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Abstract

The influence of composition upon resultant mixed conductivity is analysed for the fluorite-type compositions Zr0.1Ce0.7Pr0.2O2�d, and

Ce0.8Pr0.2O2�d. Measurements of oxygen concentration cell e.m.f. combined with impedance spectroscopy at elevated temperatures

reveal the materials to be predominantly ionic conductors in oxidising conditions and to show a decrease in both ionic and electronic

conductivities with decreasing pO2. Ion transference numbers measured under these conditions show a positive temperature dependence,

with typical values t0 ¼ 0.8 and 0.9, respectively, for the two compositions at 950 1C. The combination of this information with results of

coulombic titration, facilitates analysis of the pO2 dependence of total conductivity measured by a steady-state electrochemical technique

between air and reducing conditions. In more oxidising conditions, depletion of total conductivity with decreasing pO2 results

predominantly from a decreasing ionic conductivity. This is one of first examples in the literature where a fluorite-type material is shown

indisputably to exhibit such behaviour. These materials show significant levels of mixed conductivity in both reducing and oxidising

conditions. In more reducing conditions, an increase in total conductivity is related to increased n-type conductivity upon the reduction

of cerium.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Interest has been shown for the use of ceria-based oxides
as possible oxygen separation membranes, components for
solid oxide fuel cells (SOFC), amperometric oxygen sensors
and oxygen storage materials. Of these studies, the solid
solution system Ce1�xPrxO2�d has generated attention due
to its ability to accommodate extensive deviations from
stoichiometry with high rates of oxygen exchange and
diffusion, whilst offering good stability in repeated redox
cycles, all features of great importance for use as gas
sensors, catalyst supports and/or oxygen storage materials
in automotive catalysis [1–7]. These materials may also be
promising for oxygen separation membranes, with oxygen
permeabilities rivalling that of mixed conductors based on
the best conductive bismuth oxide solid electrolytes [8]. To
maximise oxygen flux through an oxygen separation
membrane, mixed conductors that offer equally high
e front matter r 2006 Elsevier Inc. All rights reserved.
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electronic and ionic conductivities are required. Shuk and
Greenblatt [8] demonstrated that at Pr concentrations
greater than 25 at% Pr the electronic conductivity of the
system Ce1�xPrxO2�d in air starts to exceed that of the
ionic conductivity, yielding theoretical values of oxygen
permeability for this material, J(O2) ¼ 1.9� 10�10mol/scm
at 700 1C.
Unfortunately the binary system, Ce1�xPrxO2�d, is

blighted by a high and non-linear thermal expansion, for
example, the average thermal expansion coefficient (TEC)
observed by dilatometry for the material Ce0.8Pr0.2O2�d is
reported to vary between 10 and 30� 10�6K�1 across
different temperature ranges between 0 and 1000 1C [9,10].
Such a fluctuation of TEC clearly limits possible practical
uses. However, recent work by our group [11] has shown
that the extremely high TEC observed at intermediate
temperatures in these materials has its root in the loss of
oxygen upon heating and can be substantially decreased by
the substitution 10 at% Zr for cerium. For example, upon
substitution of 10 at% Zr for cerium to form the
composition Zr0.1Ce0.7 Pr0.2O2�d, average TECs varying

www.elsevier.com/locate/jssc
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between 13 and 18� 10�6K�1 across the temperature
range 30–1000 1C can be offered. Zirconium substitution
was shown to increase average grain size, to decrease lattice
parameter and to also have the negative effect of decreasing
total conductivity in air. To understand this phenomenon
further, we assess the influence of zirconium substitution
on resultant average Pr oxidation state and study its
dependence on oxygen partial pressure by use of the
coulombic titration technique. Uniting these results with
ion transference numbers obtained by oxygen concentra-
tion cell e.m.f. under various oxygen chemical potential
gradients, will allow analysis of the pO2 dependence of
total conductivity measured for compositions
Zr0.1Ce0.7Pr0.2O2�d, and Ce0.8Pr0.2O2�d by a steady-state
electrochemical technique.

2. Experimental

2.1. Sample preparation

Stoichiometric amounts of high-purity Pr6O11, ZrO
(NO3)2 �H2O, and Ce(NO3)3 � 6H2O were dissolved in a
hot aqueous solution of nitric acid. After drying, the nitrate
mixture was decomposed at 700 1C. The resultant powder
was ball-milled in a nylon mill with zirconia balls. The
milled powder was dry pressed into pellets (diameter of
20mm, pressure of 30MPa) followed by isostatic pressing
at 200MPa. These pellets were then sintered at 1600 1C for
10 h followed by cooling at 2 1C/min. The density of
materials synthesised from their component metal nitrates
was greater than 90% that of the theoretical density in
every case. All samples were gas tight. Overall phase
composition was determined by X-ray diffraction (XRD)
using a Rigaku Geigerflex diffractometer (CuKa radia-
tion), (5–801, step 0.02, 0.4 s/step); unit cell parameters
were determined using Materials Data Inc. Jade6 software,
pseudo voight profile fit and an external silicon standard
for zero point correction, Table 1. All samples were single-
phase cubic defect fluorite.

2.2. Electrical characterisation

Total conductivity was performed on dense bars,
approximately 2mm� 4mm� 12mm using the 4-point
d.c. method as described elsewhere [12]. The measurements
were carried out in a controlled atmosphere device
Table 1

Lattice parameter and relative density of Ce1�xPrxO2�d and Zr0.1Ce0.9�xPrxO

partial ionic conductivities of Ce0.8Pr0.2O2�d and Zr0.1Ce0.6Pr0.2O2�d ceramics

Composition Relative density (%) Lattice par

Ce0.8Pr0.2O2�d 92.7 0.5437

Zr0.1Ce0.7Pr0.2O2�d 96.5 0.5421
consisting of a yttria-stabilised zirconia (YSZ) cell with
an electrochemical oxygen pump and a sensor [12]. At the
start of the experiment, the cell was filled with a gas
mixture containing 50% of O2 and 50% of CO2 and then
sealed. The conductivity was measured using a voltmeter
Solartron 7081 in the temperature range 750–950 1C at
oxygen partial pressures from 10�19 to 0.5 atm. Precise
variation or maintenance of the partial oxygen pressure in
the chamber was provided by the operation of the oxygen
pump and sensor, controlled by a computer using specially
developed software. The measurements were carried out in
the mode of decreasing oxygen partial pressure in
isothermal runs. When maintaining a constant oxygen
pressure in the well-known instability range [13] corre-
sponding to the electrochemical sensor e.m.f. from
approximately 200 to 650–700mV, the operation regime
of the oxygen pump utilised provided the sensor e.m.f.
constant with an accuracy of 72mV. Experimental data
points were collected upon achievement of equilibrium
between the sample and ambient atmosphere; the criterion
of the equilibrium achieved was a conductivity relaxation
rate less than 0.1% per minute, under a fixed oxygen
pressure inside the chamber. The conductivity relaxation
time after a change in the oxygen pressure over a sample
varied up to several hours, depending on temperature,
oxygen partial pressure and sample composition. As a rule,
the conductivity relaxation time in the instability range was
no less than 1 h; the total time necessary for one isothermal
measurement cycle was 20–70 h. The above-described
criteria are believed to ensure that the obtained conductiv-
ity data correspond to equilibrium oxygen content in the
samples. Upon achievement of the desirable low oxygen-
pressure limit, the measurements were halted and then the
oxygen pressure was increased to the starting upper limit,
where the measurements were repeated in order to confirm
reversibility of the experiment; thereupon temperature was
changed thus enabling next measuring cycle. Simultaneous
measurements of thermoelectric power were obtained as
described elsewhere [12].
Trace electron–hole conductivity was separated from

total electrical conductivity using the modified e.m.f.
method first proposed by Gorelov [14]. This modification
of the classical e.m.f. technique, based on determination of
the open-circuit voltage of oxygen concentration cells,
increases measurement sensitivity and eliminates possible
errors in the determination of ion transference numbers
2�d ceramics as prepared in air, together with activation energies for the

in the oxygen potential gradients 101/21 kPa and 21 kPa/20Pa

ameter (nm) (70.0004) Ea ionic (kJmol�1)

101/21 kPa 21 kPa/20Pa

60.9 62.2

61.2 65.4
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arising due to electrode polarisation, errors that are shown
to be nonnegligible for electrolyte-type materials which
possess relatively minor electronic conductivity [15,16]. The
experimental set-up, measurement procedure and also
comparison of this technique with the traditional approach
are well documented in the literature [15,16].

2.3. Characterisation of oxygen nonstoichiometry

The oxygen content variations with respect to a reference
point were measured as a function of oxygen partial
pressure and temperature by means of the coulometric
titration technique in the double electrochemical cell in
potentiostatic mode, as described elsewhere [17]. The
potentiostatic mode has the benefit that the unavoidable
leakage current Ileak is given by the value to which the
current decays after a potentiostatic step. The change in
sample oxygen nonstoichiometry, Dd, is given by the
integration of the current over time [18].

3. Results and discussion

3.1. Oxygen nonstoichiometry

The coulometric titration results for compositions
Zr0.1Ce0.7Pr0.2O2�d, and Ce0.8Pr0.2O2�d are presented in
Fig. 1a and b, respectively in the form of pO2–T–Dd
diagrams for the oxygen partial pressure range
10�4–0.21 atm. with respect to a reference point of air.
Under these more oxidizing conditions an increase in
oxygen nonstoichiometry is observed with decr-
easing oxygen partial pressure and the magnitude of
this increase exhibits negative temperature dependence.
Larger increases in oxygen nonstoichiometry with
decreasing pO2 are observed at each temperature for
the, Zr-free, Ce0.8Pr0.2O2�d composition than for the
composition Zr0.1Ce0.7Pr0.2O2�dU This result compares
Fig. 1. The oxygen partial pressure dependence of oxygen nonstoichiom

(a) Ce0.8Pr0.2O2�d and (b) Zr0.1Ce0.6Pr0.2O2�d from coulometric titration. Soli
well with previous results which showed depleted levels
of atmospheric oxygen exchange for Zr-containing
compositions assessed by thermogravimetric measurements
in air [11].
Data categorising the nonstoichiometry of similar ceria-

based defect fluorite materials, for example, pure CeO2�d

or doped cerias such as Sm-, Gd-, or Y-ceria are well
documented in the literature. For instance, gravimetric
studies by authors such as Wang et al. [19] or Bevan et al.
[20] demonstrate clearly that for either pure ceria or Gd
doped-ceria materials, significant reduction of Ce4+

initiates at oxygen partial pressures lower than 10�10 atm,
whereas at higher pO2 values oxygen nonstoichiometry is
observed to be effectively constant. In comparison, the
materials of the present study contain two cations, Pr
and Ce, which have capacity to exhibit mixed valency. In
Fig. 1a and b oxygen nonstoichiometry can be seen to
increase immediately as pO2 decreases from air. It is
therefore reasonable to suggest that the changes in oxygen
nonstoichiometry observed at the much more oxidising
conditions (o 10�5 atm) in the current experiment are
more likely related to the reduction of Pr4+ rather than
severe destabilisation of Ce4+. The dominant defect
equilibrium at higher oxygen partial pressures is thereby
suggested to be that of Pr reduction which is given by the
equation

2Prx
Ce þOx

O 2
K

2Pr0Ce þ V ��O þ 1=2O2, (1)

where the Kröger Vink notation is used leading to
the relationship describing equilibrium constant for Pr
reduction

K ¼
½V ��O �½Pr

0
Ce�

2pO
1=2
2

½Prx
Ce�

2½Ox
O�

. (2)

Following the typical Brouwer approach [21] the
electroneutrality relation under these higher oxygen partial
etry with respect to a reference point of air, for the compositions

d lines represent fit of data constrained by Eq. (7).
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pressures can be simplified as

½Pr0Ce� ¼ 2½V��O � (3)

as ½Pr0Ce�b½Ce
0
Ce�at high pO2.

For any composition given by the general formula
Ce1�xPrxO2�d one can write the following relationships:

½Ox
O� ¼ 2� d, (4)

½V��O � ¼ d (5)

and using the electroneutrality relation Eq. (3)

½Prx
Ce� ¼ x� 2d. (6)

Clearly one can rewrite Eq. (2) to describe the pO2

dependence of the oxygen nonstoichiometry, d, using Eqs.
(3)–(6), taking into account the fractional concentration of
Pr (x),

K ¼
4d3pO1=2

2

ðx� 2dÞ2ð2� dÞ
. (7)

Values of K can subsequently be determined which best
describe the experimental dependence of sample oxygen
nonstoichiometry on pO2, as presented in Fig. 1a and b,
constrained by relationship, Eq. (7). The best-fit values of
K are summarised in Table 1 whilst the solid lines describe
the fit to the experimental data in Fig. 1a and b described
by the equilibrium relationship given in Eq. (7). The
fractional concentration of Pr in the 3+ oxidation state
can be calculated as

½Pr0Ce�

PrCe½ �Total
¼

2d
x
. (8)

Fig. 2a and b represent the pO2 dependence of the
fractional concentration of Pr in the 3+ oxidation state
calculated for the values of equilibrium constant K given in
Table 1. In oxidising conditions the fractional concentra-
tion of Pr3+ is shown to be much larger in the, Zr-
containing, composition Zr0.1Ce0.7Pr0.2O2�d than for Ce0.8
Pr0.2O2�dU It can be suggested that this is a factor resulting
from ionic size. The ionic radii of Zr is much smaller than
Fig. 2. Calculated oxygen partial pressure dependence of the fractional con

(b) Zr0.1Ce0.6Pr0.2O2�d.
the Ce host lattice while the ionic radii of Pr in the 3+
oxidation state is much larger. The presence of a larger
concentration of Pr3+ in the Zr-containing composition
compensates for the presence of the smaller Zr ion. Fig. 2a
and b also suggest that all Pr is reduced by 10�8 atm for
both compositions.

3.2. Ionic conductivity

The modified e.m.f. technique takes the electrode
polarisation into account and, thus, enables precise
separation of the partial ionic and electronic contribution
to the total conductivity [14–16]. The oxygen ion transfer-
ence numbers (t0) obtained for the samples
Zr0.1Ce0.7Pr0.2O2�d and Ce0.8Pr0.2O2�d by the e.m.f.
method, averaged across a p(O2) gradient of 101/21 kPa
(oxygen/air) are presented in Fig. 3a. A lower ionic
transference number is shown for the Zr-containing
composition. Combining transference numbers with the
total conductivity (sT) values obtained by impedance
spectroscopy at corresponding temperatures and oxygen
partial pressure gradients, allows ionic conductivities to be
estimated as

s0 ¼ t0sT. (9)

The activation energy (Ea) for the partial ionic con-
ductivities, Table 1, was calculated by the standard
Arrhenius equation

s0 ¼
A0

T
exp �

Ea

RT

� �
, (10)

where A0 is the pre-exponential factor. Fig. 3b shows the
respective ionic conductivity values for Zr0.1Ce0.7Pr0.2O2�d

and Ce0.8Pr0.2O2 in oxygen potential gradients 101/21 kPa
and 21 kPa/20 Pa. Decreasing temperature results in a
decrease of ionic contribution to the total conductivity, in
agreement with previous work on the system Ce1�xPrxO2�d

[8] by oxygen permeability measurements. At any tem-
perature the ionic conductivity of the Zr-containing
centration of Pr in the 3+ oxidation state for (a) Ce0.8Pr0.2O2�d and
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Fig. 3. The temperature dependence of (a) ion transference numbers under 101/21kPa and (b) ionic conductivity under 101/21 kPa and 21 kPa/20Pa

oxygen partial pressure gradients for compositions Ce0.8Pr0.2O2�d (open symbols) and Zr0.1Ce0.6Pr0.2O2�d (closed symbols).

Fig. 4. Oxygen partial pressure dependence of total conductivity of Ce0.8Pr0.2O2 at 950, 900, 850, 800 1C (arrows indicate direction of increasing

temperature), dashed and solid lines indicate fit to experimental data (points). (a) Full pO2 range, (b) in oxidising conditions.
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composition is lower than it Zr-free counterpart. This is
likely to be due to a combination of factors such as internal
stresses due to the size mismatch of the small Zr ion with
the host lattice and also that, from coulometric titration,
we know that the Zr-containing composition contains a
higher oxygen nonstoichiometry. A decrease in ionic
conductivity with increasing vacancy concentration is
typical of defect fluorite materials in the so called
‘‘concentrated regime’’ and is due to vacancy association
[22]. Previously published results [11] by the e.m.f method
for the sample Zr0.1Ce0.7Pr0.2O2�d, show that the ion
transference number appears to be effectively unaffected by
a change between the oxygen chemical potential gradients,
101/21 kPa (oxygen/air) to 21 kPa/20 Pa (air/argon) while a
decrease in both electronic and ionic conductivities is
shown. In Fig. 3b we extend these results to demonstrate
that the composition Ce0.8Pr0.2O2 exhibits a similar small
decrease in ionic conductivity as pO2 is reduced. The
calculated activation energies for ionic conductivity shown
in Table 1 are slightly larger in the more reducing partial
pressure gradients for both compositions. This is typical
for fluorite materials in the ‘‘concentrated regime’’ which
show increases in activation energy with increasing vacancy
concentration due to the presence of an enthalpy due to the
dissociation of clustered vacancies in addition to the
enthalpy of migration [22].

3.3. The pO2 dependence of total conductivity

The pO2 dependence of total conductivity is shown in
Figs. 4a and b and 5a and b for the compositions
Ce0.8Pr0.2O2�d and Zr0.1Ce0.6Pr0.2O2�d, respectively. For
both compositions one observes a decrease in total
conductivity with decreasing pO2 at more oxidising values
of pO2, while the inverse trend is observable at low pO2.
Previous authors studying comparable Zr–Pr doped ceria
materials [23,24] have suggested that these materials are
predominantly electronic and that this total conductivity
behaviour is due to a change between p-type electronic at
high pO2 to n-type electronic character at low pO2.
However, the oxygen ion transference numbers (t0)
obtained for the samples Zr0.1Ce0.7Pr0.2O2�d and
Ce0.8Pr0.2O2�d by the e.m.f. method in the previous section
clearly show that these materials are predominantly ionic
conductors at high pO2. Furthermore, Fig. 3b shows that
the ionic conductivity of these materials is lowered as pO2
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Fig. 5. Oxygen partial pressure dependence of total conductivity of Zr0.1Ce0.6Pr0.2O2�d at, 950, 900, 850, 800 1C (arrows indicate direction of increasing

temperature), dashed and solid lines indicate fit to experimental data (points). (a) Full pO2 range, (b) in oxidising conditions.

Table 2

Fitting parameters for Ce0.8Pr0.2O2�d and Zr0.1Ce0.7Pr0.2O2�d ceramics

T (1C) Ce0.8Pr0.2O2�d Zr0.1Ce0.7Pr0.2O2�d

K70.005 k71 ln s0n � 0:05 S cm�1 K70.005 k71 ln s0n � 0:05 S cm�1

800 0.300 3.4 �3.9 0.500 14.0 �4.3

850 0.196 4.3 �4.3 0.390 12.7 �4.7

900 0.150 4.2 �4.8 0.320 10.8 �5.3

950 0.107 2.3 �5.3 0.240 9.2 �5.8
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is decreased. One can categorically state therefore
that the decrease in total conductivity with decreasing
pO2 in the high pO2 range is predominantly due to a
decreasing ionic conductivity. This result also emphasises
the importance of using more than one technique to
correctly analyse curves of pO2 dependence of total
conductivity.
3.3.1. Oxidising conditions

Following the discussion in Section 3.1, the electronic
contribution in more oxidising conditions is given by the
following relationship which describes the electronic
conductivity to be proportional to the product of the
concentration of charge carriers and the concentration of
available sites to which small polaronic electron hops can
progress between neighbouring Pr ions.

se ¼ Ke½Pr
0
Ce�ðx� ½Pr

0
Ce�Þ (11)

therefore, se, the electronic contribution at any pO2 can be
expressed as

se ¼ ½Pr0Ce�ðx� ½Pr
0
Ce�Þ

sairT ð1� tair0 Þ

½Pr0Ce�
airðx� ½Pr0Ce�

airÞ
, (12)

where sairT is the total conductivity in air, and the unknown
tair0 is the transference number in air.

For the ionic conductivity under the same conditions
we assume the following relationship, which describes a
linear decrease in ionic conductivity with increasing
vacancy concentration.

q log s0
q½V ��O �

¼ k. (13)

From comparison with literature data for doped cerias
this assumption will be valid for small variations in
vacancy concentration in the concentrated range, such as
the level expected for the reduction of 20 at% Pr in the
current materials under study [25,26]. The expression for
the ionic conductivity s0 at any pO2 can therefore be stated
as

log s0 ¼ logðsairT tair0 Þ � ðkðd
air
� dÞÞ. (14)

Least-squares fitting of Eqs. (12) and (14) allows the
unknowns tair0 and k to be determined. Under these more
oxidising conditions, fitted curves (solid lines) for se, s0
and sT ¼ s0 þ se are shown to fit well the experimental
data (points) in Figs. 4a and b for the composition
Ce0.8Pr0.2O2�d and Figs. 5a and b for the composition
Zr0.1Ce0.7Pr0.2O2�d, respectively. Corresponding fitted va-
lues of k are given in Table 2.
Fig. 6 compares the vacancy concentration dependence

of ionic conductivity at 900 1C for Zr0.1Ce0.7Pr0.2O2�d and
Ce0.8Pr0.2O2�d upon reduction, with literature data for Gd-
doped CeO2 and Sm-doped CeO2 [25,26]. Values of k for
both compositions of this study and also that for Sm–CeO2

for compositions deep within the concentrated vacancy
range are presented on the chart. The calculated value of k
for the composition Zr0.1Ce0.7Pr0.2O2�d is similar to the
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Fig. 6. Comparison of the vacancy concentration dependence of ionic

conductivity at 900 oC for Zr0.1Ce0.7Pr0.2O2�d and Ce0.8Pr0.2O2�d upon

reduction, with literature data in air for Gd-doped CeO2 and Sm-doped

CeO2 [25,26]. Calculated values of k are presented.

Fig. 7. Comparison of the average transference number (t0, av) for the

composition Zr0.1Ce0.7Pr0.2O2�d under the oxygen partial pressure

gradients 101/21kPa (oxygen/air) and 21 kPa/20Pa (air/argon) obtained

by e.m.f. measurements (a) with those calculated using Eq. (15) from fitted

results of conductivity vs. pO2 measurements (b).
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literature materials of high vacancy concentration, while
the value of k for the Zr-free composition Ce0.8Pr0.2O2�d is
shown to be lower and comparable to the gradient of the
literature curves close to the conductivity maxima for the
concentrated range. A decrease in ionic conductivity in the
concentrated range is characteristic of increasing pre-
exponential factor and also increasing activation energy
for conduction due to the association of vacancies [22]. The
result that Zr-containing compositions exhibit a higher
dependence of ionic conductivity on vacancy concentration
(larger value of k) corresponds well with higher activation
energies for ionic conductivity reported in Table 1 for this
composition from the modified e.m.f. technique. This
suggests that vacancy association is favoured in the Zr-
containing composition, and this is probably as a result of
the large size mismatch of Zr with the host lattice.

For measurements under a nonzero oxygen pressure
gradient, such as in the e.m.f. technique, the transference
numbers are averaged in a given range of oxygen chemical
potentials (m): where the values of m1 and m2 correspond to
p(O2) values at the electrodes. Therefore, to compare
values of transference numbers obtained by the e.m.f.
technique in Section 3.2 and those calculated in this section
from fitting of conductivity vs. pO2 measurements one
must first calculate the transference number averaged
across the same oxygen partial pressure gradients as
experienced in the e.m.f. measurements by the following
equation:

t0; av ¼
1

m2 � m1

Z m2

m1

s0
sT

dm, (15)

where s0 and sT ¼ s0 þ se are values calculated from Eqs.
(11)–(14). As an example the average transference number
(t0, av) for the composition Zr0.1Ce0.7Pr0.2O2�d under the
oxygen partial pressure gradients 101/21 kPa (oxygen/air)
and 21 kPa/20 Pa (air/argon) from e.m.f. measurements are
compared in Fig. 7 to those calculated using Eq. (15) from
fitted results of conductivity vs. pO2 measurements. A
reasonable correlation of average transference number
between the two techniques is shown; especially when one
considers that the fitted results for the conductivity vs. pO2

measurements have their base in results derived from a
further experiment which determined the pO2 dependence
of nonstoichiometry by coulombic titration.
3.3.2. Reducing conditions

Fig. 2a and b, conclude from our model that all
praseodymium will be reduced under values of pO2 lower
than 10�8 atm, hence preventing electronic conductivity
from small polaronic hopping between neighbouring Pr
ions, as expressed by Eq. (11). The enhancement of total
conductivity observed in Figs. 4a and 5a, in more reducing
conditions must therefore be a factor of the reduction of
Ce4+, in agreement with literature data on similar ceria
based defect fluorite materials [19,20] which show reduc-
tion of Ce4+ initiating at pO2 values lower than 10�10 atm,
as stated in Section 3.1. A similar defect model can
therefore be suggested as in Refs. [19,20] for the reduction
reaction of ceria solid solutions which contain a trivalent
dopant, in our case this trivalent dopant is now Pr3+ under
these reducing conditions. The reduction reaction of Ce4+

can therefore be expressed as

2Cex
Ce þOx

O 2
K2

2Ce0Ce þ V��O þ 1=2O2. (16)

Applying the law of mass action leads to the relationship
describing the equilibrium constant for Ce reduction

K2 ¼
½V��O �½Ce

0
Ce�

2pO
1=2
2

½Cex
Ce�

2½Ox
O�

(17)
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The electroneutrality equation in this case

½Ce0Ce� þ ½Pr
0
Ce� ¼ 2½V��O � (18)

can be simplified for low reductions of Ce by the
assumptions that the vacancy concentration is dominated
by the concentration of Pr3+

2½V��O � � ½Pr
0
Ce� � constant (19)

and that the concentration of ½Cex
Ce� and ½O

x
O� can be

omitted from Eq. (17) because they are large enough to be
considered constant for such low levels of Ce reduction.
The combination of these assumptions leads to the
prediction that at low reductions of Ce the concentration
of n-type charge carriers will have a pO2 dependence of
�1/4 such as

½Ce0Ce� / pO
�1=4
2 . (20)

The total conductivity in reducing conditions can there-
fore be expressed as

sT ¼ s0n pO
�1=4
2 þ s0, (21)

where the n-type conductivity (sn) is described by the
product s0n pO

�1=4
2 (where s0n is a constant), and s0

represents the ionic conductivity. The p-type conductivity
is assumed negligible in these reducing conditions. The
ionic conductivity for low reductions of Ce is taken to be
constant and to have the value of the ionic conductivity
when all Pr is in the 3+ oxidation state at 10�8 atm. The
fitted curves for the n-type conductivity and the total
conductivity in reducing conditions are shown in Figs. 4a
and 5a as the dashed and solid lines, respectively. At the
highest temperatures deviation between the fit and the
experimental results can be observed as the assumptions
used in the simplification of the electroneutrality equation
Eq. (19) are exceeded. A similar trend is observed in
literature data of similar ceria-based defect fluorite
materials [27]. It should be noticed that incorporation of
the nonsimplified electroneutrality equation, Eq. (18), in
the mass action relation, Eq. (17), will serve to lower the
power law dependence of the n-type conductivity. Further-
more, defect interactions such as vacancy ordering and
defect association, can also be considered to occur in the
Ce(ZrPr)O2 materials as significant concentrations of Ce
become reduced.

3.4. The pO2 dependence of thermoelectric power

The total thermoelectric power, Qt, for a mixed
conductor is normally expressed as [28]

Qt ¼ t0Q0 þ
X

j

tjQj, (22)

where tj and Qj (j ¼ p, n) are the transference numbers and
the partial thermoelectric power of an electronic carrier j,
while t0 and Q0 express these terms for the ionic species.

Discussion in the previous sections described how the
dominant charge carriers in reducing and in oxidising
conditions can be considered to be distinct. For this reason,
discussion of the pO2 dependence of the thermoelectric
power is similarly split into two distinct pO2 regimes.
At higher oxygen partial pressures the dominant charge

carrier is that of praseodymium, which undergoes reduc-
tion on decreasing pO2 as described by Eq. (1). In this
region the total thermoelectric power can be simplified [29]
as

Qt ¼ tp
R

F
ln

N

p

� �
þ t0 �

R

4F
lnðpO2Þ þQ0

O2�

� �
(23)

assuming a hopping conduction for electrons [30], where N

is the density of states, tp and t0 are the p-type electronic
and ionic transference numbers, respectively, and Q0

O2� is
the ionic thermopower at unit pO2. The experimental data
of total thermoelectric power were fitted as a function of
pO2 by combination of the pO2 dependence of the
concentration of charge carriers, p, obtained from coulo-
metric titration, Eqs. (6) and (7), and the transference
numbers calculated on fitting the total conductivity data
using Eqs. (11)–(14), such that the transference numbers
are given by t0 ¼ s0/sp+s0 and tp ¼ sp/sp+s0. Regression
parameters were N and Q0

O2� .
At lower oxygen partial pressures the dominant charge

carrier is that of Ce3+, following the reduction reaction
expressed by Eq. (14). The total thermoelectric power in
this region can be stated as

Qt ¼ tn �
R

4F
lnðpO2Þ þQ0

n

� �
þ t0 �

R

4F
lnðpO2Þ þQ0

O2�

� �
,

(24)

where the transference numbers are given by t0 ¼ s0/
sn+s0 and tn ¼ sn/sn+s0 from Eq. (20). Regression
parameters were Q0

O2� and Q0
n, values of s0n were fixed to

the values calculated by fitting total conductivity data
using, Eq. (21).
In this way good fits of the total thermoelectric power

can be obtained in both reducing and oxidising conditions,
as shown in Fig. 8a and b, and have their basis in the defect
relations proposed to explain the pO2 dependence of total
conductivity Eqs. (1)–(8), (11)–(14) and (16)–(21). In the
most heavily reducing conditions and at the highest
temperatures deviation of the fit from the experimental
data can be observed as the assumptions used in the
simplification of the electroneutrality equation Eq. (19) are
exceeded, as was also observed in the fit of the total
conductivity measurements and can be explained by the
same reasoning.

4. Conclusions

The influence of substitution of 10 at% Zr for cerium in
Ce0.8Pr0.2O2�d to form Zr0.1Ce0.7Pr0.2O2�d upon resultant
mixed conductivity has been analysed. The fractional
concentration of Pr in the 3+ oxidation state has been
calculated from results of coulometric titration to be much
larger for the Zr-containing composition. Reducing pO2
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Fig. 8. Oxygen partial pressure dependence of total thermoelectric power of (a) Ce0.8Pr0.2O2�d and (b) Zr0.1Ce0.6Pr0.2O2�d. Solid lines represent fit to

experimental data (points).
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leads to further increases in oxygen nonstoichiometry and
the magnitude of this increase shows negative temperature
dependence. At any temperature composition
Ce0.8Pr0.2O2�d shows larger increases in nonstoichiometry
with decreasing pO2 than its Zr-containing counterpart. In
oxidising conditions, measurements of oxygen concentra-
tion cell e.m.f. combined with impedance spectroscopy
reveal a decrease in both ionic and electronic conductivities
with decreasing pO2 and a positive temperature dependence
of measured ion transference numbers, t0. In oxidising
conditions these materials are predominantly ionic con-
ductors, with lower values of t0 and depleted ionic,
electronic and total conductivities exhibited by the Zr-
containing composition. In more oxidising conditions,
depletion of total conductivity with decreasing pO2 results
from a decreasing ionic conductivity due to the reduction
of praseodymium and creation of oxygen ion vacancies,
whereas enhancement of the total conductivity in more
reducing conditions is related to increased n-type con-
ductivity upon the reduction of cerium.
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