lonic Conductivity of Gd- and Y-Doped Ceria-Zirconia Solid Solutions

Vera Ruhrup and Hans-Dieter Wiemhofer

University of Munster, Institute of Inorganic and Analytical Chemistry, D-48149 Minster, Germany

Reprint requests to Prof. Dr. H.-D. Wiemhdfer. E-mail: hdw@uni-muenster.de.

Fax: +49 251 83 33193

Z. Naturforsch. 61b, 916 — 922 (2006); received April 24, 2006

Dedicated to Professor Wblfgang Jeitschko on the occasion of his 70 birthday

The total conductivity of the solid solutions (Ce;_xZrx)p.8Gdg 2019 and (Ce1_xZrx)osY0.201.9
was measured in air as a function of temperature (T = 300 °C-600 °C) and composition (x =0.0—
0.9). A deep minimum of the bulk ionic conductivity was found for equal fractions of ceria and
zirconia. It indicates enhanced defect association and ordering of the oxygen vacancies around x =
0.5. X-ray analysis (Guinier technique) showed the diffraction pattern of the cubic fluorite structure
for all investigated compositions 0 < x < 1. The lattice parameter decreased linearly with increasing

zirconia content x.
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Introduction

Ceria and zirconia doped by trivalent cations are
well known solid electrolytes with high oxygen ion
conductivity which makes them useful for solid ox-
ide fuel cells or oxygen gauges. Doped ceria shows a
somewhat higher oxygen ion conductivity than equally
doped zirconia, but also a higher electronic conduc-
tivity. The latter prevents its application as solid elec-
trolyte at temperatures well above 800 °C.

On the other hand, together with the oxygen ion
conductivity, the redox activity of the Ce3*/Ce** cou-
ple which also causes the higher n-type electron con-
duction compared to zirconia admits a fast reversible
emission and storage of oxygen at elevated tempera-
tures. Therefore, ceria is widely used as a fast oxy-
gen storage component and redox mediator in hetero-
geneous catalysts [1]. A remarkable feature is that the
substitution of half of the cerium ions by zirconium
ions increases the oxygen storage capacity consider-
ably [1-4]. Therefore, in the past years, ceria-zirconia
solid solution systems have replaced pure ceria as oxy-
gen storage compounds in catalysis. Many investiga-
tions have been carried out in order to clarify the role
of zirconia in ceria-zirconia solid solutions for enhanc-
ing the reversible oxygen uptake. The presence of Zr4*
ions enhances the stability of Ce3* ions and hence
the reducibility of Ce** ions [2, 3]. It is supposed that

the enhanced reducibility of ceria is closely connected
with an easier formation of defect associates of Ce3*
and Vg, probably with participation of Zr** cations
[2,4-6]. It is evident that an increase of vacancy as-
sociation should be well discernible in the oxygen ion
conductivity.

Analogously to the binary oxides, the oxygen ion
conductivity of doped ceria-zirconia solid solutions
is increased by doping with trivalent cations such as
Y3+ and Gd3*. This together with the enhanced elec-
tronic conductivity has aroused the interest in fur-
ther applications based on the mixed ionic-electronic
conductivity of ceria-zirconia solid solutions, for in-
stance in electrodes [7] or oxygen separation mem-
branes [8]. Up to now, only a few systematic inves-
tigations were carried out on the influence of the rel-
ative zirconia content on the ionic conductivity of
ceria-zirconia systems doped with trivalent cations
[9-12]. Ananthapadmanabhan et al. found a minimum
of the total conductivity for (Ce1_xZrx)o.s2Y0.1801.01
at x = 0.5 [9]. They confirmed oxygen ions as major-
ity charge carriers by EMF-measurements. Lee et al.
investigated the influence of ceria-doping on the con-
ductivity of yttria-stabilized zirconia (YSZ) [10]. Their
results show for the zirconia rich systems (Ce; x-
Zry)o0.85Y0.1501.925 (x=0.5-1) an increase of conduc-
tivity with decreasing Ce-fraction. Huang et al. inves-
tigated the ionic conductivity of the ceria rich systems
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(Cep.g3Smp.17)1-xZrkO,_s (x = 0-0.5) and found a
decrease for x=0-0.3 and a slight increase for x=0.4
and 0.5 [11]. Tsoga et al. prepared solid solutions by
mixing and reacting Ce gGdy 2019 (CGO) and Zr gs-
Y0.1501.9 (YSZ) varying the composition x in the solid
solutions (YSZ)x(CGO);_x [12]. They observed a min-
imum of the total conductivity around x = 0.5.

In this study we investigated the influence of
the zirconia content X in (Ce1_xZrx)0.8Gdo.201.9 and
(Ce1_xZrx)o.sY0.201.9 on the oxygen ion conductivity.
The constant, high dopant level of the trivalent Gd3*
or Y3+ causes a constant concentration of oxygen va-
cancies as long as the electron and hole concentra-
tions remain small. The latter condition is fulfilled as
shown by the data available for the electronic conduc-
tivities [10, 11]. Therefore, the total conductivity vir-
tually corresponds to the oxygen ion conductivity, and
hence will be a good monitor for changes of the oxygen
vacancy mobility due to vacancy association or of the
concentration of free vacancies in doped ceria-zirconia
solid solutions as a function of x.

Experimental Section
Sample preparation

The samples (Ce;xZrx)o.8Gdo.201.9 and (Cey_xZrx)o.s-
Y0.201.9 (x=0.1-0.9) were prepared by a solid state reac-
tion using CeO,, ZrO,, Gd,03 and Y,03 (Chempur, 99.9%).
Powders were mixed for 24 h by ball-milling with zirco-
nia balls and ethanol as solvent. The resulting mixture was
dried first at 50 °C for 24 h and afterwards at 100 °C for 2 h.
Then, it was uniaxially pressed to pellets at 3.5 kbar and cold-
isostatically condensed at 240 kbar [KIP 100 ES-PRESSYS,
Weber]. The obtained pellets were sintered in air at 1600™C
for 10 h. The final relative densities were > 95% of the the-
oretical densities (as determined from the unit cell volumes)
for all samples.

X-ray diffraction

X-ray diffraction was used to check for phase purity and
to determine the lattice parameters. A Guinier camera (En-
raf — Nonius, type Fr 552) with Cu-K-radiation and an im-
age plate detector system (Fujifilm) were used. The positions
and intensities were read out using a BAS 1800-Scanner.
The lattice parameters were calculated using the software
“Win-XPOW” [13].

Total conductivity

The sintered ceramic pellets were covered with porous
platinum paste contacts (Degussa-Hiils 6402 1001).
Impedance spectra were recorded in air using a frequency

917
Table 1. Cation radii according to [16].
lon Radius (nm) lon Radius (nm)
Ce*t 0.097 Zr*t 0.084
Gd3* 0.105 Y3+ 0.102

response analyzer (Solartron 1260) in the frequency range
0.1 Hz-1 MHz. The impedance data were evaluated in
terms of suitable equivalent circuits using the ZView soft-
ware package (Scribner Associates). The total conductivities
were obtained in the temperature range 300 to 600 °C. At
temperatures below 600 °C, the appearance of a second time
constant (additional arc in the complex plane plot) indicated
the presence of a grain boundary impedance. Hence, bulk
and grain boundary conductivities were separately evaluated
at the lower temperatures assuming that both are in series.

Results and Discussion
Phase composition

All samples showed the diffraction pattern of the cu-
bic fluorite structure only. No indications for the occur-
rence of a second phase were found in any of the sam-
ples. The lattice parameters could be evaluated with
high accuracy. Results are shown in Fig. 1, where the
lattice parameters are plotted versus the zirconia con-
tent x. For both dopants, there is a linear decrease with
increasing Zr content according to the relations

(Ce1-xZrx)0.8Gdg.201.9,20 °C:

_ )
a[nm] = 0.5413-0.0245 - x

(Ce;l_xzrx)o,gYo'z 01'9, 20°C:

B )
a[nm] = 0.5393-0.0244 - X

The overall change of the lattice parameter is explained
by the difference of the cation radii of cerium and zir-
conium (cf. Table 1). Taking into account the exper-
imental accuracy, the deviation from Vegard’s law is
negligible in Fig. 1. The results for the Y-doped sys-
tems are in good agreement with literature data. Calés
and Baumard determined a [nm] = (0.5388-0.0243-x)
for samples with slightly different dopant concentra-
tions, i.e. (Ce1_xZrx)o.82Y0.1801.91 [14]. Ananthapad-
manabhan et al. found a [nm] = (0.5400-0.0264 - x)
for the same compositions as investigated by Calés and
Baumard [9]. Concerning the Gd-doped analogues,
very few data are available. Grover et al. investigated
phases and lattice parameters of a few compositions
in the Ce0,-Gd,03-ZrO, system [15]. Table 2 com-
piles lattice parameters of Gd-doped materials as de-
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Table 2. Lattice parameters of the system (Cei1_xZrx)o.s-
Gdg 201 g at r.t. in comparison with literature data.

Lattice parameter (nm) Literature

05422 [12]
Ce0.8Gdo.201.9 0.5418+0.0001 05417 [18]
(Ceo_gzroAl)oAngo_zol_g 0.5390+ 0.0001
(Cep.82Zr0.2)0.8Gdp 2019 0.5365 + 0.0002 0.5388 [15]
(Ceojzrqg)o‘ngo_zOl_g 0.5331+0.0002
(Ceo.62Zr0.4)0.8Gdp 2019 0.5308 +0.0001
(Ceo_szrols)oAngo_zol_g 0.5295 + 0.0002 0.5294 [15]
(Cep.3Zr0.7)0.8Gdp 2019 0.5244 +0.0002
(Ceo_lzroAg)oAngo_zol_g 0.5193+0.0003

Table 3. Lattice parameters of (Ce;_xZrx)o.gYo02019 in
comparison with literature data.

Lattice parameter (nm) Literature
0.5410 [19]
CepsY0.201.9 0.5404 + 0.0001 0.5405 [20]
(Ce0.9Zr0.1)08Y0.201.9 0.5365+0.0002 0.5381 [20]
(Ceo_szroAz)oAgYoAzol_g 0.5341+0.0002 0.5355 [20]
(Ceo_7Zr0A3)0A8Y0A201_9 0.5316 + 0.0002 0.5328 [20]
(Ceo.6Zr0.4)08Y0.201.9 0.5293 +0.0001 0.5302 [20]
(Ceo_szrols)oAgYoAzol_g 0.5271+0.0003 0.5275 [20]
(Ce.3Zr0.7)08Y0.201.9 0.5225+0.0002 0.5223 [20]
(Ceo_lzroAg)oAgYoAzol_g 0.5176 +0.0004 0.5173 [20]
0.55
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Fig. 1. Lattice parameters of (Ce;_xZryx)ogREp 2019 for
RE = Gd and Y as a function of the composition x at r.t.
Lattice parameters of ZrggGdpgO1.9 and ZrggYogO1 g are
taken from [15, 17].

termined in this work in comparison with some results
of Grover.

lonic conductivity

Fig. 2 shows a complex plane plot of the impedance
results with two semicircles at 450 °C. This result is
typical for temperatures below 600 °C. Basically, the
two semicircles are explainable by a series circuit of a
bulk and a grain boundary impedance. The higher fre-
guency semicircle corresponds to the bulk impedance
consisting of a parallel circuit of the bulk resistance
Rpulk and a constant phase element CPE . The semi-

N
T 3 Rue  Ra
ey
q% 2] Rbu\k Rgb r/.
-~ —0—0_g
= N ‘././o/‘ e “ 1
N
. v
o0 1 2 3 4 5 6
Z /10" [Ohm]

Fig. 2. Impedance plot of the cell Pt (air) | (Cep5Zrp.5)0.8-
Y2019 | Pt(air) at 450 °C. (Parameters: Rpyx = 3.70 -

10% Ohm, Rgp = 1.11-10* Ohm, CPEp = 5.89-1071! F,
CPEgp =1.42-10 7 F).

circle at lower frequencies is due to a grain boundary
impedance which consists of the grain boundary resis-
tance Ry and a parallel constant phase element CPE gp.
Both constant phase elements nearly correspond to a
capacitance. Accordingly, the net total resistance Rigtal
consists of the sum of the bulk and the grain boundary
resistance as given by

Riotal = Roulk + Rgb 3)

The separate contributions of bulk and grain bound-
aries could be distinguished up to temperatures
around 600 °C. Above that temperature, no separate
grain boundary contribution could be distinguished.
Applying the same cell constant (I /A, with pellet thick-
ness | and electrode surface area A), the bulk and the
grain boundary conductivities were calculated accord-
ing to

| 1 o | 1
T G~ —
A Ruulk ®7 A Ry

Obulk = (4)

Even in the cases of (Ceg5Zrp5)0.8Gdg201.9 and
(Ceo5Zrp5)0.8Y0.201.9, the systems with the lowest
total conductivity, the measured total conductivities
are more than two orders of magnitude higher than
the electronic conductivities (in air). For instance,
(C60,5Zr0,5)0,8Gd0,201,9 showed Gbulk(GOO OC) =27
10~* S/cm, whereas the electronic conductivity was
Gelectron (600 °C) =~ 10~ S/cm in air [21]. Therefore,
the total conductivities measured in air are virtually
equal to the oxygen ion conductivities and the elec-
tronic conductivities are negligible.

Figs 3a and 3b show the bulk and grain boundary
conductivities for two samples with the compositions
(Ceo5Zro.5)08Gdo.201.9 and (Cegs5Zros5)0.8Y0.201.9.
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The grain boundary conductivities are about one or-
der of magnitude higher than the bulk conductivities
and follow a perfect linear relationship in the Arrhe-
nius diagrams. The bulk conductivities in Fig. 3, how-
ever, show a slight curvature with increasing slope to-
wards higher temperatures. The results for the bulk
conductivities as shown in both parts of Fig. 3 com-
pare well with literature data for the analogous system
(Ceo.5Zrg.5)0.8Smp 2019 [11].

Figs 4 and 5 show the conductivities of
(Ce1_xZry)o.sREp2019 with RE Gd and Y as
a function of temperature. For clarity, the results for
compositions above and below x = 0.5 are plotted in
separate diagrams. One observes a strong dependence
of the oxygen ion conductivity on the composition x in

both solid solutions. For instance, the bulk conductiv-
ity of (Ceg.9Zro.1)0.8Gdp.2019 is about two orders of
magnitude higher than that of (Ce5Zr5)0.8Gdo.201.9
which exhibits the lowest ionic conductivity (Fig. 4).
The same can be observed in the Y-doped solid
solutions (Fig. 5), even though the differences are
somewhat smaller there. Plots of the grain boundary
conductivity which are not shown here in principle
exhibit the same behaviour, but the variation is higher.

A direct comparison of Gd- and Y-doped samples at
a constant temperature of 400 °C is shown in Fig. 6.
A clear minimum of the conductivities is seen for both
systems at x = 0.5. The conductivity decrease amounts
to more than two orders of magnitude as compared
to doped ceria, i.e. x =0, and at least one order of
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Fig. 6. Bulk conductivity of (Cei_xZrx)o.g(Gd/Y)p.201.9
at 400 °C. The data points at x = 0.0 and x = 1.0 for the
Y-doped samples (RE = Y) were taken from [29] and [25]
respectively. No data were available at 400 °C for the com-
position Zrg gGdg 201 9.

magnitude as compared to stabilized zirconia. In view
of the constant concentration of the trivalent dopants
and hence of the oxygen vacancies, such a strong de-
pendence is surprising. The results indicate a distinc-
tive association and local ordering of oxygen vacancies
around x =0.5.

Many authors have studied and discussed associa-
tion and ordering of oxygen vacancies for ceria as well
as for zirconia as a function of the kind of dopant ion
and/or as a function of the dopant concentration with
respect to an optimum of the oxygen ion conductiv-
ity [22-27]. In our systems, the dopant concentrations
are constant. Hence, the changes of the association
and local ordering of oxygen vacancies observed here
are a function of the ratio of zirconia to ceria reach-
ing a maximum near the ratio 1:1. This is probably
closely connected to the enhanced reducibility of ceria-
zirconia solid solutions [28].

In agreement with results for Y- and Gd-doped
zirconia [25], Y-doped ceria-zirconia samples show
higher conductivities at zirconia-rich compositions. On
the other hand, similarly and in agreement with results
for Y- and Gd-doped ceria in the literature [26,27],
the ceria-rich systems (Ce1_xZrx)0.8Gdg 2019 with x=
0.0-0.2 show higher conductivities as compared to the
Y-doped materials with the same ceria-zirconia ratio.
A crossover is observed between x = 0.2 and x = 0.3.
Therefore, the behaviour of the dopant ions is analo-
gous to that in pure doped zirconia or ceria systems and
mainly caused by the ratio of the corresponding cation
radii (cf. Table 1). The maximum of ionic conductivity
of ceria occurs with Gd-doping which is explained by
the minimum of the association enthalpy of Gd3+ and
V¢, and the optimum ratio of the cation radii of Ce**

and Gd**. An analogous explanation for the difference
in oxygen ion conductivity is given for zirconia with
regard to the dopant effects of Y3+ and Gd3+.

The activation energies derived from the tempera-
ture dependent bulk conductivities of this work are
shown in Fig. 7a. It is evident that the ceria-zirconia
solid solutions show a broad maximum of the acti-
vation energies. The values are nearly 0.4 to 0.5 eV
higher as compared to Gd-doped ceria or Y-doped zir-
conia alone. There is agreement between many authors
that the activation energy as determined from the tem-
perature dependent oxygen ion conductivity for doped
zirconia and ceria systems consists of the migration
enthalpy AHy, and an association enthalpy AH,; which
mainly involves the association equilibrium of vacan-
cies and trivalent ions.

EA,bulk = AHm + AH, (5)

Hence within this model, the association term con-
tains the specific properties of the various dopants. Ac-
cording to [29], for Gd-doped ceria, the association
term is —0.18 eV and for Y-doped ceria —0.39 eV.
Values for the corresponding Y- or Gd-doped zirco-
nia are available predominantly for high temperatures
and therefore are not so well comparable. For in-
stance, at 1000 °C, Gd-doped zirconia gave an asso-
ciation enthalpy AH, of —0.62 eV and Y-doped zirco-
nia of —0.39 eV. For the ceria-zirconia solid solutions,
the association equilibria are complicated by the pres-
ence of a varying concentration of cerium and zirco-
nium ions which gives rise to additional possible defect
complexes with a local ordering of cerium, zirconium
and the dopant ions in the vicinity of the vacancies. The
migration enthalpy of oxygen ions in pure doped ceria
or zirconiaalone lies in the range 0.7 t0 0.8 eV [25, 29].

In ceria-zirconia solid solutions, however, the situa-
tion is not as simple. The maximum of the activation
energy may at least partially be due to a maximum of
the migration enthalpy, because the unsymmetrical oc-
cupation of the structure by three types of cations leads
to variable local energy barriers around a vacancy site.
The different cation radii of cerium and zirconium and
the effect of local strain may lead to different site en-
ergies for vacancies. These differences in site energy
will cause an increased local ordering and restrictions
for the possible oxygen jumps.

Only a few data are available in the literature
for the variation of activation energies of ceria-
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Fig. 7. Activation energies for a) the bulk conductivity and b) the grain boundary conductivity of (Ce;_xZry)o.sRE201.9.

Table 4. Activation energies from the literature for the total
conductivity for some comparable ceria-zirconia solid solu-
tions with similar compositions.

(Ce1r—xZrx)o.82Y0.1801.091

(Ceo.83SMo.17)1-xZ1xOz_s

[11]
x=0.0 0.76 eV 0.85eV
x=0.5 1.23eV 1.10eV
x=1.0 0.78 eV -

zirconia solid solutions at constant dopant concentra-
tions. Table 4 shows results from two investigations
for (Ce1—xZry)os2Y0.1801.91 and (Cep.gaSmo.17)1—x-
ZryOy_s [9,11]. It is evident that the general depen-
dence of the activation energies is rather similar to the
systems studied in this work.

Conclusions

Lattice parameters and bulk and grain bound-
ary conductivities were investigated for the two
solid solution series (Ce1_xZryx)o.sGdp2019 and
(Ce1-xZrx)o.8Y0.2019 (x=0.0-0.9).

All samples exhibited the cubic fluorite structure.
An almost ideal linear relation between the lattice pa-
rameter and the relative change of the zirconia-content
could be observed at constant concentration of the

trivalent dopants.

As expected for systems with high ceria-content,
the Gd-doped samples show the highest conductivi-
ties. On the other hand, for zirconia-rich systems, the
Y-doped samples showed higher ionic conductivities
than Gd-doped materials. This is in agreement with an
interpolation of the behaviour of the boundary compo-
sitions (i.e. pure Gd- or Y-doped ceria and zirconia)
at x = 0.0 and x = 1.0 and mainly follows the changes
expected from the differences of the ionic radii of host
and dopant ions.

The Gd- as well as the Y-doped systems exhibited
a deep minimum of the ionic conductivity neara 1:1
ratio of Ce and Zr. This effect is independent of the
kind of dopant. These observations are explainable by
a strong association and ordering of the vacancies in
local defect complexes probably accompanied by an
increase of the mean migration enthalpy due to local
strain.
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