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Abstract—The oxygen nonstoichiometry and electrical conductivity of f luorite-type solid solutions
Ce0.6 ‒ xLa0.4PrxO2 – δ (x = 0.1–0.2) were studied in the oxygen partial pressure range 10–19–0.35 atm at
1023–1223 K. It was confirmed that the Pr4+/3+ and Ce4+/3+ redox pairs, which determine the concentration
of p- and n-type electron charge carriers, play the dominant roles under oxidizing and reducing conditions,
respectively. The conductivity vs. charge carrier concentration dependencies in these conditions are almost
linear. Increasing praseodymium content leads to a substantially higher hole conductivity and an expanded
range of the oxygen nonstoichiometry variations at high oxygen partial pressures. Under reducing conditions
when praseodymium cations become trivalent opposite trends are observed on doping.
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INTRODUCTION
Currently, fluorite-like solid solutions (Ce,Ln)O2 – δ,
where Ln is the rare earth metal cation, are used as components of solid oxide fuel cells (SOFCs), membranes
for oxygen generators, electrochemical sensors, and
catalysts of oxidation [1–10]. The Ce1 – хPrхO2 – δ system is of significant practical and scientific interest
due to the wide oxygen homogeneity region in combination with mixed ion-electron conductivity, high
oxygen exchange rate, and thermodynamic stability
during redox cycling [7, 9–17]. According to the data
of [3, 11–14], the main mechanism of defect formation in Ce1 – хPrхO2 – δ and their structural analogs is
the formation of oxygen vacancies. At high oxygen
partial pressures (p(O2)), the vacancies are statistically
distributed in the oxygen sublattice, and a transition to
the region of low p(O2) can lead to the formation of
associates of defects of various types and ordering of
the lattice [3, 11, 13, 14, 18–20]. The electron transport in these systems is performed by means of polarons of small radius between the Pr3+/Pr4+ and
Ce3+/Ce4+ pairs, which dominate in the oxidation and
reduction regions, respectively [13, 14, 17, 21, 22]. The
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double-doped systems, in particular, (Ce,La,Pr)O2 – δ
can be used as electrochemically active protective layers in SOFCs [17]. The presence of praseodymium
cations provides electron transport under the cathode
(oxidative) conditions of SOFCs and increases the
catalytic activity in reactions involving molecular oxygen. On the other hand, partial replacement of cerium
with lanthanum (40 at %) near the solubility limit in
CeO2 [23] provides high chemical stability [24–28].
The present work is a continuation of our previous
study [17]; the goal of this study was to analyze the
oxygen nonstoichiometry of Ce0.6 – xLa0.4PrxO2 – δ (x =
0.1–0.2) and evaluate the dependences of the transport
properties on the concentration of oxygen vacancies
over a wide range of oxygen pressures at 973–1223 K.
EXPERIMENTAL
The single-phase powders of Ce0.6 – xLa0.4PrxO2 – δ
for studying the oxygen nonstoichiometry were
obtained using the glycine-nitrate method; the synthesis conditions were described in detail in [17]. The
X-ray diffraction (XRD) analysis was performed on a
Siemens D-500-Braun X02-1787 diffractometer (Siemens, Germany) (CuKα radiation, step 0.02°, 20° ≤
2θ ≤ 90°) at room temperature. The XRD patterns
were processed and crystal lattice parameters deter-
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mined using the PowderCell program package (version 2.4). The changes in oxygen nonstoichiometry
were measured by coulometric titration in the range of
p(O2) 10–19–0.35 atm at T = 1023–1223 K at a step of
50 K in the СO2–CO–O2 gas system; the technique
and equipment were described in [29]. As the reference oxygen content we used δ = 0.2 + x/2, which corresponds to the nominal degree of oxidation of cerium
and praseodymium 4+ and 3+, respectively. It was
assumed that this state corresponds to an inflection on
the titration isotherms, which takes place when the
dominant equilibrium of defects changes, and the
exact value of the corresponding oxygen partial pressure at 1223 K was determined from the extremum of
the derivative ∂δ/∂(logp(O2)). The point with the thus
determined coordinates (p(O2), T, δ) was used for fitting the results of coulometric titration to the absolute
values of nonstoichiometry. The gas-tight ceramics for
studying the electric properties was pressed in the form
of disks with a diameter of 27 mm and a thickness of
2.5–3 mm at ~100 MPa and sintered at 1723 K for 10 h
in air with an average heating/cooling rate of no more
than 2.5 K/min. The samples were cut out of the sintered ceramics: in the form of rectangular parallelepiped (10 × 2 × 2 mm3) for specific electric conductivity (σt) measurements and in the form of disks
(diameter 11 mm, thickness 1 mm) for evaluating the
ion transport numbers (to). The conductivity was measured by the standard four-probe DC method. The
procedure for measuring the electric conductivity as a
function of oxygen partial pressure and temperature
was described in [30]. The ion transport numbers were
determined from the impedance spectroscopy data
and the electromotive force (EMF) of the concentration cells measured depending on the external load
[31]. During the measurements by the modified
EMF method [31], the samples were exposed to oxygen partial pressure differentials of 1.0/0.21 and
0.21/0.021 atm at 1023–1223 K. This difference was
created by supplying oxygen, air, and air–argon mixture to the platinum electrodes. The experimental
technique for determining the transport numbers was
described in [15, 31].
RESULTS AND DISCUSSION
According to the XRD data, the synthesized materials
were single-phase (Fig. 1) and had a fluorite-like crystal
structure with unit cell parameters of 0.5535 and
0.5541 nm for Ce0.5La0.4Pr0.1O2 – δ and Ce0.4La0.4Pr0.2O2 – δ,
respectively.
Figures 2a and 2b give the isothermal dependences
of oxygen nonstoichiometry on logp(O2). The
obtained p(O2)–Т–δ diagrams are typical of Pr- and
La-substituted cerium oxides [3, 11–14, 32]. In the
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oxidation region, an δ increases as p(O2) decreases due
to the reduction of Pr4+ to Pr3+:
2Pr4+ + O2– ↔ 2Pr3+ + Vo + 1/2O2.

(1)

In the range p(O2) = 10–8–10–10 atm, the curve
reaches a plateau corresponding to the complete
reduction of praseodymium to Pr3+. Note that an
increase in the praseodymium content leads to an
increase in δ in the samples and simultaneously to
expansion of the range of δ. When p(O2) decreases further, the mechanism of vacancy formation changes:
2Ce4+ + O2– ↔ 2Ce3+ + Vo + 1/2O2.

(2)

In a moderately reductive medium, there are
anomalies at δ ≈ 0.255 for Ce0.5La0.4Pr0.1O2 – δ and δ ≈
0.305 for Ce0.4La0.4Pr0.2O2 – δ, indicated by arrows in
Fig. 2. These inflections are absent in the p(O2)–Т–δ
diagrams of Ce1 – xLnxO2 - δ with a doping level of x ≤
40% [3, 11–14, 18, 20, 32]. To examine the possible
reasons, the samples were reduced in a 7% H2–Ar gas
mixture at 973 and 1223 K. The diffraction patterns of
the reduced samples and the corresponding p(O2) are
shown in Fig. 1. For Ce0.5La0.4Pr0.1O2 – δ, there were no
changes in the phase composition, whereas for
Ce0.4La0.4Pr0.2O2 – δ, trace amounts of the C type phase
of Ln2O3 are observed. It should be emphasized that
the reduced Ce2O3 also forms a C type phase. Thus,
the anomalies of the p(O2)–Т–δ diagrams may be
related to the segregation of domains with predominant La3+, Pr3+, and Ce3+ contents. On the other
hand, the content of the C type impurity in reduced
Ce0.4La0.4Pr0.2O2 – δ was less than 1% at 973–1223 K.
Therefore, the observed anomalies may also indicate
the appearance of an additional type of equilibrium of
defects associated with the formation of clusters of
oxygen vacancies and Ln3+ at relatively high oxygen
nonstoichiometry.
The changes in the oxygen chemical potential
(∆μo) were determined with the help of the obtained
p(O2)–Т–δ diagrams:
(3)
Δμ o(δ, T ) = 1 RTln p(O2 ),
2
where R is the gas constant. As ∆μo(δ, T) depends linearly on temperature for each composition at fixed
δ values, the partial molar enthalpy ∆ H o (δ) and
entropy ∆So (δ) of oxygen introduction in the lattice
were calculated by the equation

Δμ o(δ, T ) = ΔH o(δ) − TΔSo(δ) .

(4)

The dependences of the partial molar thermodynamic functions of oxygen on δ in Ce0.6 – xLa0.4PrxO2 – δ
are shown in Figs. 3а–3d. These dependences are
nonmonotonic with two breaks in the function associated with a change in the dominant mechanisms of
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Fig. 1. X-ray diffraction patterns of Ce0.6 – xLa0.4PrxO2 – δ ceramics after sintering in air and annealing in reducing conditions.

defect formation, as discussed above. The observed
behavior unambiguously shows that models of an ideal
or regular solution are not suitable for describing the
processes of intercalation/deintercalation of oxygen.
As δ increases in Ce0.5La0.4Pr0.1O2 – δ, there is a significant decrease in ∆ H o from –60 to –250 kJ/mol, indicating that the oxygen exit from the lattice becomes
increasingly less energetically favorable due to the

increase in the binding energy. In the narrow intermediate range 0.250 < δ < 0.255, ∆H o depends but slightly
on δ and lies in the range from –275 to –295 kJ/mol.
Then ∆ H o increases almost linearly with nonstoichiometry (δ > 0.255). This tendency gives an additional
argument in favor of the increase of defective clusters
and/or phase transition by the domain mechanism.
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For Ce0.4La0.4Pr0.2O2 – δ, a section with 0.257 < δ <
0.280 can be isolated in the region corresponding to
praseodymium reduction, where ∆ H o is almost constant (Fig. 3b). The average ∆ H o value in this range is
‒108 ± 9 kJ/mol, which coincides well with ∆ H o
obtained for Ce0.8Pr0.2O2 – δ at δ < 0.1 within the error
[11]. In other ranges of δ in Ce0.4La0.4Pr0.2O2 – δ, the
tendencies are qualitatively similar to those in
Ce0.5La0.4Pr0.1O2 – δ. The average value of ∆ H o =
‒366 ± 31 kJ/mol for Ce0.4La0.4Pr0.2O2 – δ also coincides well with the range of ∆ H o for Ce0.8Pr0.2O2 – δ
(‒340 ± 7 kJ/mol at δ > 0.1 [11]).
The transport number measurements showed that
the Ce0.6 – xLa0.4PrxO2 – δ solid solutions are mixed
conductors with a dominant contribution of anion
conductivity (Fig. 4). A decrease in temperature leads
to a decrease in the ion contribution to electric conductivity, while an increase in the praseodymium concentration leads to a significant increase in the contribution of p-type electron conductivity. The latter
also becomes apparent when analyzing the isothermal dependences of electric conductivity of
Ce0.4La0.4Pr0.2O2 – δ on p(O2) (Fig. 5). In the oxidation
region, the hole contribution provided by the Pr4+/3+
redox pair decreases with p(O2). In the reduction
region, the conductivity increases when p(O2)
decreases due to the appearance of n-type electron
charge carriers owing to the partial reduction of Ce4+
to Ce3+. Taking into account the p(O2)–Т–δ diagrams, the experimental conductivities were recalculated into dependences of the form σt = f(δ)T shown in
Figs. 6a and 6b. The calculations showed that the specific electric conductivity is well described by the standard Arrhenius model at fixed non-stoichiometry values. The activation energy slightly increases with δ and
lies in the range 96–128 kJ/mol.
In the reduction and oxidation regions, where the
mechanisms of defect formation and transport are relatively simple, the dependence of electric conductivity
on nonstoichiometry can be linearized using a simplified model σt = σe + σi, where σi and σe are the partial
ion and electron (p- or n-type) conductivity. Within
the framework of this model, it was assumed that the
mobilities of electron and ion charge carriers do not
depend on their concentration. Then the expression
for electric conductivity in the oxidation and reduction regions has the form: σt = [Pr4+]kp + δki and σt =
[Ce3+]kn + δki, respectively, where [Pr4+] and [Ce3+]
are the relative concentrations of holes and electrons
localized on the corresponding cations, and kp, kn and
ki are constants at a constant temperature. Assuming
that the Ce3+ concentration is close to zero under the
oxidative conditions, the condition of electroneutral
crystal lattice can be recorded as 2δ = [Pr3+] + [La3+];
in this case, [Pr4+] + [Pr3+] = x and [La3+] = 0.4. SimRUSSIAN JOURNAL OF ELECTROCHEMISTRY
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Fig. 2. Dependences of the oxygen nonstoichiometry of
Ce0.6 – xLa0.4PrxO2 – δ on the oxygen partial pressure.
Dashed line: the δ value corresponding to the complete
reduction of praseodymium to Pr3+.

ilarly, in the reduction region (assuming that praseodymium was completely reduced to Pr3+): 2δ =
[Pr3+] + [La3+] + [Ce3+], [Ce4+] + [Ce3+] = (0.6 – x),
[Pr3+] = x. By combining these equations, we obtain
σt = kp(x – 2δ + 0.4) + kiδ,

(5)

σt = kn(2δ – x – 0.4) + kiδ

(6)

for the oxidation and reduction regions, respectively.
The results of the linear regression analysis of the
dependences σt = f(δ)T by (5) and (6) are illustrated in
Figs. 6a and 6b.
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tional processes supposedly associated with the mass
formation of clusters formed by oxygen vacancies and
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with a C type cubic structure. It was found that an
increase in the praseodymium concentration leads to a
significant increase in the p type electric conductivity
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CONCLUSIONS
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