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Transport properties of ceria–zirconia–yttria solid solutions
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Abstract

The electron and hole conductivity, oxygen transport property and thermal expansion behavior of{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 solid
solution were investigated and the effect of yttrium content was examined by comparing the data with those of{(CeO2)1−x(ZrO2)x}0.8(YO1.5)0.2.
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he electron conductivity of{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 measured by ion blocking method was one order lower than th
(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2. The increase of yttrium content suppressed the phase transition from cubic to pyrochlore stru
educing atmosphere. The oxygen isotope diffusivity and surface exchange rate constant of{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 are considere
o be comparable to those of{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2. The chemical expansion due to the reduction of cerium ion was obser
ell as for rare earth doped ceria. The compatibility of the material as an anode substrate in solid oxide fuel cells is discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ceria–zirconia solid solutions have been investigated from
iewpoints of interesting catalytic activity and mixed conduc-
ivity. Ozawa et al. reported the application of CeO2–ZrO2
olid solutions to the three-way catalysts for automobiles
1]. Moreover, the CeO2–ZrO2–YO1.5 solid solution is in-
estigated as a promising material for oxygen permeable
embranes, which can be applied to electro-catalytic reac-

ors or oxygen gas separators. The temperature and oxygen
artial pressure dependence of total and ionic conductivity
f {(CeO2)1−x(ZrO2)x}0.9(Y2O3)0.1 have been reported by
everal researchers[2–4].

We have investigated the transport properties of the sys-
em {(CeO2)x(ZrO2)1−x}0.8(YO1.5)0.2, such as oxygen iso-
ope diffusivity (D∗

O) and surface exchange rate (k) [5] or
lectron/hole conductivity (σe, σh) [6] because we think such
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transport properties in the oxides may affect the anode
tions of solid oxide fuel cells (SOFC) in which the fuel rea
with oxide ions come through the electrolyte. The elec
conductivity (σe) of {(CeO2)x(ZrO2)1−x}0.8(YO1.5)0.2 dras-
tically increased with cerium content (x) and had a maximum
aroundx = 0.5[6]. Concerning the oxygen transport prop
ties, the oxygen isotope diffusivity has a minimum atx = 0.5
[5], however, the oxygen surface exchange rate constak)
has a maximum aroundx = 0.4, which is similar to the com
positional dependence of electron conductivity.

However, in the electron conductivity measuremen
{(CeO2)x(ZrO2)1−x}0.8(YO1.5)0.2, it was difficult to obtain
the precise data in lower oxygen partial pressures, the
gen partial pressures lower than 10−8 Pa atT = 973–1273 K
The data exhibited some scattering and their reproduci
was poor. It indicates the phase transition from fluorit
pyrochlore structure. This phase transition has been rep
for CeO2–ZrO2 solid solutions by several researchers inc
ing complicated metastable phases[7–11]. Ikryannikova e
al., reported that 10 mole% YO1.5 addition to CeO2–ZrO2
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solid solution may stabilize the cubic phase, however, it does
not suppress the formation of pyrochlore phase in reducing
atmosphere at high temperatures[8].

In this paper, we investigated ceria–zirconia–yttria solid
solution with higher yttria content,{(CeO2)0.5(ZrO2)0.5}0.65
(YO1.5)0.35, in order to suppress the phase transition. The
hole and electron conductivity, and oxygen isotope diffusivity
was measured and compared with the results of samples with
lower yttrium content. Since we have been interested in this
material as a candidate of anode support materials in SOFC,
the thermal expansion behavior was also checked in air and
in reducing atmospheres.

2. Experimental

The sample was prepared by solid-state reaction of CeO2
(Wako), Y2O3 (Wako) and ZrO2 (TOSOH TZ-0). The pow-
ders in appropriate amounts were mixed in TZP ball mill
with ethanol as solvent. The dense polycrystalline body of
the solid solution was prepared by pressing the powder
mixture into pellets by one-axial press under 150 MPa and
cold iso-static press (CIP) at 300 MPa, and then sintered
in air at T = 1873 K for 10 h. Over 99% of theoretical den-
sity was obtained. The phase purity of sintered sample was
checked by X-ray diffraction analysis (XRD), which exhib-
i dary
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whereA andL are the electrode area and the thickness of the
sample,Eapp the applied voltage andIe is the steady current.
The oxygen partial pressure at the inner electrodep(O2) was
calculated by using the following equation:

Eapp = RT

4F
ln

(
pout(O2)

p(O2)

)
(2)

whereR is the gas constant,T the absolute temperature,F the
Faraday’s constant andpout(O2) is the oxygen partial pressure
in outer atmosphere, which was fixed to 1 kPa.

The oxygen isotope diffusivity and oxygen sur-
face exchange coefficient were determined by using
18O2 exchange. The sample was cut into small pieces
(3 mm× 3 mm× 1 mm), and placed in a small cell attached
in a closed system. The 21 kPa of oxygen gas (O2) was in-
troduced in the system and the cell was kept atT = 973 K
for 1 h. Then the atmosphere is changed to 21 kPa of18O2
(ISOTEC Ltd., 99.7% enriched18O2) at the same temperature
and kept for 300 s and quenched. The depth profiles of the sec-
ondary ion intensities (I(16O−), I(18O−)) were collected by
secondary ion mass spectrometry (SIMS, CAMECA ims5f,
Cameca Instruments Co., France, primary ion Cs+: 10 kV,
secondary ion accelerating voltage−4.5 kV). The oxygen
isotope diffusivity (D∗

O) and oxygen surface exchange rate
constant (k) were determined by fitting the obtained profile
t
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ted a single phase of fluorite structure without any secon
eaks.

The surface of the pellet was polished by diamond pa
or comparison of the thermal expansion behavior, the d
olycrystalline bodies of yttria stabilized zirconia (YS
r0.8Y0.2O1.9), and yttria doped ceria (CYO, Ce0.8Y0.2O1.9)
ere prepared by the same method.
The electric and hole conductivities as minor car

ere determined by a dc-polarization method usin
ebb–Wagner ion blocking cell at 1173 and 1273 K.
etail of the ion blocking cell is described in our previ
aper[6]. Platinum paste was painted on both surfaces
ample pellet and fired at 1273 K in air. The oxygen pa
ressure at the outer electrode (pout(O2)) was fixed aroun
out(O2) = 1 kPa by flowing 1% O2–Ar. The dc-polarizatio
easurements were performed with a potentiostat (

echnical Research, potentiostat/galvanostat 2020). W
he electric voltage was applied to the samples, the
ent changed until the steady state was established. I
quilibrium state, the oxygen chemical potential at the i
latinum electrode/sample interface was reduced again
uter electrode. The oxide ion flow was blocked at the i
lectrode, because no electrochemical potential gradie
xide ion exists inside the samples. The measured cu
hould be electronic current governed by electrons or h
n the sample. The electronic or hole conductivity (σe +σh)
as determined by the following equation:

e + σh = L

A

(
∂Ie

∂Eapp

)
(1)
o the diffusion equation suggested by Crank[12]:

X − Xbg

Xg − Xbg
= erfc

z

2
√

(D∗
Ot)

− exp(bz + b2D∗
Ot) erfc

×
{

z

2
√

(D∗
Ot)

+ b

√
(D∗

Ot)

}
(3)

= k

D∗
O

(4)

hereX corresponds to the normalized18O concentratio
erived from the intensity ratio of SIMS secondary
(18O)/{I(16O) +I(18O)}, Xbg the natural abundance of18O
=0.002),Xg the 18O concentration in gaseous phase wh
as fixed atXg = 0.97 in all experiments,t the annealing tim
ndz is the depth from the surface.

The thermal expansion measurements of dense
rystalline bodies of{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35,
(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 and (CeO2)0.8(YO1.5)0.2
as carried out by thermal mechanical analysis (TMA 3
eiko Instruments, Ltd., Japan) in the temperature range
00 to 1273 K under the load of 1 g. Since the sample
repared by sintering in air, the sample heating in TMA m
urement in air results in the thermal expansion coeffic
TECs) of normal composition with a good reproducibil
owever, when the sample is heated in a reducing a
phere, a rare earth doped ceria exhibits a very large e
ion in the first heating, which includes thermal expansion
hemical expansion with the formation of additional oxy
acancy. Hence, the apparent thermal expansion coeffi
n a reducing atmosphere in the first heating is extraord
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Fig. 1. Hole and electron conductivity of{(CeO2)0.5(ZrO2)0.5}0.65

(YO1.5)0.35(closed symbols) as a function of oxygen partial pressure (p(O2)).
The literature data of{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 are shown as open
symbols[6].

higher than the thermal expansion coefficient in air. The
chemical expansion in a reducing atmosphere causes the
dimensional instability of the materials in anode atmospheres
of SOFC, in which the oxygen potential may drastically
change with operation modes. Our interest is if such a chem-
ical expansion of rare earth doped ceria can be suppressed by
increasing yttrium content. Hence, we carried out the TMA
measurements for the samples first in air, and then in a reduc-
ing atmosphere (1%H2 + 2%H2O + 97%Ar) to check the dif-
ference of expansion behavior among different atmospheres.

3. Results and discussion

The electronic and hole conductivities of{(CeO2)0.5
(ZrO2)0.5}0.65(YO1.5)0.35 measured by Hebb–Wagner
method were shown inFig. 1, and they are compared with
the data of{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 reported in
our previous paper[6]. The electronic conductivity data
of {(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 are ca. one-tenth
of {(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2. The hole conductiv-
ity was detected for{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35
at p(O2) > 102 Pa, whereas no hole conductivity was
detected for {(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 even at
p(O2) = 105 Pa.
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Fig. 2. Oxygen diffusivity (D∗
O, triangles) and oxygen surface exchange

rate constant (k, squares) of{(CeO2)x(ZrO2)1− x}1− y(YO1.5)y atT = 973 K
as a function of cerium content (x). Open symbols:y = 0.2 [5] and closed
symbols:y = 0.35 (present data).

phase transition mechanism is governed by small change
of oxide ion coordination, therefore it is sometimes hard
to observe by conventional XRD. However, the data scat-
tering of {(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 in reducing at-
mosphere indicates that such a small structure change is
enough to affect the transport properties. The present data
of {(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 indicates that the in-
crease of yttrium content in ceria–zirconia–yttria solid solu-
tion may suppress the pyrochlore phase formation.

The oxygen isotope diffusivity (D∗
O) and oxygen sur-

face exchange rate constant (k) of {(CeO2)0.5(ZrO2)0.5}0.65
(YO1.5)0.35 in air were plotted inFig. 2 and compared
with those of{(CeO2)x(ZrO2)1− x}0.8(YO1.5)0.2 as a func-
tion of cerium content (x). The oxygen isotope diffusiv-
ity and surface of{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 are
just between those of{(CeO2)0.4(ZrO2)0.6}0.8(YO1.5)0.2 and
{(CeO2)0.6(ZrO2)0.4}0.8(YO1.5)0.2. It indicates that the in-
crease of yttrium content does not significantly affect the
oxygen transport properties. Since the oxygen isotope dif-
fusivity can be correlated with the oxide ion conductiv-
ity by Nernst–Einstein theory, it can be suggested that
{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 has a comparable con-
ductivity to{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2.

The apparent thermal expansion coefficients of
{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 in air and reduc-
ing atmosphere (first time only) are shown inTable 1. It
s re is
a alent
c
w tion.
T
(
t than
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t

Moreover, it should be noted that the increasing yttr
ontent resulted in the stabilization on fluorite cubic phas
eria–zirconia–yttria solid solution. The electronic cond
ivity measurement for{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35
as possible until the oxygen partial pressure lo

han 10−8 Pa at T = 1273 K as shown inFig. 1. For
(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 the reproducible da
ould not be obtained atp(O2) < 10−5 Pa because the da
xhibited irreversible scattering. We think that this s
ering is due to the phase formation from cubic to
ochlore phase transition. According to the literatures,
hould be noted that the TEC in reducing atmosphe
pparently larger than in air. This is because the tetrav
erium ion (Ce4+) is reduced to trivalent ion (Ce3+),
hich is accompanied with the oxygen vacancy forma
he data of{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 and YDC

(CeO2)0.8(YO1.5)0.2) are also shown inTable 1, and
hey exhibited larger TECs in reducing atmosphere
(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35, which is probably du
o the larger amount of cerium content.
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Table 1
Thermal expansion coefficients (TECs) of CeO2–ZrO2–Y2O3 solid solutions

Composition Atmosphere Temperature range (K) TEC (MK−1)

{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 Air 333–1283 11.47
Ar–1%H2–1%H2O 338–1234 14.22

{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 Air 351–1108 12.37
Ar–1%H2–1%H2O 336–1278 14.34

(CeO2)0.8(YO1.5)0.2 Air 346–1243 12.16
Ar–1%H2–1%H2O 342–1260 15.18

4. Summary

The present investigation clarified some physico-chemical
properties of{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35. Consider-
ing these materials as a SOFC component, the following facts
should be emphasized.

The electron conductivity of{(CeO2)0.5(ZrO2)0.5}0.65
(YO1.5)0.35 was one-tenth of {(CeO2)0.5(ZrO2)0.5}0.8
(YO1.5)0.2, which indicates that the increase of yt-
trium content may stabilize the tetravalent cerium ion
(Ce4+) in the fluorite structure. Furthermore, the fluorite
structure of {(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 has bet-
ter stability than{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 in re-
ducing atmosphere. As the result, it is supposed that
the conductivity of{(CeO2)0.5(ZrO2)0.5}0.65(YO1.5)0.35 in
strongly reducing atmosphere will be better than that of
{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2.

However, the increase of yttrium content does not
perfectly suppress the Ce3+ formation, hence the isothermal
expansion is observed for the present composition as well
as the cases of{(CeO2)0.5(ZrO2)0.5}0.8(YO1.5)0.2 or yttrium
doped ceria. The compositions with higher yttrium content
should be examined to clarify the possibility to overcome
this problem.
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