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Abstract The results of concentration cell electromotive
force methods (EMF) and electrochemical impedance
spectroscopy measurements on the pyrochlore system
Sm1.92Ca0.08Ti2O7–δ are presented. The data have been
used to estimate total and partial conductivities and
determine transport numbers for protons and oxide ions
under various conditions. The EMF techniques employed
include corrections for electrode polarisation resistance.
The measurements were performed using wet and dry
atmospheres in a wide pO2 range using mixtures of H2, N2,
O2, and H2O in the temperature region where proton
conductivity was expected (500–300 °C). The impedance
measurements revealed the conductivity to be mainly ionic
under all conditions, with the highest total conductivity
measured being 0.045 S/m under wet oxygen at 500 °C.
Both bulk and grain boundary conductivity was predom-
inantly ionic, but electronic conductivity appeared to play
a slightly larger part in the grain boundaries. EMF data
confirmed the conductivity to be mainly ionic, with oxide
ions being the major conducting species at 500 °C and

protons becoming increasingly important below this
temperature.
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Introduction

Proton-conducting perovskite systems have been extensive-
ly examined as electrolyte materials [1–5]. Proton-
conducting pyrochlores of general formula A2B2O7 can be
compared with perovskite-based compounds and may also
be considered as potential candidates for electrolytes in
solid-oxide fuel cells. Acceptor-doped pyrochlores general-
ly exhibit an increase in the ionic conductivity compared
with undoped system, with oxide ion charge carriers
dominant at high temperature [6, 7], whilst significant
proton conductivity can emerge at lower temperatures in
hydrated gases [8, 9]. Studies of pyrochlores typically show
proton conductivities of about one to two orders of
magnitude lower than the best-performing perovskites in
the intermediate temperature range (200–700 °C) [10].
Finding new electrolyte materials with adequate conductiv-
ity in this temperature interval would be beneficial from a
technological point of view in particular with respect to
reducing the operating temperature of fuel cells. Therefore,
gaining a better understanding of the proton conductivity in
pyrochlore systems and finding ways to increase it is of
interest.

Studies have recently been presented on proton conduc-
tivity in acceptor-doped pyrochlore materials [11, 12].
Er1.96Ca0.04Ti2O7–δ[11] was found to exhibit high levels
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of proton mobility in the grain boundaries but the bulk
conductivity showed no dependence on the presence of
water vapour. Recently, a detailed study on the proton
conduction in Sm1.92Ca0.08Ti2O7–δ and Sm2Ti1.92Y0.08O7–δ

was published [12]. Characterisation by infrared spectros-
copy and thermogravimetric analysis (TGA) were used to
detect the presence of dissolved protons in the materials.
An increase of the bulk conductivity was observed for both
samples below 500 °C for wet conditions and measure-
ments in O2/D2O and Ar/D2O revealed an isotopic
dependence, indicating that the increased conductivity is
due to proton conduction. The A-site-doped sample,
Sm1.92Ca0.08Ti2O7–δ, displayed both a higher proton con-
centration and conductivity compared with the B-site-doped
phase, and was therefore chosen for the more detailed
investigations of the conduction species presented herein.

In this work electrochemical impedance spectroscopy
(EIS) was carried out on Sm1.92Ca0.08Ti2O7–δ to determine
the conductivity as a function of pO2 in dry and wet
atmospheres and at various temperatures. The results
have been compared with the previously presented data
from a single atmosphere supplied cell [12]. Furthermore,
electromotive force (EMF) measurements combined with
active load corrections [13], were carried out to determine
the transport numbers associated with the conduction
processes.

Theory

Defect chemistry

To understand the underlying processes giving rise to the
conductivity, a defect chemical model is formulated. The
concentration of the conducting species (i), denoted ci, is
directly related to its conductivity (σi) through its mobility
(μi,) and charge (zi):

s i ¼ ziecimi ð1Þ

Even if the mobility of the conducting species is not
known, the pO2 dependency of the conductivity will still
reveal what the dominant point defects in the system are, as
long as the mobility can be assumed not to be a function of
oxygen partial pressure.

Kröger–Vink notation is used for all point defects. In this
model, all oxygen sites will be treated as equal. Protonic
defects are described as hydroxide ions on oxygen sites.
This is believed to be an accurate description of the defect
itself, with proton transport occurring via the Grotthuss
mechanism [14].

In acceptor doped pyrochlores, the dopants are assumed
to be primarily charge compensated by oxygen vacancies

over a wide temperature and oxygen partial pressure range.
These can also be formed according to the reaction in Eq. 2:

OO
X Ð 1=2O2ðgÞ þ VO

�� þ 2e
0

KO ¼ pO2
1=2 VO

��½ �n2 ð2Þ

The internal electronic equilibrium is described by Eq. 3,
where the Ke is the internal electronic equilibrium constant:

nil Ð e
0 þ h�

Ke ¼ np
ð3Þ

In hydrogen-containing atmospheres, protonic defects can
be created according to Eq. 4:

2OO
X þ H2ðgÞ Ð 2OHO

� þ 2e0

KH2 ¼ OHO
�½ �2p�1

H2
n2

ð4Þ

Protonic defects can also be introduced through interaction
with water as shown in Eq. 5:

VO
�� þ OO

X þ H2OðgÞ Ð 2OHO
�

KH2O ¼ OHO
�½ �2p�1

H2O
VO

��½ ��1 ð5Þ

Equation 5 can also easily be found by subtracting Eq. 2
and adding the gaseous equilibrium between water, hydro-
gen and oxygen in Eq. 6 from Eq. 4.

H2O gð Þ Ð 1=2O2 gð Þ þ H2 gð Þ ð6Þ

The complete electroneutrality equation for the system is:

Ca
0
Sm

h i
þ n ¼ 2 V ��

O

� �þ pþ OH�
O

� � ð7Þ

To aid the analysis of the conductivity data, simplified
electroneutrality conditions can be formulated, where only
the dominant species are taken into account. The concen-
tration of other species can then be calculated if the
equilibrium constants are known, but their dependency on
oxygen and water vapour pressure can be found directly
from the equations.

If the dopant level is significant, the concentration of
oxygen vacancies will be dominated by the dopant level. In
dry conditions, the concentration of oxygen vacancies is
dominant and protonic defects negligible, and a simplified
electroneutrality condition can be written:

Ca
0
Sm

h i
¼ 2 V��

O

� � ð8Þ

The oxide ionic conductivity depends on the concentra-
tion of oxygen vacancies, and will therefore not vary with
pO2 , while the pO2 dependency of the n- and p-type
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electronic conductivity can be calculated from the oxygen
vacancy creation reaction (Eq. 2):

KO ¼ p1=2O2
½V ��

O �n2
m
n / p�1=4

O2m
p / p1=4O2

ð9Þ

At low pO2 a situation may arise in which the material is
sufficiently reduced that electrons take over as the species
charge compensating the oxygen vacancies. The simplified
charge neutrality condition then becomes:

n ¼ 2 V ��
O

� � ð10Þ
The pO2 dependence of electronic and oxide ionic conduc-
tivities can be expressed by Eq. 11:

KO ¼ p1=2O2
½V ��

O �n2 ¼ 1
2 p

1=2
O2

n3

m
n / p�1=6

O2m
p / p1=6O2

ð11Þ

Similarly, at high pO2 , the electron hole conductivity may
rise up to a level where it becomes the charge compensator
for the dopant, giving a simplified electroneutrality condi-
tion as stated by Eq. 12:

Ca
0
Sm

h i
¼ p ð12Þ

In this situation, the concentration of oxygen vacancies will
decrease as p �1=2

O2 .
When water vapour is introduced, protonic defects are

created. Assuming the simplified electroneutrality condition
in Eq. 8, the concentration of protonic defects relate to the
partial pressure of water vapour as follows:

KH2O ¼ OHO
�½ �2p�1

H2O
VO

��½ ��1

m
OHO

�½ � / p1=2H2O

ð13Þ

As the concentration of protons increases, they can
eventually overtake oxygen vacancies as the species charge
compensating the dopant:

Ca
0
Sm

h i
¼ OH�

O

� � ð14Þ

which leads to the following water vapour partial pressure
dependencies for the other conducting species:

½V ��
O � / p�1

H2O

n / p1=2H2O

p / p�1=2
H2O

ð15Þ

It should be noted that at the moderate temperatures and
oxygen partial pressures employed in this work, the

material is expected to remain in the extrinsic ionic
conductive region.

The concentration cell EMF method

The EMF method is based on an open cell voltage measure-
ment on a sample equipped with two reversible electrodes and
subjected to a gradient in chemical potential. If small gradients
are used, an average transport number can be assumed. The
voltage measured over the sample will then be equal to:

EEMF ¼ � RT

nF
ti ln

p2
p1

ð16Þ

where R, T, n and F are the universal gas constant, the
temperature, the number of electrons transferred and Fara-
day’s number, ti is the average transport number and p2 and
p1 are the partial pressures of the active species on either side
of the sample. Comparing this to the theoretical voltage
calculated using the Nernst Eq. 17:

ENernst ¼ � RT

nF
ln
p2
p1

ð17Þ

it is clear that the average transport number can be calculated
by simply dividing the measured voltage with the calculated
voltage (Eq. 18):

ti ¼ EEMF

ENernst
ð18Þ

For systems where both oxide ion and proton conductivity
are expected, the equilibrium between hydrogen, oxygen and
water vapour must be taken into account. The total voltage
developed over the sample can be calculated from partial
pressures of gaseous species and transport numbers of oxide
ions and protons (tO and tp) according to Eqs. 19 and 20:

EEMF ¼ RT

4F
tO þ tHð Þ ln p

2
O2

p1O2

� RT

2F
tHð Þ ln p

2
H2O

p1H2O

ð19Þ
or

EEMF ¼ RT

2F
tOð Þ ln p

2
H2O

p1H2O

� RT

2F
tO þ tHð Þ ln p

2
H2

p1H2

ð20Þ

Using these two equations as guidelines, it is possible to set
up concentration cell measurements to determine the total
ionic transport number, or the transport number of only
oxide ions or protons. Keeping the gas phase equilibrium
between oxygen, hydrogen and water vapour in mind, the
experiment can be set up to create a gradient over the sample
in only one species, as described elsewhere [15].

Correction methods

When using the EMF method, electrode polarisation
resistance can possibly lead to underestimation of ionic
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transport numbers. Two methods for correcting for high
electrode polarisation resistance are reported in the litera-
ture; one based entirely on impedance measurements [16],
and one based on impedance coupled with a variable load
measurement [13]. The high polarisation resistances
expected in this work would require time consuming
impedance measurements down to very low frequencies,
or alternatively extrapolations down to low frequency
regions which would introduce a large uncertainty. There-
fore, the second method, where only relatively high
frequency impedance measurements are required, originally
developed by Gorelov [13], was chosen.

The current driven by a Nernstian voltage ENernst in a
sample with ionic, electronic and electrode polarisation
resistances Ri, Re and Rη and electrode over potential η can
be described as Eq. 21:

I ¼ ðENernst � hÞ
ðRi þ ReÞ ¼ Emeas

Re
ð21Þ

The overpotential is assumed to be in the linear regime,
which is a reasonable assumption at low voltage perturba-
tions. Expressing the potential that would be measured
between the electrodes in terms of Re, Ri and ti gives:

Emeas ¼ tiENernst

1þ Rh

RiþRe

ð22Þ

For systems with a small electrode polarisation resistance,
this will reduce to the original Wagner expression (Eq. 16).
When Rη is significant, failing to take the electrode
polarisation into account and correcting for it will give an
underestimation of ti. In practice, this is done by connecting
a variable resistor (Rb) in parallel to the sample. This will
increase the electronic conductivity of the entire system by
an amount (1/Rb). An equivalent circuit describing such a
setup is shown in Fig. 1. The relation between theoretical
and measured voltages for this system can be written as:

ENernst

Emeas
� 1 ¼ ðRi þ RhÞ 1

Re
þ 1

Rb

� �
ð23Þ

Here, the left hand side of the expression is proportional to
the sample’s electronic conductivity (1/Re). If Rb is varied,
Emeas will change and plotting ENernst/Emeas−1 against 1/Rb

will yield a straight line with a slope of (Ri+Rη).

Furthermore, the intercept at the y-axis give (Ri+Rη)/Re

and the extrapolated intersection at the x-axis give −1/Re.
By performing an EIS measurement on the sample, the total
bulk resistance, RT, can be determined and the electronic
transport number (te) can be expressed:

te ¼ RT

Re
ð24Þ

Assuming only one ionic conduction path, the ionic
transport number corrected for electrode polarisation
resistance is:

ti ¼ 1� te ð25Þ
As noted elsewhere [15], this correction method is not
applicable if both protonic and oxide ionic conductivity is
significant. Precise figures for transport numbers for both
species are thus not always possible to obtain, but by using
EIS and EMF data, a relatively good understanding of the
material can be achieved.

Experimental

Sm1.92Ca0.08Ti2O7–δ was prepared via conventional solid
state reactions of high purity reactants (Sm2O3 (99.9%),
CaCO3 (99.9%) and TiO2 (99.9%)) as described in previous
studies [16]. The powder was then ball-milled (150 rpm,
90 min) using zirconia balls after a fraction was taken aside
to be used as sacrificial powder during sintering. The
powders were mixed with a binder (polyvinyl alcohol 2%
w/w) and pressed into pellets They were pressed uniaxially
(73.5 MPa) and then as isostatically (325 MPa) in
evacuated latex containers followed by sintering carried
out in air (1650 °C, 100 h). The microstructure of the
pellets was examined using a Zeiss SUPRA 35 scanning
electron microscope (SEM).

The Sm1.92Ca0.08Ti2O7–δ pellet chosen for the EIS
measurements was lightly polished, had a thickness of
2.08 mm and a relative density of 89%. The EIS was
measured (4.5 MHz–1 Hz) with a Hioki 3532-50 LCR
HiTESTER in a purpose built conductivity cell. The surface
of the pellet was painted with Pt-paste (~0.55 cm2) and the
data were collected upon cooling (500–300 °C) in 50 °C
interval steps (30–60 min equilibrium time) under a flow of
gas (100–1% O2/O2+H2O/H2+H2O in N2). The pO2 was
measured using a Nernst type cell built in house.

For the EMF setup, the Sm1.92Ca0.08Ti2O7–δ pellet
(1.55 mm thick, density 86% of the theoretical value) was
fitted with platinum electrodes and rigged inside an alumina
tube (Fig. 2) in accordance with previous studies [15]. Gas
to the inner and outer compartments was supplied through
stainless steel tubes from a mixer setup. For wetting, the
gas was bubbled through H2O bottles in a fridge kept at

Fig. 1 Equivalent circuit of a
concentration cell adapted from
ref. [13]. See text for further
details
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The experiments were carried out to find the transport
numbers for oxide ions (tO) and protons (tH); the gas setup
for the experiments is displayed in Table 1. The temperatures
were decreased from 500 to 300 °C in steps of 100 °C with
varying equilibration times (30 min – 2 h) depending on
temperature and gas content. The Gorelov corrections for
electrode irreversibility were performed at the maximum gas
concentration gradient.

Results and discussion

The EIS data were fitted using ZSimpWin 3.21 from Echem
Software. Voigt type equivalent circuits were used with a
number of sub-circuits in series, each sub-circuit consisting
of a resistor and a constant phase element in parallel. The
inductance of the cell is known, and was corrected for,
before fitting the data. Quasi equivalent capacitances were
calculated for each individual RQ-couple. The highest
frequency arc typically had a quasi equivalent capacitance
in the order of 10−11 Fcm−2, while the next arc gave values
around 10−9 Fcm−2. These values are typical for bulk and
grain boundary conductivity respectively. A lower frequen-

cy arc is also observed. This arc, which is very dispersed in
most of the measurements, represents the impedance related
to various electrode processes. For some of the data, only
the initial onset of the electrode arc was present in the data.
In such cases, it was fitted with only a constant phase
element without a resistor. The platinum electrodes did not
cover the entire faces of the pellet, leading to fringing
effects. Through final element modelling the error in
conductivity was estimated to be approximately 12% and
was corrected for.

In Fig. 3 the changes in conductivity with oxygen partial
pressure are shown. In general only small changes are
observed. Only at 500 °C is a clear increase of conductivity
with increasing oxygen pressure observed at the high pO2

end. The data obtained at 500 °C was fitted to Eq. 26:

s tot ¼ s ion þ s0
pp

p
O2

þ s0
np

�n
O2

ð26Þ
where the subscripts σtot is the total (measured) conductiv-
ity, σion is the ionic conductivity, assumed independent of
pO2 , σp

0 and σn
0 are p- and n-type conductivity at pO2 ¼ 1,

and p and n are positive fitted values to describe the pO2

dependence of the two electronic conductivities. In the fit,
both p and n come to a value of approximately 0.014,
which is not consistent with any known defect chemical
model. The small increase in conductivity that is observed
at high and low pO2 could merely be the onset of p- and n-
type conductivity, and data from a wider range of oxygen

Sample

Electrodes

Thermocouple

Gold seals

Platinum wires

Spring-loaded alumina hood

Alumina tubing

V

Fig. 2 Diagram of the
measurement rig

Table 1 Concentration cell setups

Experimental configuration Gas in outer compartment (fixed) Gas added in inner compartment Transport number determined

A 100% O2 (dry) Dry N2 tO
B O2+H2O (1%) Dry O2 tH
C 6% H2, 1% H2O+N2 Dry N2 tH
D 6% H2, 1% H2O+N2 Dry 6% H2 in N2 tO

The gas in the outer compartment was kept fixed while the gas in the inner compartment was varied to create a gradient by adding the gas noted in
steps of 0%, 20%, 50%, 80% and 90%
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partial pressures would be needed to extract their true pO2

dependencies. At lower temperatures, the pO2 dependency
of the conductivity was even smaller, and no fitting was
attempted.

A similar plot was constructed for the grain boundary
conductivity of the material (Fig. 4), and it is immediately
clear that a larger dependency on pO2 is present both at high
and low pO2 over the entire temperature range. Again, a fit
was made of the data from 500 °C, this time yielding p- and
n-exponents of around 0.055. This is still far lower than
predicted from the defect chemical model.

As expected the conductivity increases with temper-
atures and moisture content of the gas. When the
temperature is increased, the difference in conductivity of
wet and dry runs in oxygen becomes smaller, and at 500 °C
they were close to identical. The same trend was observed
in the previous measurements [12]. The data from 300 °C
in this study gave similar values for the conductivity under
dry conditions (3.75 10−6 Scm−1) as the previous study
(1.6·10−6 Scm−1) [12]. Under wet O2 similar results are also
obtained for the two studies (1.2·10−5 [12] vs. 1.75 10−5 S
cm−1). However, an increase in conductivity in dry argon
compared with dry oxygen was reported, indicating n-type
conductivity. A similar behaviour was not observed here,

even when submitting the sample to atmospheres signifi-
cantly more reducing than dry argon. The larger conduc-
tivity in dry Ar compared with dry O2 found previously at
low temperatures is most likely due to unintentional uptake
of moisture during the measurements in Ar. The experi-
mental setup was later modified to avoid this problem by
introducing two silica drying tubes for the dry runs.

To examine whether some structural or compositional
differences between the samples used in [12] and the
samples used for the present work could account for the
difference in conductivity vs. pO2 behaviour between the
two measurement series, both samples were investigated
using scanning electron microscopy. Back scattered mode
revealed a few, darker, grains dispersed in both samples.
Energy dispersive X-ray spectroscopy indicated that these
grains were very rich in calcium, while containing little
titanium. Since this secondary phase is present in a too
small amount to significantly influence the conductivity,
and, furthermore, appeared to be present in roughly the
same amount in both samples, it cannot explain the
difference in conductivity vs. pO2 behaviour between these
measurements and those in [12]. It could, however, indicate
that the calcium doping level is slightly above the actual
solubility limit.

log pO2
 [pO2

 atm]

-35 -30 -25 -20 -15 -10 -5 0

σ t
o

t [
S

/m
]

0,034

0,036

0,038

0,040

0,042

0,044

0,046
Measured data

Fit to σ tot = σ ion + σp
0pO2

p + σn
0pO2

n

log pO2
 [pO2O2

 atm]

-50 -40 -30 -20 -10 0

σ t
o

t [
S

/m
]

0,001

0,01

0,1

500 °C
450 °C
400 °C
350 °C
300 °C

Fig. 3 Conductivity vs. log pO2 at 500 °C (top) and conductivity at
500–300 °C vs. log pO2 (bottom), all in 1% H2O. The lines joining the
points in the bottom graph are guides for the eye only
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Dry measurements were not performed in hydrogen
atmospheres to protect the sample from overly reducing
conditions. The clear difference between wet and dry
conductivity measurements can be seen in Fig. 5, which
shows Arrhenius plots in wet O2, dry O2 and wet 6% H2 in
N2. The two curves for wet gases are very similar, with the
one obtained in oxygen being slightly higher at high
temperatures, possibly due to the onset of p-type electronic
conductivity. The marked difference between the dry and
the wet runs, which increases with decreasing temperature,
is ascribed to proton conductivity. This is in agreement with
TGA data from a previous study on the material, which
showed a mass loss beginning at around 375 °C and
completing at around 500 °C [12].

As the present conductivity measurements were per-
formed in the temperature range where the proton concen-
tration changes, it was not possible to calculate a true
activation energy for the proton conductivity. Measure-
ments at a significantly higher water vapour partial
pressure, so as to make sure that the material is saturated
with protonic defects over a range of temperatures, would
be required. The activation energy found for measurements
performed in dry oxygen was 1.0 eV. This is comparable to
the previously reported results of 0.93 eV in dry O2 and
0.58 eV in H2O and D2O atmospheres [12].

Grain boundary conductivity has been shown for other
systems to be limiting [17], but in this material they appear
to only have a minor influence on the total conductivity.
SEM analysis revealed a typical grain size of ~10 μm and
using the brick layer model [18, 19] to illustrate the grain
boundaries as described elsewhere [17], allowed a grain
boundary thickness of approximately 5 nm to be estimated.
In similar Sn-based pyrochlores [20] the calculated grain
boundary thickness was almost ten times larger (~45 nm).

From the grain size and grain boundary thickness the
specific grain boundary conductivity can be calculated, and
is shown to be about 100–400 times lower than the total
conductivity. The pO2 dependency of the grain boundary
conductivity (Fig. 4) is stronger than that for bulk. The
specific grain boundary conductivity decreases with de-
creasing oxygen partial pressure at constant temperature,
while the bulk conductivity is overall constant. The fact that
the pO2 dependency of conductivity in the grain boundaries
remains small, along with the fact that the it also increases
when introducing water vapour in the atmosphere suggests
that proton conduction also occurs in the grain boundaries
but with a much lower conductivity than for the grain
interior (bulk). For Er1.96Ca0.04Ti2O6.98 [11] proton con-
duction at the grain boundary was found to be significant
but the bulk conductivity was dominated by oxide ion
charge carriers. The reason for this differing behaviour may
be linked to the subtleties of the synthesis routes. Fjeld et
al. [11] report the presence of a Si impurity at the grain
boundary originating possibly from the glass beaker used to
prepare the initial solution of Er2O3 and CaCO3.

The EMF measurements were carried out to find tO and
tH. Investigations to determine the former were based on an
oxygen concentration cell using dry oxygen and dry
nitrogen/oxygen mixtures. tH was evaluated at both high
and low oxygen partial pressures. For a low pO2 estimate of
tH, wet hydrogen diluted with nitrogen is used on one side
of the sample, and the same gas mixed with dry inert gas
(nitrogen) on the other side. In this manner, the hydrogen/
water vapour ratio is kept constant and no unintentional
oxygen partial pressure gradient is created. At high pO2 a
gradient in hydrogen partial pressure is created by using
fixed levels of oxygen and water vapour on one side of the
sample, while varying the oxygen/water vapour ratio, and
thereby the hydrogen partial pressure, on the other side.
Similarly, a gradient in oxygen can be made at low pO2 by
varying the water vapour partial pressure while maintaining
a fixed hydrogen partial pressure on both sides. This
measurement was also attempted, but only gave interpret-
able results at 500 °C. Given the results, it seems likely that
this is due to the fact that proton conductivity is far higher
than oxide ion conductivity, and even a slight unintended
gradient in hydrogen partial pressure will obscure any EMF
from the oxygen gradient.

The active load correction was carried out at the largest
concentration gradient for each measurement series by
adding a variable resistor to the circuit and recording the
resulting change in EMF. Figure 6 shows the measured
EMF data to determine tH in oxidising conditions at 400 °C
along with the data for the electrode polarisation resistance
correction.

As expected, electrode polarisation resistance was
significant in all measurements. In oxidising atmospheres,
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Fig. 5 Arrhenius plots of conductivity of Sm1.92Ca0.08Ti2O7–δ under
dry and wet (1% H2O) gas in 100% O2 and 6% H2 in N2
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impedance data showed it to be around a factor of 20 larger
than the sample resistance at 500 °C and increasing with
decreasing temperature. Electrode polarisation resistance
was much lower in reducing atmospheres. At the lowest
temperatures, this means that the entire electrode contribu-
tion to the impedance was not measured, but had to be
extrapolated, since very low frequencies would have had to
be employed to measure them. For the active load
measurement, the resistor introduced in parallel needs to
be of the same order of magnitude as the internal electronic
resistance, i.e. the electronic resistance of the sample.
Introducing a much smaller electronic resistance caused

some drift in the EMF values. This explains for example the
corrected proton transport number of 1.06 that was
measured at high pO2 at 300 °C. The uncorrected and
corrected EMF data, along with the calculated transport
numbers, are summarised in Table 2.

Despite the high electrode polarisation resistance, there
is a clear trend in the data. At 300 and 400 °C in wet
conditions the proton transport number is close to unity
while the transport number for oxide ions is close to zero at
these temperatures. At 500 °C the trend is reversed, with
the oxide ionic transport number being close to unity and
the protonic close to zero. This is in good agreement with
previous results, where protons were shown to leave the
compound as the temperature is increased towards 500 °C
[12]. It is, however, not possible from these data to
completely exclude the possibility that some protonic
conductivity remains at 500 °C, or that some oxide ionic
conductivity is still present at lower temperatures, since the
necessary correction methods are not valid for systems with
more than two conduction paths. It is also worth noting that
the electrode polarisation resistance and the necessary
correction for it is much greater in dry and oxidising
conditions than in wet and reducing. This behaviour is in
excellent agreement with the behaviour of platinum electro-
des on ytterbium-doped strontium cerate [21].

Conclusions

The combined EIS and EMF measurements show that the
conduction in Sm1.92Ca0.08Ti2O7–δ is mainly ionic. At
500 °C oxide ion transport dominates with a transport
number, tO>0.98, while at 300 and 400 °C proton
conduction takes over in wet conditions. Using the active
load correction method, protons appear to be the majority
charge carrier at both 300 and 400 °C, in both reducing
and oxidising wet conditions. Using this correction
method we were able to estimate reasonably reliable ionic
transport numbers in the region where electrode polar-
isation resistance dominated. The partial pressure depend-
ences suggested that electronic conduction probably plays

Configuration (see Table 1) 300 °C 400 °C 500 °C

tO High A Uncorrected – 0 0.073

Corrected – 0 0.986

Low D Uncorrected – – 0.75

Corrected – – 0.991

tH High B Uncorrected 0.08 0.026 0

Corrected 1.06 0.947 0

Low C Uncorrected 0.42 0.34 0

Corrected 0.876 0.924 0

Table 2 Transport numbers
for protons and oxide ions
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Fig. 6 Typical EMF measurement data from wet O2 (tH) 400 °C,
configuration B in Table 1 (a), and active load measurement for
electrode polarisation resistance correction of the same measurement (b)
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a larger role in the grain boundaries than in the grain
interior but the total conductivity is dominated by and
practically equal to bulk conduction in this temperature
interval.
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