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The total conductivity and oxygen permeaiion in (Ce,.Zr.Os)o(Ca0), solid solulions were measured as a function
of temperature and oxygen partial pressure. Empirically, o at given x and T was expressed essentially hy o=cor+
o, Py, ", where oo and o are constant. Applying a standard defect model in which major defects arve Cac.', Cec'
and Vi in ideal solution, we can assign 6.* as the oxide ion conductivity and . as the electronic conductivity at

o,=1 atm. With this assignment, it wasg found that the oxide ion conductivity decreases while the electronic con-
ductivity inereases with the increase in Zr content. Usmng the oxide ion and electronic conductivities thus det-
ermined, the oxygen permeation fiux was calculated for respective P, and T conditions at which the meas-
urements were made. The calculated values were found to agree with the observed cnes.
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1. Introduction

tabilized Zr(, ig well known as an oxide ion con-

ducter. Doped CeQ, shows higher oxide ion con-
ductivity than stabilized Zr(,. The electronic conduction
of doped CeO,, which appears in reduced atmospheres,
becomes remarkable at the oxygen partial pressure high-
er than that for stabilized ZrQ,. Both oxides, with Cal'-
structures, are known to be dissolved each other ai high
temperatures.”

In a previous paper, the authors reported the oxygen
permeation in (Ce, Zr0:)(Cal)y, solid solutions con-
sidering applications to ceramic membrane for high tem-
perature oxygen-separation.” It is necessary for the mem-
brane to have high conductivities of oxide ton and elec-
tronic defect, because permeation in oxides takes place
by a simultaneous diffusion of oxide iong and electrons,
so-called a "chemiecal diffusion”.

It iz considered that the oxide ion conduction is
predominant in (Ce, . Zr.0s).(Ca0}y, salid solution. There-
fore, the rate of oxygen permeation would be determined
by the electronic conductivity. The electronic con-
ductivity is expecled to increase with the increase in Ce
content because Ce ions easily take mixed valence state
of Ce® and Ce" and the electronic conduction is expected
to be enhanced by the electrom exchange between Ce™
and Ce"™,

The observed oxygen permeation rate was rather con-
tradictory to the prediction above. Maximum oxygen per-
meation rate was observed with (CepeZirg;02)0,(Ca0)y,
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and iends to decrease with the further increase in Ce con-
tent. In order to elucidate this permeation behavior and
to make clear the reationship between the permeability
and the conduetivity, total conductivity in (Ce,.Zr,C:)s
(Ca0)y.(x=0, 0.1, 0.2) was measured as a function of ox-
ygen pressure,

I1. Experimental

1. Sample

(CeoZr0:),(Ca0),;(x=0, 0.1, 0.2) was prepared by sol-
id state reactions. Appropriate proportions of commereial
ZrQ,, Ce0; and CaCO; powders with 99.99% purity were
mixed together in an alumina mortar. The solid state
reaction was carried out in an alummina crucihble at 1673
K for 4 hr in air. Afier remixing and refiring, the powder
was ground with alcohol in a ball mill with halls of Y;0,
partially stabilized ZrQ; for 48 hr and then dried. No dif-
fraction peak assigned to impurities was detected in X-
ray diffraction patterns. The erystal structure of the sam-
ple was confirmed to be a single phase Cal'-structure.
The powders was hydrostatically pressed at 2x10° Pa
inte appropriate shapes. The pressed sample was sin-
tered at 1973 K for 6 hr. The relative densities of the
sintered samples turned to be 97% of the X-ray ones.

2, Conductivity

The sample were finished to square pillar shape
(about 4x 4> 15 mm) by the diamond machining process.
The total conductivity was measured ag a function of ox-
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ygen partial pressure using a standard d.e four terminal
method with reversible Pt electrodes at 1173~1773 K.
The oxygen partial pressure was controlled by gas-mix-
tares of Ar-Q, or CO-CO,.

3. Oxygen permeation

The samples, which were hydrostatically pressed as
tube shape, were finished about (13 mm {(outer diameter}
¥ 9 mm (inner diameter)) by the diamond machining pro-
cess. Une side of the sample was joined to ALDO, tube
with Pt O-ring and another side was closed by Al;Q, disk
with Pt O-ring. Two samples with different length (5 and
15 mm) were simultaneously set in a furnace to eli-
minate influences of contact areas between sample and
AlLQ;. Outside of sample tube was exposed to N0, gas-
mixtures (P, =0.2~0.5 atm) or air for oxygen source. Per-
meated oxygen from outside to ingide of sample tube was
transported by He gas How and detected by gas chro-
matograph (Shimazu GC-9A). Further details of oxygen
permeation was described in ref. [2].

IIl. Results and Discussion

1. Electrical conductivity

The total conductivity, o, as a function of P, is shown
in Fig. 1. At high oxygen partial pressure, o ig almost in-
dependent of P, and decreases with the increase in Zr
content. However, ¢ increases with decreasing P, and is
almost independent of Zr content at low oxygen partial
pressure.

It is assumed that the increase in ¢ is caused by elec-
tronic eonduction. Congidering Ceg,, V3, Cag," as charged
defects in CaO-doped CeQ,-Zr(Q); solid solution, the
equilibrium of exygen between the gas phase and the
bhulk of oxide can be expressed ag
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where Kriger-Vink” notation is adopted. Using activities
of each defects, a, the equilibrium constant, K, is written
as Tollows.

K= @

Assuming that Henry's law is valid, Raoult's law also ex-
pected to hold. Then, using the conecentration, the
equilibrium constant, K., is rewritten as follows.

LT VS R, "

where T 1] designates a mole quantity in one mole of
{Ce . Zr, 0z s(Call)y,.
The defect equilibrum of doped CaQ is given as

CaD = Ca” o+ 05+ Vg )
The electroneutrality can be expressed as
2[Vo ]=[Ceg ] +2[ Cag,”] (B)

When [Cag,"1>>[Cen'l, [V3] is essentially constant and
[0o7] is also constant. At the region where [Ceg,” is high-
er enough than [Ce.'l, [Ce,] can be considered as
constant. Transforming eq. (3), a left side in the fol-
lowing equation is regarded as constant.

K(z}'[(:eée] 2103)
[ve'l

On Zr0,-CeQ,-Y,0; system, Calés and Baumard” ex-
plained that the electronic conductivity is caused by a
hopping mechanism between Ce,’ and Ce,' and pro-
portional to the product of [Ce,"] - [Cez'l. At the region of
[Cee I>>[Cec.], the conductivity of electron is pro-
portional to [Ceg,']. Therefore, the electronic conductivity

= [Cee, 1?PY’ @)

PP . . .
2Ceq,+0p = 2Ces, +V, +Eoz (1 is proportional to Po, ™.
0 . —
()
at 1573 K
0 1k
g -1 =
w w
b T
2 g o
-2 F B
-_ Ay \\\
(CorZr00gCa00 1\ |\ ! ’(It:e‘w,z"r,x?g}?g(fza‘oyc:1 SO gl CenZn0sCa0k;
5 40 5 R 9 5 0 15 -0 -5 0

log ( Po, / atm}

log ( Pg, / atm)

lag ( Po, f atm}

Fig. 1. Total conductivity of (Ce,Zr.0:)o(Cal)y, (x=0, 0.1, 0.2} as a function of partial oxygen pressure.
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Fig. 2. Po,"" dependence of iotal conductivity. The solid
marks were used for the least squares fits.

The total conductivity is represented hy

where @, is the ionic conductivity and o.” is the elec-
tronic conductivity at Py =1 atm. Fig. 2 shows Pg ™ de-
pendece of ¢. There are linear relations at the high P,
region. It is considered that the decrease in ¢ at low Po,
region is ecaused by the influence of the decrease in
[Cec.7], that is, it is difficalt for [Ceg,'] to be regarded as
constant in this region.

The least gqrares fits give o.. and .". Horizontal and
straight lines in Fig. 1 are drawn by using obtained o,,
and ¢.’, respectively. Curves are calculated from eq. (7).

The ionic and electronic conductivities at Po,=1 atm as
a function of temperature are shown in Fig. 8. The
parameters are shown in Table 1. With this assignment,
it is found that the oxide ion conductivity decreases
while the electronic conductivity increases with the in-
crease in Zr content.

2. Oxygen permeability

When two gas-phases different in oxygen pressures are
separated by (Ce,,Zr.0:):3(Ca0)y,, the chemical potential
gradient of oxygen is formed in il, which causes flux of
oxygen. At the region of the oxygen partial pressure in
which the oxide ion conduction is predominant, the oxide
iens fow from high to low oxygen partial pressure ac-
companied by the electron flow of counter direction to
cornpensate the balance of the charge in the oxide,

Using ggz and ., the flux, j, of oxide ion and electron
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Fig. 3. Temperature dependence of ionic and electronic con-
ductivity

Table. 1. The Oxide Ton and Elecironic Conductivity in (Ce,.,
Zr, 05 H(CaO)u 1

A e QO o B e 9
Go2/Sem” = T CXP [ RT) o, /Sem” = T exp { =T
x A Q A Q
3 em 'K J mol'K S em™E J mol'K
0 3.12x10°  765x10" 803x10"  244x10°
0.1 1i1x10° 1.01x10° 536%10° 2.36x10°
02  244x10°  1.51x10° 147x10®  1.87x10°
are represented by
. Oy~ dnp- @
o=
! (zoFF dx :
[ (9)
{z.Fy dx

where F is Faraday constant and z and 1 are electrical
charge and electrochemical potential of species shown as
the suhseript.

To maintain the electroneutrality, jo= and j, are related
by the following equation.

2 jo = e (10}

Substituting eq. (10) into eq. (9), 1. can be related to the

Jo2:

. Ze @ d7ne
. 11
o 2 @ i )
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Generally, we assume the local equilibrium in the ma-
terial. An equilibrium reaction is represented by

O+2e =0% 12

The relation between respective potentials is expressed
as follows.
dﬂﬂ dnr d-nDAL
dx dx dx (13)
Substituling z,=-1, z42=-2, eq. (8) and (11) into eq. (13),
we can obtain the relation between joz and g

1 ( 0O )d,UG

—— 14
4 ot o dx s

Jo-=

Integrating from end to end in the material and using a
definition of po=1o+% RT In Py, we can calculate as

RT in PCLT; G G
Jgu= s 2 dinP,, {15)
SFL o Pg 0‘0}4‘ O

where L is thickness of the material. Here Py," and P,
indicate the Po, in the gas phase of higher and lower P,
respectively. The oxygen permeation, jo, is related to je
a8 Zjn=jo>. The oxygen permeation normalized by thick-
ness, Jo,, is represented by

L
. . _ RT 0 Oyt
Jo.=joL=— 167 ), @ 10 dlnPg, (16)
T/°C
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Fig. 4. Oxygen permeation as a function of temperature.
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Fig. 4 shows the normalized oxygen permeation as a
function of temperature (open marks). The sides of high
and low oxygen partial pressure are POZU=U.2~O.5 and Poz['
=4 10%-3x 10" atm. Tt is necessary for taking inte ac-
count oz and o, to compare between conductivity and ox-
vgen permeability, because the difference between oo
and o. iz about one order.

3. Comparison between conductivity and oxygen
permeation

When the conductivities of conduction species except
oxide ion and electron, the oxide ion and electron transf-
erence number is represented as follows.

[0 78
= —2 (A7)
GO}"’O-E
o= — (18)
Ot Ce

where the sum of ty» and t. is equal to unity. Using te2,
eq. {16) can be arranged ag follows.

RTGD‘* in Pé-:
Jo,=— - 1—t,.)d In Po, (19)
578 07

In stabilized Zr0O,, the partial electronic conduction
parameter is introduced to represent the influence of
electronic conduction.® The partial electronic conduction
parameter, P., is defined as the oxygen pressure at
which the ionic and the electronie transfererice numbers
are equal.

T
Q5=

= — (20)
Ty + PV

Using the value in Table 1, P, 15 expressed as shown in
Fig. &.
We can apply F. to eq. (19) and calculate as

RTao pH

B - & c1/4+Pg21/4

Pig. 4 includes the estimated values (solid marks) at
each experimental condilion by wusing obtained con-
ductivities and eq. (21) The estimated Jo, shows good
agreement with observed J,,.

Fig. 6 shows normalized oxygen permeation of (CeyeZry,
04)4+(Cal},; with various Pg,* and Fo,". The estimated Jo,
at 1400 K also indicates good agreement with observed dJq,.
At 1726 K, the devialion of the estimated J,, from the
ohserved dq, is larger than at 1400 K. It is considered
two reasons for the deviation in high temperature.

One is congidered that ¢. was estimated higher than
the true value. Since &, would be proportional to [Ce;'] -
[Cezl, the electronic conductivity should be decrease
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Fig. 5. The partial electronic conduction parameter as a
function of temperature.

with decrease in Py, at low Py, region. Another reason is
considered as an influence of surface reaction of oxygen:
Both the surface reaction rate and the diffusion flux in-
crease with temperature in Arrhenius-(ype relationships.
When the activation energy for the surface reaction is
smaller than that for the chemical diffusion, the effect of
surface reaction would be remarkable at the higher tem-
peratures.

To make clear this point, it is necessary to clarify the
electric properties in the sample al high temperatures.
Degpite the deviation between estimated Jy, and
observed Jo, at high temperatures, the estimated Jo,
interprets the magnitude and the Y., and temperature
dependence of the obhserved o,

IV._ Conclusion

The total conductivity and oxygen permeation in (Ce.,
Zr 0,),4(Ca0)y; (x=0, 0.1, 0.2) solid solutions were
meagiired as a function of lemperature and oxygen par-
tial pressure. With the increase in Zr content, the as-
signed electronic conductivity from total one increased
and the oxygen permeation also increagsed. The es-
timated oxygen permeability, which was caleulated with
agsigned oxide ion and electronic conductivity hy using
the standard theory of charged particles, agreed with the
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Fig. 6. Oxygen permeation in {CeyZry;04),,(Ca0d),, as a
function of oxygen partial pressure.

observed oxygen permeability.
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