we found that Re ~ Po,~ %, pointing to mass
transport limitation. In our opinion this difference can
be explained in the following way. For ceria-based
materials with a porous electrode I, is of the same
order of magnitude as I.. Depending on the electrode
morphology, the electrode process will be dominated by
I, or Ii.. The electrodes studied by Wang and Nowick
(5) have larger metal grain sizes than used in this
study. The influence of the morphology of the Pt elec-
trode is clearly illustrated by the fact that for Pt foil
electrodes on substituted ceria diffusion along the
electrolyte/electrode interphase is rate determining,
as shown by Wang and Nowick (9).

Pt electrodes on BE20, BE30, and BE40.—The elec-
trode resistance of a Pt-sputtered and Pt-gauze elec-
trode on BE20, BE30, and BE40 was measured as a
function of T in the oxygen partial pressure range
1.0-2.2 x 10—% atm O;. Values of E,(Ry) and log R,
are given in Table 1II. Figure 6 gives R¢ for sputtered
and gauze electrodes as a function of temperature. The
electrode resistance increases with increasing Er con-
tent. E;(Re) for sputtered and gauze electrodes has a
value of about 125 kJ mol—1! in the region of Pgy, =
1-1.6 x 102 atm Oy and is independent of the Er con-
tent. For Pgy = 2.2 X 10—¢ atm, E,(R) varies in the
region of 50-100 kJ mol—1.

E,(Re) is slightly higher than the activation energy
of the bulk conductivity at T « 820 K [E (b) =~ 115 kJ
mol~1] and both the bulk and electrode resistance in-
crease with increasing Er content. Yet, the electrode
resistance cannot be directly correlated with bulk
effects. For the sample BE20 E,(b) changes at 870 K
from 115 kJ mol—! (low temperature part) to 62 kJ
mol~1 (high temperature part) and this change is not
reflected in the Re~-T' 1 curve.

Figure 7 gives the electrode resistance of sputtered
and gauze electrodes on BE20 and BE40 as a function
of Po, (the values for BE30 are omitted for clarity
reasons). For sputtered electrodes the relation Reg ~
Po,~% is found, pointing to mass transport of atomic
oxygen as the rate-limiting step (see section on Pt
electrodes on ZY17). For gauze electrodes the relation
Rep ~ Pgy~ % is found. As shown by Wang and Nowick
(9) the 3 power can be derived if the charge transfer
takes place on the electrolyte/electrode interface and
diffusion along this interface is rate determining. As
shown in part IT of this study (12), R, consists of a
parallel combination of two resistances. Therefore, in
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Fig. 6. Electrode resistance of platinum electrodes on BE20
(circles), BE3D (squares), and BE40 (triangles) as a function of the
temperature in Og (1 otm). Open points: sputtered electrodes.
Closed points: gauze electrodes.

this case the observed Po, dependency is the result of
two other dependencies. This will be further discussed
in part IT (12).

In contrast with the data for Pt electrodes on ZY17
and CG10 (see Fig. 5) no minimum in the Rg-Po,
relation for Pt electrodes on BisOs-based materials is
‘observed (see Fig. 7). In the section on Pt electrodes
on ZY17 it was concluded that for ZY17 and CG10 the
oxygen atoms for the electrode process are supplied by
dissociative adsorption of oxygen molecules on the Pt
electrode. Therefore, we must conclude that for the
BiyOs-based materials this adsorption step on Pt does
not play a dominant role here. This coneclusion is sup-
ported by the magnitude of E,(Re) on BixOsz-based
materials, which strongly deviates from what one ex-
pects for adsorption and diffusion on Pt. Consequently,
adsorption and diffusion on the electrolyte plays a
dominant role on BixOs-based materials. Additional
evidence comes from the observation that E,(Rg) is
not or only slightly changed if a gold-sputtered elec-

970 K 1010 K

6L
1
T

LN

electrode resistance (@m?)
3,

—~
O
W

-4 -2 0 -4 -2 0
log Po, (atm)

Fig. 7. Electrode resistance of Pt-sputtered electrodes (a) and
Pt-gauze electrodes (b) as a function of the oxygen partial pres-
sure, In (a) the drawn lines represent a Po,~1/2 dependence and
in (b) a Poy—3/8 dependence. BE20: circles. BE40: squares.
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trode is used on BE20 (see Table III} whereas for gold
electrodes on zirconia- and ceria-based materials E.(R¢))
is significantly higher (4, 9). The active site for this
adsorption is probably correlated with the Bi%+ ion,
because with decreasing amount of Bi3+ jons the
amount of adsorption sites decreases, which results in
a higher electrode resistance (it is assumed, see above,
that the increased bulk electrolyte resistance does not
play an important role).

The electrode resistance of a sputtered electrode on
BiyOs-based materials is 10-30 times lower than that
of a gauze electrode. This suggests that the charge
transfer takes place on the electrolyte/electrode inter-
face (see Table II). However, due to the fact that it is
questionable whether the electrode mechanism is the
same for a sputtered and gauze electrode, these data
are not further used to determine the reaction site.

Comparison of the Different Electrolytes

The combination of the electrolyte material, electrode
material, and electrode morphology determines
whether the dominating adsorption, dissociation, or
diffusion step takes place at the electrolyte, electrode,
or at the electrolyte/electrode interface. As shown
above, there are large differences between the adsorp-
tion behavior of, on the one hand, ZY17 and CG10 and,
on the other hand, the electrolytes BE20, BE30, and
BEA40, both groups in combination with porous Pt elec-
trodes. In case of ZY17 and CG10 the oxygen atoms for
the electrode process are supplied by the platinum
electrode, whereas for the BisOs-based materials the
oxygen atoms are supplied by the electrolyte surface.
Therefore, it can be expected that there are large dif-
ferences in the polarization of Pt electrodes on ZY17
and CG10, on the one hand, and BisOz-based materials,
on the other hand.

Table V summarizes the values of the electrode re-
sistance for Pt-sputtered and Pt-gauze electrodes on
several electrolytes. The data for Po, = 1 atm lie in
the region where #,4s on Pt is about one and the data
for Po, —= 9 X 10~% atm Og in the region where 6.4
(Pt) << 1. As expected, the electrode resistance for
Pt electrodes on ZY17 and CGI10 is similar. However,
the electrode resistance for Pt electrodes on BiyOs3-
based materials is much smaller. In the region where
8aqs (Pt) << 1 the resistance of sputtered and gauze
electrodes on BE20 is respectively 4 and 20 times
smaller than that of similar electrodes on ZY17.2 In
the region where 6,45(Pt) ~ 1 the electrode resistance
on BE20 at 974 K is 40 (sputtered electrode) and 80
(gauze electrode) times smaller than on ZY17 and at
873 K these values are 250 and 400 times smaller, re-
spectively. These data show clearly the influence of
the electrolyte on the electrode resistance of Pt/BisOs-

2Tt must be noticed that the microscopic structure of a gauze
electrode on ZY17, CG10, and on BE20, 30, 40 differ (see section
on Electrode Preparation and Characterization).

Table V. Electrode resistance for platinum-sputtered electrodes
(sp) and platinum-gauze electrodes (g) on several electrolytes

Electrode resistance (10-% Qm?2)

9 x 10-+
1 atm O2 atm Os
System 873 K 973 K 973 K
2Y17 (sp) 184 41 14.5
CG10 (sp) 93 3.7 7.6
BE20 (sp) 0.76 0.098 3.9
BE30 (sp) 1.43 0.20 5.5
BE40 (sp) 2.65 0.43 6.7
ZY17 (g) 7370 230 530
CG10 (g) 2470 125 460
BE20 (g) 18.3 2.8 22*
BE30 (g) 25.6 5.2 44*
BE40 (g) 66.7 12 95*

* These values were calculated from the Rei-Po, plot at 1073 K
shown in Fig. 7b, assuming Ex = 120 kJ mol-.
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based systems, an effect which becomes larger with
increasing Po, and lower temperatures.

For Pt electrodes with the same morphology, at
Poy > Poymin. the electrode process on ZY17 is deter-
mined by mass transfer (see section on Pt electrodes
on ZY17), whereas for CG10 by charge transfer (see
-section on Pt electrodes on CG10). Due to a similar
electrode morphology I, will have the same value for
CG10 and ZY17 and therefore we can conclude that
on CG10 I, is smaller (and becomes rate determining)
than on ZY17.

Oxygen ion conductors may be used in devices in
which pumping of oxygen plays an important role,
i.e., oxygen pumps for the enrichment of air. For com-
paring the different materials as a potential candidate
for the solid electrolyte, current-overpotential relations
for Pt electrodes were measured in air. The results for
sputtered and gauze electrodes are shown in Fig. 8a
and b.3 The current that can be drawn at n = 600 mV
is for BE20 using sputtered electrodes about 5 times
higher than for ZY17 and for gauze electrodes about
10 times higher. This shows that the Bi»Os-based ma-
terials are superior to the other materials with respect
to its electrochemical characteristics. For a better un-
derstanding of these current-overvoltage curves, the
anodic and cathodic contributions to the polarization
have to be separated by using a reference electrode.

3 Remark that Fig. 8 cannot be calculated from Fig. 5 due to
different experimental conditions (Fig. 8: high voltage/currents
resulting in different electrode morphology and additional pro-
cesses).

(a)

i i L 1

Pt_sputtered

923K
air

(b
i i} Y
Pt _gauze
923K
3004 air Lag
i - -
£ A3
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Z 2254 L3 <
=
-
(aY
1504 |24
a
75 L2
360 sb0 900 1200
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Fig. 8. Current-overvoltage curves for Pt-sputtered electrodes (a)
and Pt-gauze electrodes (b) for several electrolytes in air ot 923 K.
O, BE20; ¢, BE30; [, BE40; W, ZY17; A, CGIO0.
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Conclusions

1. The combination of electrolyte and electrode ma-~
terial determines whether the dominating adsorption
or diffusion step takes place on the electrolyie or on
the electrode.

2. For ZY17 and CGI10 the oxygen atoms for the
electrode process are supplied by dissociative adsorp-
tion of oxygen molecules on the Pt electrode. For low
temperatures and high oxygen partial pressures the
surface coverage of oxygen atoms on the Pt electrode
is about one and in this region we find that Rey ~ Poy ™™
For ZY17 mass transport at the anode is rate deter-
mining (n = %) and for CG10 the charge transfer
(n = %). If the surface coverage of oxygen atoms on
the electrode is low we find for ZY17 and CG10 that
Rg ~ Poy~ %, showing that mass transport of atomic
oxygen at the cathode is rate determining.

3. For BipOs-based materials adsorption and diffu-
sion on the solid electrolyte determines the behavior of
R... The electrode process is determined by mass trans-
port at the cathode. The electrode resistance increases
with increasing amount of substituent.

4. The electrode resistance for electrodes with the
same morphology is for BisOsz-based materials many
times lower than for materials based on ZrO; and
CeOz.
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Oxygen Transfer on Substituted ZrQO,, Bi.O,, and CeQ, Electrolytes
with Platinum Electrodes

Il. A-C Impedance Study

M. J. Verkerk' and A. J. Burggraaf

Twente University of Technology, Department of Chemical Engineering, Laboratory of Inorganic Chemistry and Materials
Science, 7500 AE Enschede, The Netherlands

ABSTRACT

An equivalent electrical circuit that describes the electrode processes on different electrolytes, using porous Pt elec-
trodes, is given. Diffusional processes are important and have to be presented by Warburg components in the circuit. The
overall electrode process is rate limited by diffusion of atomic oxygen on the electrode surface for stabilized zirconia and
substituted ceria (low P,). On stabilized bismuth sesquioxide diffusion of atomic oxygen on the electrolyte surface is rate
limiting at high P, while atlow P,, another process, probably diffusion of electronic species in the electrolyte, is dominant.
One of these processes plays a role too on substituted ceria at high P,,, where a charge transfer process is dominant. These

results are consistent with the mechanisms developed in part I of this paper.

In part 1 of this paper (1) a d-c study was performed
on solid electrolytes based on ZrQOs, CeQj, and Bi»Oj
with platinum electrodes. It was concluded that for
ZrQy- and CeOg-based materials the oxygen atoms for
the electrode process are mainly supplied by dissocia-
tive adsorption of oxygen molecules at the Pt electrode,
followed by transport to the reaction site where the
charge transfer occurs. For Bi;Os;-based materials the
dominant adsorption and diffusion steps (in the high
Po, and low temperature region) take place on the
electrolyte. This different adsorption behavior is the
origin of the lower electrode resistance of a Pt elec-
trode on BiyOs-based materials in comparison with
that on ZrOz- and CeOjs-based materials. Frequency
dispersion analysis is a powerful tool for studying in
detail the mechanism of the electrode process on these
electrolytes (2-4).

Various authors studied the frequency behavior of
Pt electrodes on a solid electrolyte. Generally, for Pt-
paste and Pt-sputtered electrodes on stabilized zir-
conia the part of the frequency dispersion diagram
which corresponds to the electrode process consists of
a depressed semicircle (2, 5-9). This is interpreted in
terms of a parallel combination of a resistance and a
double layer capacity (2). A Warburg-type behavior,
which is characteristic for diffusion limitation, is some-
times observed at high temperatures and low oxygen
partial pressures (5, 8, 10). For Pt-paste electrodes on
substituted ceria Braunshtein et al. (11) found that
the overall process consists of a parallel combination of
a resistance and a Warburg impedance. However, Wang
and Nowick (12) observed for a Pt-paste electrode on
substituted ceria a depressed semicircle, which inter-
pretation is not very clear. The electrode process on
(porous) BixOs was studied using Au-paste electrodes
(13, 14). The experimental results are interpreted in
terms of a parallel combination of a resistance and
Warburg impedances. The Warburg impedances are
correlated with diffusion on the oxide surface and on
the metal surface (14). These data can hardly be used

1Present address: Philips Research Laboratories, Eindhoven,
The Netherlands.

Key words: electrode resistance, solid electrolytes, oxygen
transfer mechanism, complex impedance.

for obtaining insight on the influence of the electrolyte
on the electrode process because the measurements
were performed under different experimental condi-
tions and using different electrode morphologies, which
are sometimes badly characterized.

The object of this paper is to study in detail the
mechanism of the electrode process on different elec-
trolytes using frequency dispersion analysis and to
support the models of the electrode process developed
in part I of this study. With the frequency dispersion
technique an equivalent electrical circuit of the elec-
trode process can be achieved and resolved in its com-
ponents and a further insight in the influence of the
electrolyte on the electrode process can be obtained.

The following systems were studied:

(ZrO2) 0.83(YO01.5) 0.17 (ZY17),
(Ce032) .90 (G401 .5) 0.10 (CG10),

(Bi303) 1 -z (Er203) ; with 2 = 0.20, 0.30, and 0.40 (BE20,
BE30, and BE40). Electrodes with the same morphol-
ogy were realized on these electrolytes and this mor-
phology was preserved during the subsequent experi-
ments. The electrode preparation and characterization
is thoroughly described in part I of this study. Experi-
mental details concerning the preparation and charac-
terization of electrolytes and the electrical measure~
ments are given in Ref. (1). The procedure to deter-
mine the individual components of the equivalent elec-
trical circuit is described elsewhere (27).

Theory

In part I of this study it was concludéd that the rate-
limiting step in the electrode process on ZY17, CG10
(Poy < Poymin), BE20, BE30, and BE40 is mass t{rans-
port of oxygen atoms. In this section the relevant
theory for the frequency dispersion behavior of a mass
transport controlled reaction is given.

When a d-c current passes through the electrolyte
the oxygen atoms for the electrode process are supplied
or removed by diffusion of oxygen atoms on the elec-
trode surface and/or electrolyte surface. The oxygen
atoms diffuse over a characteristic length 8 from x =
d to the triple line at * — 0, where the charge transfer
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