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Abstract

The oxygen de®ciency and kinetics of oxygen uptake
and release of nanocrystalline mixed praseodymium±
cerium oxide with composition Pr0�7Ce0�3O2ÿx were
investigated by combining coulometric titration and
potentiometric measurements using stabilised zirco-
nia oxygen concentration cells. The P(O2) versus
composition isotherms indicate a two-phase region at
high P(O2) [P(O2)>0.1 bar at 560�C] and a sin-
gle-phase region at lower P(O2). The oxygen pres-
sure dependence in the homogeneous region can be
described by a power law with an exponent (ÿ1/6),
in accordance with doubly charged oxygen vacancies
as majority defects. The enthalpy of reduction
amounts to (2.9�0.3) eV. The chemical di�usion
coe�cients are of the order of 10ÿ6 cm2 sÿ1 at 640�C
with an activation energy of &0.3 eV. The low acti-
vation energy for di�usion may be related to the high
density of interface sites in the nanocrystalline
material. # 1999 Elsevier Science Limited. All
rights reserved
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1 Introduction

Oxygen storage materials help regulate the air-to-
fuel ratio leading to more e�ective operation of
catalytic converters in automobiles.1 The oxygen
storage capacity of an oxide is related to its range
of nonstoichiometry and, therefore, to the valence
change of the cation. Mixed praseodymium±cerium

oxides have an exceptionally high oxygen storage
capacity, because the valence change of the pra-
seodymium cation (Pr4+/Pr3+) is particularly easy.
For this reason, it is interesting to study the oxygen
de®ciency of these compounds and their relaxation
kinetics after chemical or electrochemical polariza-
tion experiments. Several investigators studied the
phase relations, crystal structure and ionic trans-
ference number of mixed PryCe1ÿyO2ÿx.2±6 The
oxygen de®ciency and electrical conductivity of a
mixed oxide with composition Pr0�55Ce0�45O2ÿx was
previously investigated in our laboratory.7

Nanocrystalline materials are the subject of
much interest in recent years, given the expectation
that the high density of interfaces could lead to
signi®cant modi®cations in defect and transport
properties of these materials. For example, nano-
crystalline compounds seem to exhibit enhanced
non-stoichiometry, because of the greater number
of interface sites where defect formation energies
are reduced.8 Furthermore, one expects an increase
of di�usive transport at and near interfaces, which
are regions of high defect density and mobility.9

Consequently, we expect the nanocrystalline mate-
rial to exhibit a higher oxygen storage capacity and
also a faster response to changes of the oxygen
partial pressure in the gas phase. Both features are
de®nitely of interest for technological applications.
In this work, we present experimental data for

the oxygen de®ciency of nanocrystalline praseody-
mium±cerium oxide Pr0�7Ce0�3O2ÿx and for the
equilibration kinetics using yttria-stabilised zirco-
nia oxygen concentration cells. The composition of
the oxide is modi®ed by coulometric titration
while the dependence of the oxygen partial pressure
on the non-stoichiometry x is deduced from the
steady state voltage across the zirconia electrolyte.
The time dependence of the potential following a
titration step provides information about transient
phenomena in these materials.
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2 Theory

2.1 Coulometric titration
A current through the galvanic cell, Pr0�7Ce0�3-
O2ÿxjPtjY-ZrO2jO2(air)jPt, changes the composi-
tion of the oxide according to Faraday's law. The
amount of electrolyzed oxygen �n(O2) was calcu-
lated from the current I and the time t (F: Fara-
day's constant) according to:

�n O2� � � It=4F� Pf ÿ Pi

ÿ �
V=RT �1�

The right-hand side of this equation takes into
account the so-called dead-volume correction: Pf

and Pi are the ®nal and the initial oxygen partial
pressures, respectively, and V=RT is the dead-
volume coe�cient. The time integral of the current
is a very precise measure of the concentration
variation. After a certain amount of current has
been passed, the equilibrium open circuit voltage
is determined. The integration of coulometric
titration curves gives the thermodynamic quan-
tities as a function of composition with high
resolution.10

We consider mixed praseodymium-cerium oxide
as a pseudo-binary system, because the Pr/Ce ratio
does not change during the measurements. The
phase rule shows that thermodynamic activities are
independent of composition as long as two phases
are in equilibrium with each other. Changes in the
relative amounts of the two phases do not modify
the activities of the components and therefore
maintain the cell voltage constant. This creates
voltage plateaus in regions of two-phase equili-
brium and provides means for determining the
limits of nonstoichiometry of given phases.

2.2 Relaxation measurements
Measurements of the time dependence of the cell
voltage after a titration step are a powerful techni-
que to investigate the kinetics of oxygen uptake
and release in materials. After a constant current is
applied for a certain time, the current ¯ow is
interrupted and during the following relaxation
process, the time dependence of the voltage can
be related to oxygen exchange at the interface
gas/electrode and to chemical di�usion in the
electrode.
Assuming that the rate-limiting step is the trans-

port process in the solid, solutions exist for the
concentration of the mobile species as a function of
time.11±13 One can distinguish short-time and long-
time solutions, depending on the thickness of the
sample L and the chemical di�usion coe�cient D.
In an oxygen-de®cient oxide, like praseodymium±
cerium oxide, a change in oxygen partial pressure
produces an oxygen vacancy excess or de®cit at the

surface. The vacancies then di�use into or out of
the solid to regain thermodynamic equilibrium. We
are thus considering a chemical di�usion process,
characterized by the di�usivity of oxygen vacancies
DO and electrons De. According to Darken's
equation, the chemical di�usion coe�cient in a
mixed ionic-electronic conductor is:14

D � teDO � tODe �2�

where te and tO are the transference number of elec-
trons and oxygen ions, respectively. In Pr0�7Ce0�3O2ÿx
an ionic transference number tO=0.11 is reported.2

If the oxide sample is compact and non-porous, we
can consider that we have di�usion from a con-
stant source into a ®nite solid and we can solve
Fick's second equation with the following bound-
ary conditions:

c � c0 at t � 0 for 0 < x < L

uniform initial concentration� �
c � c1 at t � 1 for 0 < x < L

uniform final concentration� �
c � c1 at t > 0 for x � L

constant surface concentration� �

Here t is the time variable, x the distance para-
meter, the subscripts 0 and 1 indicate the initial
and ®nal states. The resulting solution for long
times, Dt=L2 > 0�3, is:11

cÿ c0� �= c1 ÿ c0� � � 1ÿ 8=�2
ÿ �

exp ÿD�2t=L2
ÿ �

�3�

The concentration variation (c1 ÿ c0) is directly
related to the amount of charge passed through the
cell. The chemical di�usion coe�cient D may be
calculated from the time dependence of the cell
voltage E by a plot ln [E t� � ÿ E 1� �] versus t,
which, at long times, yields a straight line with
absolute slope (D�2=L2).12,13

For short times, Dt << L2, the concentration
ratio (cÿ c0)/(c1 ÿ c0) is proportional to the square
root of time:11

cÿ c0� �= c1 ÿ c0� � � 4 Dt=�L2
ÿ �1=2 �4�

Consequently, the chemical di�usion coe�cient D
can be calculated from the slope of the straight line
cÿ c0� �= c1 ÿ c0� � versus t1=2. A consistency test is
to compare values for D obtained from short-time
and long-time solutions.
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3 Experimental

The mixed oxide was prepared by coprecipitation
of cerium nitrate and praseodymium nitrate with
oxalic acid solutions. The precipitates were cal-
cined 6 h at 650�C and 2 h at 750�C.7 The compo-
sition of the oxide was investigated by iodometric
titration. These measurements con®rmed that cer-
ium is valence-invariant and remains largely in the
Ce4+ state.10

All X-ray di�raction peaks were found to corre-
spond to a single phase: the solid solution retains
the ¯uorite structure of the �-praseodymium oxide
Pr6O11 even with 30 mol% cerium oxide in con-
trast to conventional polycrystalline praseody-
mium±cerium oxides, which are generally
composed of two phases.4,5 An enhanced solubility
in nanocrystalline materials, due to solute segrega-
tion at the intergranular boundaries, is theoretically
expected and was experimentally observed, e.g. in
copper-doped cerium dioxide.15 An average grain
size of 35 nm was estimated from line broadening.
A double stabilised zirconia cell with platinum

paste electrodes was used for the coulometric and
potentiometric measurements (galvanostat EG&G
362, multimeter Keithley 197). The current direc-
tion was regularly reversed in order to check pos-
sible hysteresis e�ects. The equilibrium potential
was taken when the value did not change more
than 0.1mV during 1 h. Reversibility tests were
performed by applying a small current to the cell
(<1�A, 10 s) and recording the transient of the
open-circuit potential after the current ¯ow. The

absence of gas leakage was checked by long-time
measurements of the cell voltage.10

4 Results

Figure 1 shows isotherms of oxygen de®ciency
(xÿ x0) versus oxygen partial pressure for
Pr0�7Ce0�3O2ÿx at 640, 560 and 470�C. The oxygen
de®ciency x is indicated with respect to the
unknown value x0 corresponding to the initial
equilibrium in air. A steep change of oxygen pres-
sure with composition is observed around
(xÿ x0)=0.1, probably corresponding to a single-
phase region. A plateau region seems to exist at
small (xÿ x0) and high oxygen partial pressures,
where two phases may coexist. The characteristic
exponent is calculated according to:

log x � Aÿ log P O2� �=n �5�

The value of n is approximately 6 at 560 and 640�C
and 3 at 470�C.
Figures 2 and 3 present the evaluation of chemi-

cal di�usion coe�cients at 640�C from the time
dependence of the cell potential after a coulometric
titration step using the short time approximation
(Fig. 2: D � 1�5 10ÿ6 cm2 sÿ1) and the long-time
approximation (Fig. 3: D � 1�1 10ÿ6 cm2 sÿ1). The
values of D calculated from eqns (3) and (4) are
compatible. In Fig. 4, chemical di�usion coe�-
cients at 640 and 560�C are shown as a function
of the oxygen de®ciency of the oxide. As the

Fig. 1. Oxygen de®ciency as a function of oxygen partial pressure for Pr0�7Ce0�3O2ÿx, (*: 640�C, &: 560�C, *: 470�C).
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establishment of equilibrium conditions was slug-
gish at 470�C, we did not determine the di�usion
coe�cients at this temperature.

5 Discussion

The oxygen pressure dependence at 560 and 640�C,
with an exponent of ÿ1/6, is in agreement with

doubly charged oxygen vacancies as majority point
defects. The power law dependence, based on an
ideal mass action law,10 applies in spite of the
apparently high defect concentrations (Fig. 1).
However, we are operating in the vicinity of an
intermediate compound, in which the predominant
part of the oxygen vacancies are structurally
ordered and may not be considered as defects.

Fig. 2. Determination of the chemical di�usion coe�cient at 640�C in Pr0�7Ce0�3O2ÿx (x � 0�667) from the long-time approxima-
tion [eqn (3)].

Fig. 3. Determination of the chemical di�usion coe�cient at 640�C in Pr0�7Ce0�3O2ÿx (x � 0�667) from the short-time approxima-
tion [eqn (4)].
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Moreover, these systems exhibit rather high dielec-
tric constants, which thereby signi®cantly reduce
Debye±HuÈ ckel type defect interactions. Conse-
quently, ideal mass action laws appear to remain
applicable.
Nevertheless, association phenomena between

defects are possible at reduced temperatures. They
can be taken into account by replacing mole frac-
tions by activities or by considering new defect
species. The formation of singly charged and
uncharged oxygen vacancies can be considered as
an association between doubly charged vacancies
and electrons.10 A similar derivation shows that the
exponent for the oxygen pressure dependence
should equal ÿ1/4 or ÿ1/2 for singly charged and
uncharged vacancies, respectively. Experimentally,
an exponent of ÿ1/3 was found at 470�C, which
may re¯ect the tendency for defect association
between oxygen vacancies and electrons at low
temperature. On the other hand, it cannot be
excluded that equilibrium was not established at
470�C, the lowest temperature of measurement.
Therefore, the agreement may be fortuitous.
The temperature dependence of the equilibrium

constant gives a reduction enthalpy �H=(2.9
�0.3) eV (280 kJmolÿ1). This value is lower than
the corresponding value for conventional poly-
crystalline cerium dioxide (4.7 eV16), but higher than
that for nanocrystalline cerium dioxide (2.3 eV17).
While one may argue that this lower value is a
consequence of the large number of interfacial sites

in the nanocrystalline mixed oxide, where defect
formation energies are reduced, e.g. nanocrystalline
cerium oxide17 and titanium dioxide,18 it is more
likely related to the lower reduction enthalpy of
praseodymium oxide as compared to cerium oxide.
Concerning the kinetics of oxygen equilibration,

the calculated chemical di�usion coe�cients of the
order of 10ÿ6 cm2 sÿ1 can be compared with mixed
conducting binary oxides like PbO (D (500�C)
&2�10ÿ7 cm2 sÿ1)11 and CeO2ÿx (D (971�C)
&6�10ÿ5 cm2sÿ1)19 or ternary oxides like BaTiO3

(D (600�C)&10ÿ8 cm2/sÿ1).12

An apparent activation energy of 0.3 eV (30 kJ
molÿ1) was deduced from the two temperatures at
which the di�usivity was determined. This value is
low compared with activation energies for oxygen
bulk di�usion commonly reported in ¯uorite oxi-
des, e.g. 0.6 to 1.0 eV in CeO2 and stabilized
ZrO2.

20 It is worth while examining the possible
source of this low activation energy. First,
enhanced intergranular di�usion is possible in a
nanocrystalline oxide, given the high density of
grain boundaries. The activation energy for inter-
granular di�usion is commonly smaller than that
for bulk di�usion; an average reduction by 50%
has been found in metallic systems.14 Secondly,
this being a mixed conductor, it is possible that
under certain circumstances the electronic di�usiv-
ity is limiting which, at least in the CeO2 end
member, exhibits an activation energy of the order
of 0.3±0.4 eV.21

Fig. 4. Dependence of the chemical di�usion coe�cient on the oxygen de®ciency (xÿ x0) (*: 640�C, *: 560�C).
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6 Conclusion

The mixed oxide Pr0�7Ce0�3O2ÿx of approximate
grain size of 35 nm exhibits a single phase region at
intermediate P(O2) and an apparent two phase
region at high P(O2). The level of non-
stoichiometry, x, follows an approximate P(O2)

ÿ1/6

dependence in the single phase regime consistent
with doubly ionized oxygen vacancies and elec-
trons as the predominant defects, being formed
with a reduction enthalpy of �H=(2.9�0.3) eV.
The redox kinetics are characterized by chemical
di�usivities of the order of 10ÿ6 cm2 sÿ1 at 640�C
and an activation energy of 0.3 eV. Nanocrystalline
mixed praseodymium-cerium oxides are thus
potentially useful oxygen storage materials given
their enhanced oxygen de®ciency and high rates of
oxygen exchange and di�usion at temperatures in
the range 550±650�C. The experimental results
appear to be consistent with expected changes in
defect formation and migration energies at inter-
face sites, but more data on these and other sys-
tems are necessary to con®rm such conclusions.
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