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Electrical conduction of partially stabilized 
zirconia Zro.9,Cao.oe01. , as a function of 
temperature and oxygen partial pressure 
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Department of Materials Science, Korea Advanced Institute of Science and Technology, 
Seoul 131, Korea 

Partially stabilized zirconia (PSZ), Zro.94Cao.o6 O1.94 ' w a s  prepared by a hot kerosene 
drying method and a conventional oxide wet-mixing method. The total d.c. conductivities 
of these zirconia specimens were measu red by the three-terminal technique as a function 
of temperature in the range 1088 to 1285 K and oxygen partial pressure in the range 
1 to 10 -24 bar. The specimen prepared by the hot kerosene drying method showed near 
oxygen ion conduction with four times higher conductivity than the specimen prepared by 
the conventional mixing method at T = 1088-1285 K and Po~ = 10-6-10-24 bar. The 

O +1/4  to PO2 +1/5 higher oxygen  pressure conduc t iv i t y  t ended  a p p r o x i m a t e l y  towards  a -02 

dependence ,  indicative o f  p - type  c o n d u c t i o n ,  whereas  the  lower oxygen  pressure con-  
duc t iv i ty  t e nde d  to  be vir tual ly i ndependen t  of  oxygen  pressure, indicative of  oxygen-  
ion c o n d u c t i o n .  The  ac t iva t ion  energy was fo u n d  to  be 130 kJ mo1-1 at T = 1 0 8 8 -  
1285 K, Po~ = 0 .2127  bar (air) fo r  pure  e lec t ron-hole  co n d u c t i o n  and 153 kJ tool -1 
at T = 1 0 8 8 - 1 2 8 5  K for  ionic c o n d u c t i o n .  

1. Introduction 
Fully CaO-stabilized zirconia (FSZ), 
Zr0.s5 Ca0.15 O1.85, has been shown to be a suitable 
solid electrolyte for the determination of oxygen 
potential in oxide systems. Steele [1] and 
Schmalzried [2] showed that FSZ could be 
used at a temperature of 1300K and oxygen 
partial pressures above ~ 3.24 x 1 0  -19 bar because 
of its pure oxygen-ion conduction in this range. 
However, at lower oxygen partial pressures the 
cubic FSZ exhibited a marked excess electron 
conduction [1, 3, 4] ,  and thus could not be used 
as an oxygen sensor. A suitable oxygen sensor 
for the measurement of lower oxygen potentials 
is still needed. 

The defect structures of pure monoclinic 
zirconia [5-7]  and of cubic FSZ [8-12] are 
well known from measurements of the oxygen 
pressure dependence of electrical conductivity. 
However, the electrical conductivity of PSZ, 

Zr0.94Cao.o601.94 , as  a function of temperature 
and oxygen partial pressure has not previously 
been reported. 

The stabilization of zirconia is usually carried 
out by the conventional oxide wet-mixing method. 
However, it requires a high sintering temperature 
(~ 2273 K) and it is difficult to mix the zirconia 
powder homogeneously with a dopant oxide 
powder. For this reason, we used both a hot 
kerosene drying method [13, 14] and a con- 
ventional oxide wet-mixing method for the starting 
powders and compared the conductivity data for 
CaO-partially stabilized zirconia (PSZ) from each 
method. 

The aim of the present work was firstly to 
determine if PSZ would still exhibit ionic con- 
duction at lower oxygen partial pressures and 
secondly to compare the electrical behaviour 
of PSZ prepared by the hot kerosene drying 
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TABLE I Properties of hot-kerosene dried and conventionally wet-mixed partially stabilized zirconia (PSZ) 
Zro.94Cao.o60 ls4 specimens 

Specimen Bulk density Open porosity Cubic-phase 
(g cm-3 ) (%) zirconia content 

(wt %) 
Hot-kerosene 5.54 
dried PSZ (95 % of theoretical 

density) 
Conventionally 5.24 
wet-mixed (90 % of theoretical 
PSZ density) 

0.44 68 

1.1 55 

method and the conventional oxide-wet mixing 
method. 

2. Exper imenta l  procedure 
2.1. Specimen preparation 
The method of specimen preparation mentioned 
in previous publications [13, 14] was used: 
0.94mol ZrO(CH3COO)2 (Ventron Co., USA, 
extra pure) and 0.06mol Ca(CH3COO)2"H20 
(Hayashi Pure Chemical Co., Japan, extra pure) 
were dissolved in water to give a composition of 
Zro.94Cao.0601.94 after firing. A commercial 
emulsifier (Span #80, Atlas Chemic, West 
Germany) was added to the aqueous homogeneous 
solution to lower its surface energy; this allowed 
very small droplets to be added to a hot kerosene 
bath (443K) which yielded small atomically 
mixed acetate particles. The homogeneous powder 
was isolated from the kerosene bath by filtration. 

The dried powders were calcined at 1373 K for 
2 h in air and discs of 20 mm diameter and 3 mm 
thickness were compacted at a pressure of 170 
MPa and then sintered at 1873K for 4h  in air. 

I II 

~t electrode 

i; i 
I I I  I t  t 
I ,l ~_.ml l I I I  1 0 m m  I 
I I ~ ' ~ ' ~ i  i I 

s p e c i m e n  

Figure 1 Shape of platinum electrode and specimen for 
the d.c. conductivity using the three-terminal method. 
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ZrO2 (Semi-Elements Inc., USA) and CaCO3 
(Hayashi Pure Chemical Co., Japan) powders as 
starting materials were wet ball-milled for 15h 
to give a composition of Zro.94Ca0.o6Oz.94 after 
sintering. The calcining, pressing and sintering 
of conventionally wet-mixed powder were carried 
out in the same way as described in the hot 
kerosene drying method. 

The results of the sintering trials for hot- 
kerosene dried and conventionally wet-mixed 
specimens are presented in Table I. The sintered 
disc shown in Fig. 1 was circularly painted with 
platinum paste and then fired at 1373K for 
1 h in air. 

2.2. Apparatus and method 
2.2. 1. Design of high-temperature furnace 

and specimen holder 
Electrical conductivity and ean.f, measurements 
were carried out in the furnace shown in Fig. 2. 
In order to shield the electromagnetic field induced 
by the electric current in the heating element, 
a nickel cylinder-tube with short skin depth, 
48 mm in diameter, 5 mm thick and 600 mm long, 
was inserted into the furnace and then earthed. 
The platinum electrode and specimen were main- 
tained under compression by a spdng4oaded 
kanthal wire to ensure good electrical contact. 
The specimen temperature was held constant 
to + 1 ~ C measured with a Pt /Pt-10 %Rh thermo- 
couple. 

2.2.2. Specimen atmosphere control 
Oxygen partial pressures employed in the measure- 
ments were in the range 1 to 10 -3 bar and 10 -is 
to 10 -24 bar. The high pressures were obtained by 
flowing various Ar/O2 gas mixtures by means of a 
flow meter, while the low pressures were produced 
conveniently by using H2/H20 gas mixtures at 
various constant bath temperatures between 303 
and 358 K, described in Table II. The experimental 
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bfgure 2 Schematic diagram of 
high-temperature electrical con- 
ductivity furnace (a) and speci- 
men holder (b). 

apparatus used for the H2/H20 gas mixture is 
illustrated in Fig. 3. Hydrogen gas should be 
passed only through gas inlet 1 with an appreciably 
slow flow rate of  2.5 to 5.0cm 3 rain -1 to 
saturate the water vapour in the bath. A heating 
wire was wrapped around the glass tubing in order 
to prevent condensation of water vapour. 

The partial pressure ratio is given as follows: 

_ 

-N o 
where PH2 o,  PH~, PM, and PI~ o * denote partial 
pressure of water vapour and hydrogen, total 
pressure on manometer and saturated water 
vapour in the constant temperature bath, respec- 
tively. The Po~ values were calculated from the 
equilibrium constants for H2 + ~ 02 = HzO and 
the measured Pn~o/PH~ values. I f  lower oxygen 
pressure were necessary, gas inlets 1 and 2 were 
used so that the ratio PH~ o/PrI~ could be corres- 
pondingly reduced by the hydrogen gas. 

2. 2.3.  Electrical conductivity measurements 
Electrical conductivity was determined using the 
three-terminal d.c. technique with an electro- 
meter (Keithley Model 610C) as an ammeter, 

*Data taken from Kubaschewski et al. [15]. 
tData taken from Pyun et al. [ 16 ]. 

a digital multimeter (HeMett Packard Model 
3465B) as a voltmeter and a Hochkonstant- 
Stromquelle (Kisch Messergeraete GmbH, 4401 
Albachten, West Germany, Model KSQ 10) as a 
d.c. power source. The measuring arrangement 
is shown in Fig. 4. The current varied from 10 -s 
to 10-4A and the voltage from 5 x 10 .3 to 
10 -1V. 

2.2 .4 .  M e a s u r e m e n t  o f  e .m . f .  
The gas mixture (Ar/02, H2/H2 O) was hermetically 
separated from the reference electrode (Ni/NiO) 
compartment with cement, and the difference in 
oxygen potential between the gas mixture and the 
Ni/NiO electrode was measured as the e.m.f., 

E = 4.9615 • 10 -a Tlog P~ 

T 

(Ar/02 o r  H2/H20) 

/~ (Ni/NiO)* 

where E represents the measured e.m.f, due to the 
difference in oxygen potential between both 
compartments. Schmalzried [17] assumed, in the 
above equation, that the condition P o < p o I  
<Po~ I < P ,  was satisfied, whereP~ andP o represent 
those oxygen potentials at which ionic conduc- 
tivity, ao2-, is equal to the defect electron conduc- 
tivity, a, ,  and the excess electron conductivity, ao ,  
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TABLE II Ionic transference number of partially stabilized zirconia (PSZ), Zro.94Cao~6Ols4, as a function of tem- 
perature and oxygen partial pressure for hot-kerosene dried specimen 

Temperature Mixing ratio of O2 Oxygen partial Oxygen partial e.m.f. E 0 e.m.f, E Ionic 
(K) to Ar gas or partial pressure for pressure for estimated measured trans- 

pressure ratio of mixed gas standard elec- thermody- (V) ference 
H20 to H z pOI2 (O 2/Ar, trode pIIO2 namieally num- 

H2/H20) (Ni/NiO) (V) bet of 
(bar) (bar) oxygen 

(--) 

1088 

1281 

Vo2 = 5 cm 3 mill -1 1.013 0.734 0 0.212 
VoJVAr = 10 -1 1.013 X 10 -1 0.680 0 0.317 
VOJVAr = 10 -2 1.013 X 10 -2 0.626 0 0.445 
VoJVAr = 10 -3 1.013 X 10 -3 0.572 0 0.581 

PH 2 o/PH 2 = 1 1.165 X 10 -18 2.545 • 10 -14 0.234 0.234 1.0 
PH20/PH2 = 10 -1 1.165 X 10 -20 0.342 0.341 1.0 
PH20/PH2 2.36 X 10 -2 6.489 X 10 -22 0.410 0.412 1.0 
PH20/PH2 1.12 X 10 -3 1.462 X 10 -~4 0.553 0.560 1.0 

VO2 = 5 cm 3 min -1 1.013 0.649 0 0.193 
VoJVAr = 10 -1 1.013 X 10 -1 0.585 0 0.272 
VO2"/VAr = 10 -2 1.013 X 10 -2 0.522 0 0.369 
VoJVAr = 10 -3. 1.013 • I0 -3 0.458 0 0.478 
PH20/PI-I 2 ---- l 4.285 X 10 -Is 6.257 X 10 11 0.265 0.260 0.993 
PH20/PH; = 10 -~ 4.285 • 10 -17 0.392 0.387 0.997 
PH20/PH2 = 2.36 X 10 -2 2.387 X 10 -18 0.472 0.468 0.998 
PH~o/PH~ = 1.12 X 10 -3 5.375 X 10 -=1 0.640 0.621 1.0 

respect ively.  He also derived the  ionic  t r ans fe rence  

n u m b e r  o f  oxygen  to  2- for PSZ sol id e lec t ro ly te  

f r o m  the  fo l lowing equa t i on :  

[ to 2- = 14- §  

where  the  e x p o n e n t  n is re la ted  to  defec t  s t ruc tu re  

o f  the  solid e lec t ro ly te .  

3. Results and discussion 
3.1. Electr ical  conduc t i v i t y  o f  PSZ 
The m e a s u r e m e n t  o f  the  d e p e n d e n c e  o f  oxygen  

part ia l  pressure on  electr ical  c o n d u c t i v i t y  o f  

thermometer dtSillled woter b(]fh 

gas ,nlet 

PSZ has  n o t  ye t  been  r epor t ed .  T h o u g h  there  are 

c o n t r i b u t i o n s  f rom in te r face  and  grain b o u n d a r y  

to  bu lk  conduc t iv i ty ,  i t  was b e y o n d  the  scope 

o f  the  p resen t  work  to  separate  those  effects .  

The  to ta l  e lectr ical  conduc t iv i t i e s  o f  PSZ measu red  

b y  the  d.c. t h r ee - t e rmina l  t e c h n i q u e  are p resen ted  

as a f u n c t i o n  o f  t e m p e r a t u r e  and  oxygen  par t ia l  

pressure  in Fig. 5. 

In the  h igher  oxygen  par t ia l  pressure range,  

1 to  10 -6 bar ,  and  at t e m p e r a t u r e s  of  1094 to  

1285 K, the  c o n d u c t i v i t y  was f o u n d  to  be approxi -  

m a t e l y  p r o p o r t i o n a l  to  P o ~ 1 ' 4  to  Po~ § 

( e x p o n e n t s  ranged be tween  + 1/4  and  1/5),  

gas inlet 2 

flowmeter 
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Figure 3 Apparatus for H2/H20 gas mix- 
ture. 
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l~gure 4 Circuit diagram for d.c. electrical 
conductivity measurements using three- 
terminal method. 

indicative of  p-type conduction; while in the lower 
oxygen partial pressure range, 10 -6 to 10 -24 bar, 
the conductivity was found to be virtually inde- 
pendent of  oxygen partial pressure, indicative of  
oxygen-ion conduction. 

It is suggested from this observation that the 
total conductivity at higher oxygen pressures is 
controlled by monoclinic-phase zirconia contained 
in PSZ, where singly ionized oxygen interstitials 
(Oi') or completely ionized zirconium vacancies 
(Vz'r") and defect electrons may prevail. Defect 
electrons mainly contribute to the total con- 
ductivity on account of  their higher concen- 
tration and higher mobility compared with those 
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Figure 5 Total d.c. electrical conductivity for partially 
stabilized zirconia (PS Z), Zr 0.94 Ca 0.06 O1.94, solid electro- 
lyte prepared by hot-kerosene drying method (0)and 
conventional oxide wet-mixing method (zx) against oxygen 
partial pressure for various temperatures. Numbers on 
the curves denote temperature (K). 

of  oxygen interstitials and zirconium vacancies. 
At lower oxygen pressures the total conductivity 
is nearly controlled by oxygen vacancy as a 
charge carrier in cubic-phase zirconia [8] ,  hence 
PSZ could probably be used as a solid electrolyte 
at the lower oxygen potential. 

The plots of  log (ionic conductivity of  PSZ) 
against reciprocal temperature, shown in Fig. 6, 
yielded an activation energy of  153.2 kJ mo1-1 
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Figure 6 Arrhenius plots of ionic conductivity of partially 
stabilized zirconia (PSZ), Zro.94Cao.0601.94, prepared by 
hot-kerosene drying method (0)and conventional oxide 
wet-mixing method (~) at oxygen partial pressures in the 
range 10 -6 to 10 -24 bar. 
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for the hot-kerosene dried specimen as well as 
for the conventionally mixed specimen. The 
equality of the activation energy may possibly 
result from the approximate content of cubic- 
phase zirconia in PSZ within the probable error 
range. The activation energies for the ionic con- 
duction of FSZ have been given as 112.9 [18], 
116.8 [8] and 121.6kJmo1-1 [10], which are 
in good agreement with one another. These 
values were less than the result of the present 
work. This may be due to the lower cubic content 
of the PSZ used in this work, 68 and 55wt% in 
hot-kerosene dried and conventionally wet-mixed 
specimens, respectively. 

The hot-kerosene dried specimens showed 
approximately 3.5 times higher ionic conductivity 
than the conventionally oxide-mixed specimens. 
This may be attributed either to the higher 
sintered density or to the lower contact resistance 
of hot-kerosene dried specimens. 

Interpolating the ionic conductivity at 1273 K 
in Fig. 6, the hot-kerosene dried and conventionally 
oxide-mixed specimens showed values of 1.33 x 
10 -4 and 3.76 x 10 -s ohm -1 cm -1, respectively. 
Comparing these values with 2-3  x 10 -2 ohm -1 

cm -1 for cubic FSZ (Zro.ssCa0.1501.ss) [10, 18-  
20] and 2 -3  x 10 .6 ohm -1 cm -1 for pure mono- 
clinic zirconia [5, 7], the present data for pure 
monoclinic zirconia, PSZ and FSZ, give an account 
of the increased electrical conductivity with doped 
CaO content up to 12mo1% [20, 21]. The 
increase in conductivity is probably associated 
with the formation of the oxygen vacancy Vo =- 
with increasing concentration of doped CaO. 

Experimental results for the total d.c. con- 
ductivity measured at an oxygen pressure of 
0.2127 bar (air) as a function of reciprocal tem- 
perature are presented in Fig. 7. The activation 
energy of both hot-kerosene and conventionally 
mixed specimens was found to b e ~ 1 3 0 k J  
mo1-1 . This is in good agreement with the result 
on monoclinic zirconia [7] of 127.7kJmo1-1. 
This may result from the fact that the total 
conductivity measured in air was caused by pure 
defect electron conduction in both cases. 

The total d.c. conductivities of PSZ measured 
at 1273K in air were 8.0 x l0 -4 ohm -t cm -1 
for hot-kerosene dried specimen and 2.0 x 10 .4  

ohm -1 cm -1 for conventionally mixed specimen. 
The lower conductivity of the conventionally 
mixed specimen may be due to the higher porosity. 
In contrast with these d.c. data, the total a.c. 
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Figure 7 Arrhenius plots of total d.c. conductivity (pure 
electron-hole conduction) of partially stabilized zirconia 
(PSZ), Zro.94Ca0.06OI.94, prepared by hot-kerosene 
drying method (o)and conventional oxide wet-mixing 
method (z~) at oxygen partial pressure PO2 = 0.2127 bar. 

conductivity of pure monoclinic zirconia measured 
by the three-terminal technique at 1273K was 
given as 8 x l 0  - sohm - l c m  -1 by Vest et al. 

[5] and Kumar et al. [7]. The difference in the 
conductivity between these and the present work 
may possibly be attributed to contact resistance, 
in spite of a similar sintered density (90 to 95 % 
theoretical). In the present work, the a.c. con- 
ductivity was conveniently obtained by extra- 
polating to the value at 1000kHz and it was 
confirmed in a preliminary experiment of this 
work that the a.c. conductivity of PSZ determined 
by the two-terminal technique always showed 
a higher value than the d.c. conductivity determined 
by the three-terminal measurements, e.g. 1.1 x 
10 -3 ohm -1 cm -1 for a.c. and 8.0 x 10 .4 ohm -1 
cm -1 for d.c. conductivities of hot-kerosene dried 
PSZ at 1273K in air. The a.c. conductivity 
measured at frequencies below 5kHz remained 
nearly the same as the d.c. conductivity, but it 
increased inverse-linearly as the frequency increased 
from 10 to 100kHz. 



3.2. Oxygen ion transference number to 2 - 
of  PSZ 

In the present work, P~ for PSZ was calculated 
from Figs 5 and 6 to be 4 x  10 -3 to 6 x 1 0  -4 

bar, whereas Po was assumed to be below 10 -24 
bar; hence the term ( P o J P o )  -1/n in the expression 

for to2- was insignificant in the temperature 
range T =  1094 to 1285K and oxygen partial  
pressure range P% = 1 to 10 -24 bar. Table II 
presents the oxygen ion transference number 
to~- as a function o f  temperature and oxygen 
partial  pressure for the hot-kerosene dried speci- 
men. The values of  to  ~- and e.m.f, at the tem- 
peratures 1088 and 1281 K for oxygen partial 
pressures o f  1 to 10 -3 bar were less than uni ty 
and zero, respectively. Relating this fact to the 
proceeding result of  the electrical conductivity,  
it is suggested that  PSZ shows a mixed conduction 
due to oxygen4on and defect-electron, i.e. p-type,  
conduct ion at the given temperatures and oxygen 
pressures. Any positive hole contr ibut ion to the 
total  conductivity would ensure a "short-circuit" 
flux through the PSZ electrolyte which would 
rapidly polarize the Ni/NiO electrode because 
of  the very slow kinetics associated with this 
electrode. Moreover, any molecular permeabil i ty 
through the electrolyte would also result in zero 
e.m.f, values. 

The transference number,  however, remained 
nearly uni ty at the two temperatures and oxygen 
partial pressures of  4 x 10 - is  to 10 .24 bar, and 

addit ionally decreased slightly as temperature 
increased from 1088 to 1281K. An association 
of  these transference number data with the pro- 
ceeding data on the oxygen pressure dependence 
of  conductivity leads to the suggestion that  PSZ 

shows nearly an oxygen ion conduct ion at tem- 
peratures of  1088 and 1281 K, and in the oxygen 
partial pressure ranges 10 -6 to 10 -24 and 10 -6 

to 10 -21 bar, respectively. Therefore, PSZ would be 
available as an oxygen sensor. But at the higher 
oxygen partial pressure of  1 to 10 -3 bar, PSZ would 
not  be a suitable solid electrolyte because of  its 
mixed conduct ion by  the electron hole mechanism. 
Compared with this PSZ electrolyte,  FSZ used as a 
solid electrolyte exhibits nearly an oxygen ion 
conduct ion at temperatures of  1143 and 1273 K, 
in the oxygen partial pressure range 1 to 4 x 10 -22 
bar [9] and 1 to  10-1Sbar [11, 12], respectively. 

4. Conclusions 
(1) The hot-kerosene dried PSZ specimen showed 

near oxygen ion conduction with approximate ly  
four times higher conductivity than conventionally 
oxide-mixed specimens at T = 1088 to 1285 K and 
Po= = 10-6 to 10 -24 bar. 

(2) At  higher oxygen pressures (1 to 10 -6 bar) 

the conductivity was approximately proport ional  
to Po2 +1'" to Po2 +~'' ,  indicative of  a defect 

electron conduction of  PSZ, while at lower oxygen 
pressures (10 -6 to 10 -24 bar) the conductivi ty 

was virtually independent of  oxygen pressure 
at T =  1088 to 1285K, indicative of  an oxygen- 
ion conduct ion of  PSZ. 

(3) The activation energy of  both  hot-kerosene 
dried and conventionally oxide-mixed specimens 
was found to be 130kJmo1-1 at T =  1088 to 

1285K and Po2 = 0.2127 bar (air) for the pure 
electron-hole conduction,  and 153kJmo1-1 at 
T =  1088 to 1285K for the oxygen-ion 
conduction.  
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