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Abstract Oxygen ion transference numbers for Gd2)x
CaxTi2O7)d (x=0.10–0.14) pyrochlore ceramics were
determined at 973–1223 K by the modified e.m.f. and
faradaic efficiency techniques, taking into account
electrode polarization, and from the results on oxygen
permeation. The ion transference numbers vary in the
range 0.95–0.98 in air, increasing when the temperature
or oxygen partial pressure decreases. The activation
energies for the ionic and p-type electronic transport in
air are 74–77 and 87–91 kJ/mol, respectively. The p-type
conductivity and oxygen permeability of Gd2Ti2O7-
based pyrochlores can be adequately described by
relationships common for other solid electrolytes. At
temperatures below 1273 K under a gradient of
10%H2+90%N2/air, average ion transference numbers
for doped gadolinium titanate are not less than 0.97.
Thermal expansion coefficients for Gd2)xCaxTi2O7)d

ceramics, calculated from dilatometric data in air, are in
the range (10.4–10.6)·10)6 K)1 at 400–1300 K.

Keywords Fuel cell Æ Gadolinium titanate Æ Ionic
conductivity Æ Pyrochlore Æ Transference number

Introduction

Solid oxide fuel cells (SOFCs) attract a great deal of
interest due to their high energy-conversion efficiency,
fuel flexibility including the prospects to directly operate

on natural gas, and environmental safety [1, 2, 3, 4, 5].
However, practical applications of SOFCs as alterna-
tive electric power generation systems are still limited
for economic reasons, particularly as a result of the
high costs of component materials. The SOFC-based
generators could be commercially viable if their pro-
duction costs were approximately 0.7 US$ per 1 W
[2, 3], but at present the figure is several times higher.
Further progress in this field requires, hence, develop-
ments of new economically feasible materials, with
special attention given to solid oxide electrolytes as key
components of the electrochemical devices [4, 6]. Solid
electrolytes should possess ion transference numbers
close to unity over a wide range of oxygen partial
pressures, high ionic conductivity to achieve minimum
ohmic losses, chemical and dimensional stability, and
compatibility with other cell components under the fuel
cell operating conditions.

Among other promising electrolyte materials, such as
doped CeO2 and LaGaO3 (e.g. [1, 3, 6] and references
cited therein), rare-earth pyrochlore phases based on
Gd2Ti2O7 were reported to satisfy these requirements to
a considerable extent [4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. The
structure of the A2B2O7 pyrochlore (space group Fd3m)
can be considered as an ordered defective derivative of
fluorite, with one of eight oxygen sites per unit formula
being vacant, which may be important for the ionic
conduction [12, 13]. Moreover, in some cases this lattice
represents a three-dimensional interconnected tunnel
network [9]. As for other solid electrolytes, acceptor-
type doping of Gd2Ti2O7 leads to significant enhance-
ment of the oxygen ionic transport; a maximum ionic
conductivity of (3.3–4.9)·10)2 S/cm at 1273 K was
found for Gd2)xCaxTi2O7)d with x=0.10–0.30 [7, 8].
Substitution of gadolinium with calcium was reported to
increase p-type electronic conduction and to decrease
n-type contribution to the total conductivity [8]. The
values of oxygen ion transference numbers (to) of
Gd1.9Ca0.1Ti2O7)d in pure oxygen, which may be esti-
mated from the p(O2) dependencies of the total con-
ductivity [7], are quite high, 0.90–0.95 at 1073–1223 K.
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Later, however, significantly lower values of the
ionic conductivity and ion transference numbers were
reported [9]. For Gd2Ti2O7 ceramics containing
5–10 mol% calcium, the transference numbers determined
by the classical e.m.f. method under an oxygen chemical
potential gradient of 2.1·104/10 Pa at 873–1023 K were
found to be as low as 0.2 [9]. The corresponding esti-
mates of ionic conductivity were surprisingly low, in the
ranges of 3·10)6–2·10)5 and 8·10)8–9·10)7 S/cm for
5 mol% and 10 mol% Ca-doped Gd2Ti2O7, respectively
[9]. The compositions exhibiting maximum ionic con-
duction in the system (Gd,Ca)2Ti2O7)d are also different,
namely 10 mol% Ca according to Kramer et al. [7, 8]
but 5 mol% according to Heider et al. [9]. In addition,
one should note significant contradictions in the litera-
ture data on activation energy (Ea) for the ionic trans-
port. For undoped Gd2Ti2O7, Ea values calculated from
experimental results on the oxygen ionic conductivity
are 0.93 eV [8] and 2.3 eV [9], while the atomic-scale
computer simulations of oxygen migration give a value
of 1.23 eV [12]. These differences might be partly ex-
plained by cation disordering in the pyrochlore lattice
[12, 14].

The present work continues our research on ionic and
electronic conduction in potential solid electrolyte ma-
terials [15, 16, 17, 18, 19, 20, 21, 22] and is focused on the
transport properties of Gd2)xCaxTi2O7)d (x=0.10–
0.14). This narrow composition range was selected to
match the compositions with most promising properties
and to reassess contradictory literature data on py-
rochlore phases with a significant level of ionic con-
ductivity [7, 8, 9]. Although the conductivity of
Gd2)xCaxTi2O7)d is relatively low [7, 8, 9], these mate-
rials are still of interest for electrochemical cells with film
electrolytes, especially for monolithic SOFCs. In the
latter case, pyrochlore phases may even be advantageous
with respect to other solid electrolytes owing to a higher
solid solubility of variable-valence dopants in the lattice,
which makes it possible to form mixed-conducting
electrodes with the same structure (e.g. [7, 8] and refer-
ences therein). As oxygen diffusion in pyrochlores
considerably depends on a partial cation disorder
[12, 13, 14], special emphasis in this paper is given to
the structural characterization of Gd2)xCaxTi2O7)d

ceramics. Also, thermal expansion coefficients, which
determine the compatibility with other materials of an

electrochemical device, and the behavior of gadolinium
titanate membranes in SOFC-type measuring cells were
also studied.

Experimental

Single-phase powders of Gd2)xCaxTi2O7)d (x=0.10–0.14) were
synthesized by a standard ceramic technique. Before weighing the
stoichiometric amounts of high-purity CaCO3, Gd2O3 and TiO2,
the gadolinium and titanium oxides were annealed in air at 1173–
1273 K for 2–3 h. The solid-state reactions were performed at
1273–1623 K for 35 h in air, with multiple intermediate regrin-
dings. After confirming the formation of single pyrochlore phases
by X-ray diffraction (XRD), the powders were compacted into
disks of various thickness (diameter 20 mm, 250–300 MPa). Gas-
tight ceramics were sintered in air during 4 h at 1823 K with sub-
sequent slow cooling (3–5 K/min) down to room temperature, in
order to obtain equilibrium oxygen nonstoichiometry. The density
of the ceramic materials was higher than 98.5% of their theoretical
density calculated from XRD data (Table 1).

XRD spectra of powders, obtained by grinding the ceramic
samples, were collected at room temperature in the range of 2h
angles from 10� to 100� (step 0.02�, 2 s/step, Cu Ka radiation).
Structure parameters were refined using the Fullprof program [23].
Transmission electron microscopy (TEM) studies of the powders
were performed using a Hitachi H-9000 electron microscope with a
beam voltage of 300 kV. Dilatometric data were obtained in air
using a Linseis L70/2001 apparatus (heating rate of 3 K/min). The
microstructure of the ceramics was studied by scanning electron
microscopy combined with energy dispersive spectroscopy (SEM/
EDS); AC impedance spectroscopy was used for the measurements
of the total conductivity. Description of the experimental tech-
niques and equipment can be found elsewhere ([15, 16, 17, 18, 19,
20, 21, 22] and references therein).

The oxygen ion transference numbers were determined by
modified faradaic efficiency (FE) and e.m.f. (EMF) methods [21,
22], and also calculated from the oxygen permeability (OP) and
total conductivity. It is well known [21, 22, 24] that decreasing
temperature and/or oxygen partial pressure in the measuring cells
leads to increasing errors in the transference number determination
by the classical e.m.f. and faradaic efficiency techniques, owing to a
greater role of electrode polarization; the apparent ion transference
numbers become lower than the true to values. Therefore, in the
present work the modifications of faradaic efficiency and e.m.f.
methods, described elsewhere [21, 22], were used. These modifica-
tions make it possible to take electrode polarization into account
and to increase accuracy of the transference number determination
[21]; experimental details are available [19, 20, 21]. All measure-
ments by the e.m.f. technique were performed under an oxygen
partial pressure gradient at the electrodes (p2/p1) equal to
101/21 kPa. The faradaic efficiency measurements were per-
formed under zero oxygen chemical potential gradient in air
(p2=p1=21 kPa), and also at p1 values that varied from 2 to
11 kPa at a fixed p2 of 21 kPa. In the latter case, the results were

Table 1 Properties of Gd2)xCaxTi2O7)d ceramics

Composition (x) dexp (g/cm3)a dexp/dtheor (%)a a�·106 (K)1) (400–1300 K)b Activation energy for the total conductivityc

T (K) Ea (kJ/mol) ln A0 (S K/cm)

0.10 6.19 98.9 10.54±0.02 670–820 96±5 14.1±0.8
820–1250 75±2 10.9±0.3

0.14 6.07 98.8 10.44±0.03 500–820 97±6 14.3±0.9
820–1270 74±1 10.9±0.1

adexp and dtheor are the experimental and theoretical density values, respectively
ba� is the linear thermal expansion coefficient (TEC) in air, averaged over the temperature range 400–1300 K
cEa and A0 are the regression parameters of the Arrhenius model for total conductivity
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corrected for the steady oxygen permeation fluxes, a priori inde-
pendently measured. Testing of model fuel cells with pyrochlore
ceramic membranes (thickness 1.00 mm, electrode area 0.6–
0.7 cm2) and porous Pt electrodes was carried out at 1123–1273 K
using a flowing 10% H2/90% N2 mixture as fuel and air as oxidant
(flow rate 250 mL/min). The current density varied from 0 to
80 mA/cm2; ohmic contribution to the cell resistance was deter-
mined by impedance spectroscopy. The transference numbers of
pyrochlore membranes in such cells were determined from the
starting segments of the voltage versus load resistance curves at
current density values lower than 10–15 mA/cm2, with correction
for the electrode polarization resistance [21, 22]. Experimental
procedures for the oxygen permeation measurements are also re-
ported elsewhere [25, 26].

Results and discussion

Characterization of ceramic materials

XRD studies of Gd2)xCaxTi2O7)d powders and ceramics
showed the formation of single phases with a pyrochlore
structure. An example of a final Rietveld plot, showing
the quality of structure refinement, is given in Fig. 1.
The unit cell parameters of the materials with x=0.10
and 0.14 are quite similar, as the difference in their
composition is rather small (Table 2). At the same time,
the analysis of cation-anion bond lengths in the py-
rochlore lattice indicates that Ti-O octahedra contract
and their distortion decreases when the calcium con-
centration increases. These octahedra are formed by so-
called O1 oxygen sites (position 48f mm u 1/8 1/8) and
have an ideal form if u=0.3125. Increasing x results in a
clear decrease in the Ti-O1 distance, considerably larger
than the experimental error; the parameter u for
Gd2)xCaxTi2O7)d is higher than 0.3125, but decreases
with x (Table 2).

As the pyrochlore structure is a cation-ordered de-
rivative of the fluorite structure, a number of pyrochlore
phases exhibit partial or complete disordering on heat-
ing; the latter process corresponds to a transformation

of an A2B2O7 pyrochlore into a nonstoichiometric
(A,B)O3.5±d fluorite lattice, one example of which refers
to 50 mol% yttria-doped zirconia [13, 27]. The lattice
disorder leads, as a rule, to greater oxygen ionic con-
duction [13, 27]. Since partial cation disordering may
also be induced by A-site doping [13], TEM examination
of a Gd1.9Ca0.1Ti2O7)d fine-ground ceramic sample was
carried out. An example of the electron diffraction pat-
tern is presented in Fig. 2. The inspection of the TEM
results showed no evidence of cation disorder; the lattice
parameters calculated from the XRD and TEM data
were very similar, within the limits of experimental error.
Taking into account that thermally induced cation dis-
ordering of pyrochlore-type compounds usually be-
comes significant only when the temperature is higher
than 1350–1500 K [13, 27, 28], the level of structural
disorder in Gd2)xCaxTi2O7)d is expected to be rather
negligible and essentially unaffected by temperature
variations within the studied range (400–1223 K).

Figure 3 presents SEM micrographs, reflecting mi-
crostructures characteristic of Gd2)xCaxTi2O7)d ceram-
ics. The average grain size is similar for both studied

Fig. 1 Observed, calculated and difference XRD patterns of
Gd1.90Ca0.10Ti2O7)d

Table 2 Structure refinement results for Gd2)xCaxTi2O7)d

Gd1.90Ca0.10
Ti2O7)d

Gd1.86Ca0.14
Ti2O7)d

Crystal system Cubic
Spacegroup Fd3�m (no 227)
Unit cell parameter (Å) 10.192(5) 10.193(1)
u 0.32431 0.32258

Interatomic distances (Å)
Ti-O1 1.955 1.948
Ti-O2 2.226 2.226
Gd-O1 2.540 2.553
Gd-O2 2.207 2.207
O1-O1 2.651 2.658
O1-O2 3.065 3.083
O2-O2 4.413 4.414

Fig. 2 Transmission electron diffraction pattern of Gd1.90Ca0.10
Ti2O7)d
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compositions and varies in the range 5–10 lm. In
agreement with the picnometric data (Table 1), the
closed porosity of the ceramic materials was very small.
No traces of liquid phase formation at the grain
boundaries or phase impurities were detected by SEM/
EDS analysis.

Dilatometric curves of Gd2)xCaxTi2O7)d ceramics are
close to linear within all studied temperature ranges,
400–1300 K (Fig. 4). The average thermal expansion
coefficients (TECs) calculated from dilatometric data
vary in the very narrow range (10.4–10.6)·10)6 K)1

(Table 2). These TEC values are very similar to litera-
ture data on Y2(Ti,Zr)2O7 pyrochlores [13] and to the
TECs of stabilized zirconia ceramics [27].

Total conductivity

The temperature dependence of the total conductivity
(r) of Gd2)xCaxTi2O7)d is shown in Fig. 5. The con-
ductivity is predominantly oxygen ionic (Table 3) and
excellently coincides with the results of Kramer and
Tuller [7]. The significantly lower conduction level of the
same compositions [9] may therefore result from specific
features of Gd2)xCaxTi2O7)d ceramics sintered at
1373 K, such as blocking grain boundaries in ceramics
with fine grain sizes. Indeed, in the case of zirconia-
based materials, low sintering temperatures are typically
associated with a greater grain-boundary resistance [27].

The conductivity of Gd1.86Ca0.14Ti2O7)d at tempera-
tures above 823 K is slightly higher than that of
Gd1.90Ca0.10Ti2O7)d, whereas in the low-temperature
range the r values of both compositions are similar. The
activation energy for the total conductivity, calculated
by the standard Arrhenius equation:

r ¼ A0

T
exp � Ea

RT

� �
ð1Þ

where A0 is the pre-exponential factor, increases from
74–75 kJ/mol at 823–1273 K up to 96–97 kJ/mol at
500–823 K (Table 1). According to the TEM results and
literature data [13, 27, 28], cation disordering of the
pyrochlore titanates at temperatures around 800–850 K
seems unlikely. The impedance spectroscopic data, ex-
amples of which are presented below, indicate a negli-
gible contribution of the grain boundaries to the total
resistance within all studied temperature ranges (400–
1300 K); the change in the activation energy at 823 K
cannot thus be attributed to grain-boundary effects.

Fig. 3 SEM micrographs of Gd2)xCaxTi2O7)d ceramics with
x=0.10 (A) and 0.14 (B)

Fig. 4 Dilatometric curves of Gd2)xCaxTi2O7)d ceramics in air

Fig. 5 Temperature dependence of the total conductivity of
Gd2)xCaxTi2O7)d ceramics in air. Data on Gd1.90Ca0.10Ti2O7)d
[5] are shown for comparison
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Most probably, the observed change in Ea values is
due to disordering in the oxygen sublattice on heating,
which is quite typical for stabilized zirconia and hafnia
[27, 28]. The composition-independent conductivity in
the low-temperature range may result from an associa-
tion of oxygen vacancies and calcium cations and/or
from formation of ordered microdomains. At tempera-
tures above 823 K, disordering in the oxygen sublattice
leads to a lower activation energy due to decreasing
contribution of the vacancy formation energy to Ea

values down to zero; ionic conduction in the high-tem-
perature range becomes dependent on the total oxygen-
vacancy concentration, which increases with calcium
content (Fig. 5).

The impedance spectroscopic studies of Gd2)xCax-
Ti2O7)d ceramics demonstrated that in the studied
temperature range the grain-boundary resistance can
be neglected. At all temperatures, only two arcs were
observed in the impedance spectra; the high-frequency
arc with a specific capacitance of about 10)12 F/cm is
obviously associated with grain bulk conduction,
whilst the low-frequency part of the spectra (10)7–
10)6 F/cm) corresponds to electrode processes. Rep-
resentative examples of the impedance spectra at
different temperatures are given in Fig. 6A and
Fig. 6B. For comparison, Fig. 6C presents the data for
Gd2)xCaxTi2O7)d ceramics containing approximately
1.5 mol% of SiO2. Silica impurities are well known to
segregate at grain boundaries of most solid-electrolyte
ceramics and to dramatically increase boundary resis-
tivity [27, 29, 30]. As for other solid electrolytes, ad-
ditions of SiO2 lead to the appearance of a new
intermediate-frequency arc in the impedance spectra of
pyrochlore titanates (Fig. 6C). This arc, having a
specific capacity of (4–9)·10)9 F/cm at 773 K, can be
undoubtedly attributed to the grain-boundary pro-
cesses. The example shown in Fig. 6C stresses that the
measurement conditions used in this work provided
sufficient sensitivity for the grain-boundary effects; the
absence of intermediate-frequency phenomena in the
impedance spectra of pure Gd2)xCaxTi2O7)d ceramics

is conclusive proof of the negligible boundary contri-
bution to the total resistance.

Transference numbers in oxidizing conditions

The oxygen ion transference numbers for Gd2)xCax-
Ti2O7)d at 973–1223 K, determined by the modified
faradaic efficiency technique under zero oxygen chemical
potential gradient in air, vary from 0.95 to 0.97, slightly
increasing when the temperature decreases or the calci-
um concentration increases (Table 3). The e.m.f. method
under an oxygen/air gradient gives very similar values
for the transference numbers (Table 3) and for the
electronic conductivity (Fig. 7). This confirms the cor-
rectness of the measurement techniques and the reli-
ability of the results.

Tuller et al. [6, 7, 8] showed that the electronic con-
ductivity of Gd2)xCaxTi2O7)d in oxidizing conditions is
predominantly p-type; the n-type contribution is negli-
gibly small. Therefore, the equilibrium ion transference
numbers can be written as [31]:

to ¼
ro

ro þ rp
¼ ro

ro þ rp0 � p O2ð Þ1=m
ð2Þ

where ro and rp are the partial ionic and p-type elec-
tronic conductivities, respectively, rp0 is the electron-
hole conductivity at unit oxygen pressure, and m is a
constant typically close to 4 for solid electrolytes.
According to Tuller and Kramer [6, 7], ionic conduction
in (Gd,Ca)2Ti2O7)d phases is independent of the oxygen
partial pressure, which also agrees with the data on
many other solid electrolytes [27, 28, 31]. For the mea-
surements under a non-zero oxygen pressure gradient,
either by e.m.f. or the faradaic efficiency technique, the
transference numbers are averaged in a given range of
oxygen chemical potentials (l):

�tto ¼
1

l2 � l1

Zl2

l1

to dl ð3Þ

Table 3 Parameters for oxygen
ionic transport in Gd2)xCax
Ti2O7)d ceramics in air

aEach to value was averaged
from 2–4 experimental data
points
bThe oxygen ionic conductivity
was calculated from the results
on the total conductivity and
transference numbers, deter-
mined by the faradaic efficiency
method, as ro=rto

Composition (x) Averageion transference
numbersa

Activationenergy for ionic and
electron-hole conductivities
(973)1223 K)b

T (K) t�o (EMF) t�o (FE) Ea(ro) (kJ/mol) Ea(rp) (kJ/mol)

0.10 1223 0.952 0.952 77±4 91±2
1173 0.956 0.955
1123 0.958 0.958
1073 0.960 0.959
1023 0.961 0.962
973 – 0.967

0.14 1223 0.960 0.956 74±2 87±3
1173 0.966 0.958
1123 0.968 0.960
1073 0.972 0.962
1023 – 0.965
973 – 0.968
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where the values of l1 and l2 correspond to p(O2) values
at the electrodes, p1 and p2. Substitution of Eq. 2 into
Eq. 3 and integration results in the following expression:

�tto p2; p1ð Þ ¼ �m ln
k1p
�1=m
2 þ 1

k1p
�1=m
1 þ 1

ln
p2
p1

� ��1
ð4Þ

where k1=ro/rp0. Figure 8A shows the fitting of the
results of the experimental dependence of the average
transference numbers on p1, determined by faradaic ef-
ficiency measurements at a fixed p2=21 kPa, using Eq. 4

as a regression model. Taking into account experimental
error, this equation is considered to be adequate. The
calculated value of the m parameter, 4.7±0.2, is quite
close to 4, the classical value for electron-hole transport
in solid electrolytes.

Under these conditions, if the surface exchange lim-
itations to the overall oxygen transport through a py-
rochlore membrane can be neglected, the permeation
flux density (j) is described as:

j ¼ 1

16F 2d

Zl2

l1

rorp

ro þ rp
dl ¼ 1

16F 2d

Zl2

l1

to 1� toð Þr dl ð5Þ

where d is the membrane thickness. After substitution of
Eq. 2, the analytical solution of Eq. 5 is:

j ¼ RTmro

16F 2d
ln

rp0p
1=m
2 þ ro

rp0p
1=m
1 þ ro

ð6Þ

Figure 8B compares the experimental results on ox-
ygen permeation through a Gd1.90Ca0.10Ti2O7)d mem-
brane and the corresponding predictions, calculated by
Eq. 6, with the values of m, ro and rp0 obtained by other
methods. The parameters m and k1 were determined by
fitting of t�o versus p1 dependence obtained by FE mea-
surements (Fig. 8A); the values of ro and rp0 were ex-
tracted from the total conductivity in air (Fig. 5) using
the definitions k1=ro/rp0 and r=ro+rp0·p(O2)

1/m. The
experimentally measured and calculated permeation
fluxes are very similar (Fig. 8B), thus confirming that the
different methods are consistent with each other and that
Eq. 6 is valid.

Figure 8C presents the equilibrium transference
numbers, to, which were evaluated from the regression
parameters of t�o)p1 and j)p1 dependencies (Fig. 8A, B)
expressed by Eqs. 4 and 6, respectively. Again, the re-
sults obtained using different measurement techniques
are similar within the limits of experimental uncertainty.
Thus, p-type electronic conductivity and oxygen

Fig. 6 Typical impedance spectra of Gd2)xCaxTi2O7)d samples in
air: A, B pure ceramic materials studied in this work; C ceramics
with SiO2 additions

Fig. 7 Temperature dependence of the p-type electronic conduc-
tivity of Gd2)xCaxTi2O7)d ceramics in air, calculated from the
impedance spectroscopy, faradaic efficiency and e.m.f. results
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permeability of Gd2)xCaxTi2O7)d pyrochlores can both
be adequately described by models, derived from rela-
tionships common for other solid electrolytes [27, 31].

Finally, Fig. 9 shows the relative error in the ion
transference numbers (t�o

obs) determined by classical
e.m.f. and faradaic efficiency methods, which appears
due to electrode polarization in the measuring cells. The
error was evaluated as:

D�tto=�ttoð Þ ¼ �tto ��ttobso

� �
=�tto ð7Þ

where t�o values were measured by the modified tech-
niques, taking polarization resistance into account. For
the classical e.m.f. method [31], the transference num-
bers are estimated as the ratio between the observed
e.m.f. of an oxygen concentration cell and its theoretical
Nernst voltage; in the case of the classical arrangement
of the faradaic efficiency measurements, ionic contribu-
tion to the total conductivity is estimated from the
ratio of the ionic and total currents through a mixed
conductor. However, when electrode polarization is

significant, these apparent transference numbers are
considerably lower than the true to values. The relative
error increases with decreasing oxygen partial pressure
and temperature (Fig. 9). A detailed analysis of this
issue can be found elsewhere [21, 22]; in this work, one
can briefly note that the behavior of (Gd,Ca)2Ti2O7)d,
illustrated by Fig. 9, is similar to other solid electrolytes,
such as doped c-Bi2VO5.5)d [19], LaGaO3 [20], CeO2)d

[21] and BaCeO3)d [24]. Most probably, this error may
constitute a reason for the very low apparent transfer-
ence numbers reported by Heider et al. [9].

Partial ionic and p-type electronic conductivities

Increasing the calcium content in the Gd2)xCaxTi2O7)d

lattice leads to a slight decrease in the activation energy
for electron-hole transport in air (Table 3). As a result,
the p-type conductivity of Gd1.90Ca0.10Ti2O7)d at tem-
peratures below 1100 K is lower than that of
Gd1.86Ca0.14Ti2O7)d; at higher temperatures the rp val-
ues are essentially independent of x (Fig. 7). This phe-
nomenon indicates that charge compensation of
acceptor-type doping occurs via oxygen vacancy for-
mation rather than via generation of any positive elec-
tronic charge carriers, which seems quite reasonable as
the oxidation state of the cations in the structure of
Gd2)xCaxTi2O7)d cannot increase further . The electron-
hole conduction is therefore related to intrinsic elec-
tronic disorder, at least in the high-temperature range.

Owing to the charge compensation mechanism via
oxygen vacancy formation, doping with calcium leads to
increasing oxygen ionic conductivity (Fig. 10). The ob-
served activation energy for ionic transport, 74–77 kJ/
mol at 973–1223 K (Table 3), is slightly higher com-
pared to the data by Kramer and Tuller [7], who re-
ported Ea values for Gd2)xCaxTi2O7)d (x=0.10–0.20)
in the range 63–65 kJ/mol at 1073–1373 K. Such a

Fig. 8 Dependencies of the average ion transference numbers (A)
and oxygen permeation flux density (B) on the permeate-side
oxygen pressure, and p(O2) dependence of equilibrium transference
numbers of Gd1.90Ca0.10Ti2O7)d at 1223 K calculated from these
results (C). Solid line in A corresponds to best fit to the faradaic
efficiency data using Eq. 4 as a regression model. Solid lines in B
and C are for visual guidance only

Fig. 9 Relative error of the transference number determination by
classical e.m.f. and faradaic efficiency methods, appearing due to
electrode polarization. Inset shows the same quantity as a function
of p1 at 1223 K
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difference may result from the different temperature
ranges studied in the present work and by Kramer and
Tuller [7]. For instance, the activation energy for ionic
conduction in stabilized zirconia typically increases with
decreasing temperature, owing to a progressive associ-
ation of mobile oxygen vacancies [27]. The values of Ea,
calculated for Gd2)xCaxTi2O7)d ceramics, are compa-
rable with those of well-known solid electrolytes, such as
gadolinia-doped ceria (CGO) or La(Sr)Ga(Mg)O3)d

(LSGM) [17, 29, 32]. However, the level of ionic con-
ductivity in (Gd,Ca)2Ti2O7)d is lower by 8–10 times
(Fig. 10).

Transport properties under fuel cell
operation conditions

The measurements of oxygen ion transference numbers
by the modified e.m.f. method, performed under the
gradient of 10%H2+90%N2/air, showed that in fuel cell
operating conditions the electronic contribution to the
total conductivity of Gd2)xCaxTi2O7)d is relatively
small, less than 3% (Table 4). This behavior is similar to
LSGM electrolytes; the n-type electronic conduction
induced in CGO ceramics in H2-containing atmospheres
is considerably higher (see [17] and references therein).
Hence, a decrease in the performance of SOFCs with
pyrochlore solid electrolytes owing to their electronic
conductivity is expected to be rather negligible.

However, owing to the low ionic conductivity of
(Gd,Ca)2Ti2O7)d ceramics (Fig. 10), the ohmic losses in
model fuel cells with pyrochlore electrolytes are exces-
sively high, resulting in a poor cell performance even
at temperatures as high as 1223–1273 K (Fig. 11).
Figure 11A shows one example of the ohmic losses (IR)
in a cell with a Gd1.90Ca0.10Ti2O7)d electrolyte mem-
brane, calculated from the impedance spectroscopy data

and marked by open squares. The ohmic contribution to
the total voltage drop is up to 70%. This leads to almost
linear current-voltage curves.

The maximum power density, shown by the cells with
a (Gd,Ca)2Ti2O7)d electrolyte and porous Pt electrodes,
at 1123–1273 K varied from 8 to 18 mW/cm2, increasing
with temperature (Fig. 11). Such a performance is 10–20
times lower than the minimum necessary for commercial
use. At the same time, a definite improvement can be
achieved by enhancing the electrochemical activity of the
electrodes and by decreasing the electrolyte thickness.
Therefore, owing to low ionic conductivity of
(Gd,Ca)2Ti2O7)d, possible applications of these materi-
als may be in electrode-supported fuel cells where the
thickness of the solid-electrolyte film is less than 50–
100 lm. The sufficiently high stability of the pyrochlore

Fig. 10 Temperature dependence of the oxygen ionic conductivity
of Gd2)xCaxTi2O7)d in air. Data on La0.80Sr0.20Ga0.85Mg0.15O3)d
(LSGM), Ce0.80Gd0.20O2)d (CGO) and Zr0.90Y0.10O1.95 (YSZ) [32]
are shown for comparison

Table 4 Average ion transference numbers for Gd1.90Ca0.10-
Ti2O7)d under a 10%H2+90%N2/air gradient, determined by the
modified e.m.f. method

T (K) t�o

1273 0.976±0.001
1223 0.982±0.001
1123 0.989±0.002

Fig. 11 Current dependencies of the voltage and specific power
density of a model fuel cell: 10%H2+N2,Pt|Gd1.9Ca0.1Ti2O7|P-
t,O2(air). Solid and open squares in A show the voltage (U) and
ohmic losses (IR), respectively
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phases in reducing environments and the moderate
thermal expansion might be advantageous for these
applications.

Conclusions

Single-phase Gd2)xCaxTi2O7)d (x=0.10–0.14) ceramics
with a density higher than 98% of the theoretical density
were prepared by the standard solid-state synthesis
route. The average thermal expansion coefficients
(TECs) in air are in the range (10.4–10.6)·10)6 K)1 at
400–1300 K. No indication of partial cation disorder
was found by TEM. Oxygen ion transference numbers
for Gd2)xCaxTi2O7)d pyrochlores in oxidizing condi-
tions, determined by faradaic efficiency, oxygen perme-
ation and e.m.f. measurements at 973–1223 K, vary
from 0.95 to 0.98, increasing when the temperature or
oxygen partial pressure decreases. The oxygen pressure
dependencies of the transference numbers and perme-
ation fluxes can be adequately described by models de-
rived from classical concepts for solid oxide electrolytes.
The activation energies for the ionic and electron-hole
transport in air are in the ranges 74–77 and 87–91 kJ/
mol, respectively. Under a gradient of 10%H2+90%N2/
air, the average ion transference numbers of (Gd,Ca)2-
Ti2O7)d ceramics are not less than 0.97. The maximum
power density obtained in a single model cell with a
Gd1.90Ca0.10Ti2O7 electrolyte (thickness 1.0 mm), po-
rous Pt electrodes, a 10%H2+90%N2 mixture as a fuel,
and air as an oxidant, was as low as 8–18 mW/cm2 at
1123–1273 K. Linear voltage-current dependencies and
impedance spectroscopic data indicate that such a low
performance is due to a high ohmic contribution to the
total potential drop in the fuel cells, resulting from the
low conductivity of pyrochlore solid electrolytes.
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