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Abstract

The electrical conductivity of PrxCe1�xO2�� (PCO) with x40.05 was examined as functions of praseodymium content (x), oxygen
partial pressure and temperature and a defect model based on multiple oxidation states of Pr was found to be consistent with the data.
These results are used to examine PCOs potential as an active film in gravimetric sensors.# 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Monitoring and detection of gases is of importance for
emissions, toxic gas detection, and for process control. A
number of detection principles have, in the past, been
investigated and applied including those based on electro-
chemical, semiconducting, and calorimetric methods.1,2

Electroceramics enable operation at elevated tempera-
tures, which is important given that many gas reactions
are kinetically hindered under ambient conditions.
Another possible method, based on gravimetric princi-
ples, is normally limited to or the near vicinity of room
temperature. Here, either quartz shear wave resonant
transducers or surface acoustic wave (SAW) devices are
used to detect gases selectively absorbed, typically on
deposited polymer films, by measuring the shift in the
resonant frequency of the acoustic wave device. Recently,
application temperatures as high as 450�C have been
achieved with quartz devices;3 above this temperature,
high losses and phase transitions prevent its use. We
have initiated a study of the high temperature properties
of langasite, La3Ga5SiO14, a piezoelectric material stable
to temperatures well above 1000�C. Furthermore, we
have demonstrated the ability to measure the resonant
frequency, !0, of a shear wave device utilizing langasite
to temperatures above 600�C as well as shifts induced in
!0 by mass loading.4,5

In this study, we investigate materials in the solid
solution system PrxCe1�xO2-� (PCO) which have been
shown to exhibit extensive deviations from stoichio-
metry, �, and rapid redox kinetics,6 both characteristics
of importance for ‘‘active’’ films to be incorporated into
a gravimetric gas sensor. In order to be able to predict
the performance of PCO in this application, one must
have a defect model describing the dependence of d and
the chemical diffusivity, Dchem, on x, Po2 and tempera-
ture. Towards this end, we have initiated electrical con-
ductivity measurements as a function of the three key
parameters listed above. To date, except for preliminary
reports by one of the authors7 electrical measurements
in the binary system PrxCe1�xO2�� have been limited to
temperature-dependent measurements performed in air
or pure oxygen.8,9 A defect model appropriate for low
values of x (x40.05) is derived and reported in this
paper.

2. Experimental methods

Dense pellets of PCO solid solutions with x=0, 0.001,
0.005, 0.01 and 0.05 were prepared by (1) co-precipita-
tion of Ce and Pr oxalates by reaction of the nitrates
with oxalic acid, (2) calcination of the resultant powders
at 700�C for 60 min in air, (3) pressing the calcined
powders into pellets at 125 MPa without binder, and (4)
sintering them at 1425�C for 10 h. XRD analysis con-
firmed the formation of single phase fluorite. SEM
micrographs showed a uniform microstructure with
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grain size of ffi5 mm, while measured weight to volume
ratios indicated densities of ffi95% of theoretical.
Four point dc electrical conductivity measurements

were performed on rectangular-shaped specimens cut
out of the ffi1.5 cm diameter pellets. Platinum leads were
wrapped around each specimen with Pt paint (Engle-
hard) used to improve the electrical contact between
specimen and leads. Six specimens were simultaneously
loaded into the sample chamber which included a stabi-
lized zirconia oxygen sensor and thermocouples attached
to each individual specimen. Current-voltage sweeps
were recorded for each specimen via an HP 34970A data
acquision unit interfaced with a computer. Oxygen partial
pressures were controlled by the use of CO/CO2 andAr/O2

mixtures with values reported in this work measured by
the in situ oxygen sensor.

3. Results and discussion

A series of conductivity isotherms for Pr0.05Ce0.95O2��

are shown in Fig. 1 as a function of Po2. At low and
intermediate Po2 values, the conductivity follows the Po2
dependence expected for a fixed-valent acceptor doped
system, i.e. a pressure- independent ionic regime at inter-
mediate Po2 followed by a partial pressure-dependent
electronic conductivity at low Po2. At high Po2, however,
the conductivity decreases with increasing Po2, pointing
to the existence of a different defect regime. This, shown
below, is related to the oxidation of the Pr3+ acceptors to
Pr4+, resulting in a region of Po2-dependent ionic con-
ductivity not observed in fixed-valence acceptor doped
systems.
In the following, we describe a defect model which

includes a variable valent acceptor dopant such as Pr in
PCO. First we note that in the fluorite system, Frenkel
defects dominate ionic disorder, resulting in the formation
of oxygen vacancies and interstitials:

O00
O ! VO

�� þO00
i ;

VO
��½ 	 O00

i

� �
¼ KF Tð Þ ð1Þ

Electronic disorder is governed by the reaction:

nil ! e0 þ h�;

np ¼ Ke Tð Þ ð2Þ

Reduction of the ceria host occurs via:

OX
O ! 1=2O2 gð Þ þ VO

�� þ 2e0;

VO
��½ 	n2Po1=22 ¼ KR Tð Þ ð3Þ

In addition, ionization of the Pr3+ acceptors must be
taken into account:

Pr0Ce ! PrXCe þ e0;

PrXCe
� �

n= Pr0Ce
� �

¼ KPrðTÞ ð4Þ

The praseodymium mass balance is given by:

Prtot ¼ Pr0Ce
� �

þ PrXCe
� �

ð5Þ

where Prtot is the total amount of Pr added in solid
solution. Finally, electroneutrality dictates that:

2 O00
i

� �
þ nþ Pr0Ce

� �
¼ pþ 2 VO

��½ 	 ð6Þ

This system of six equations and six unknowns is com-
plex to solve. Noting that praseodymium enhances the
reduction of ceria, it is reasonable to assume that the
concentrations of oxygen interstitials and holes are negli-
gible relative to the other charged species. Therefore:

nþ Pr0Ce
� �


 2 VO
��½ 	 ð7Þ

Following the method suggested by Porat and Tul-
ler,10 one can solve for Po2 in terms of n yielding:

Po2 ¼
2KR

n3
nþ KPr

nþ KPr þ Prtot

� �� �2
ð8Þ

The general characteristics of this model are shown in
Fig. 2. There are four regions of conductivity behavior
incorporated in the model. In region I, a Po2

�1/6 depen-
dence is observed as is expected for reduction-controlled
electronic behavior at low Po2. Region II corresponds
to electronic conductivity when the oxygen vacancy
concentration is fixed at a constant level by acceptor
dopants and exhibits the anticipated Po2

�1/4 dependence.
In Region III, the vacancy concentration remains set by
the acceptors, but the n-type electronic drops below the
ionic conductivity, resulting in a Po2 independent beha-
vior. Finally in region IV, oxidation of Pr3+ to Pr4+

results in a Po2
�1/6 dependent oxygen ion conductivity.

The solutions for the defects dominating the total con-
ductivity in each region and the approximations used in
Eq. (8) to obtain them are summarized in Table 1.

Fig 1. Conductivity as a function of Po2 in Pr0.05Ce0.95O2��. Solid

lines are fits to the model described below.
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The following procedure was used to fit our model to
the experimental data. At each temperature, the ionic
conductivity was extracted from the plateau region of
the curve (where the relationship Prtot 
 2 VO

��½ 	 applies)
and an ionic mobility was calculated based on the con-
ductivity and the calculated vacancy concentration. The
mobility values exhibited the expected Arrhenius beha-
vior with an activation energy of 0.46 eV. The values for
KR and the electronic mobility �e were taken from stu-
dies performed on undoped single crystal ceria11,12 and
are assumed to be unaffected by Pr additions, at least up
to the 5% levels examined in this study. Eq. (8) was then
fit to the data. Fig. 1 shows that the model fits the data
quite well for PCO with x=0.05.
Derived values for KPr, plotted in Fig. 3 as a function of

temperature, follow an Arrhenius behavior with an
enthalpy of ionization of 1.52 eV. This indicates that Pr3+

forms relatively deep traps in PCO, lying somewhere near
mid-gap.
While the data for PCO with x=0.05 fit the model

rather well, samples containing lower concentrations of Pr
proved more troublesome. This we trace to the increasing
importance of background impurities in the raw materials
used to prepare the samples. At high doping levels, the
effect of Pr3+ is sufficient to mask the effects of back-
ground impurities. As the doping level approaches the
background acceptor level, contributions to the overall
conductivity from the two begin to compete with one
another. The model was modified to accommodate fixed

valence impurities and an analytic solution similar to
that for the background impurity-free case was found.
However, further experiments are required in order to
accurately determine the background acceptor impurity
level and calculate the ionization constant for praseo-
dymium in samples with a lower doping level. Likewise,
the experiments are being extended to lower pressures to
confirm the electron transition to a Po2

�1/6 dependence
more clearly.

4. Summary and conclusions

The electrical conductivity measurements of PCO
with x40.05 were examined as functions of Po2 and T
and a defect model based on multiple oxidation states of
Pr was found to be consistent with the data. These
results confirm that Pr markedly increases the degree of
nonstoichiometery in ceria under oxidizing conditions
and thereby its potential utility in gravimetric sensors as
the active film. Further studies are being pursued to extend
the ranges of x, Po2 and temperature and to establish the
rate limiting steps controlling the redox kinetics.
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Fig. 3. Temperature variation of the ionization constant KPr for

x=0.05 in PCO.

Fig. 2. Concentrations of vacancies and electrons and the total elec-

trical conductivity plotted vs. Po2 for the four defect regimes.

Table 1

Solutions for the dominant defects in each regime of the defect model for PrxCe1�xO2��

Region I Region II Region III Region IV

n>>KPr ([PrCe
0]>>[PrCe

X ]) n>>KPr ([PrCe
0]>>[PrCe

X ]) n>>KPr ([PrCe
0]>>[PrCe

X ]) KPr>>n([PrCe
X ]>>[PrCe

0])

n>>Prtot, n=2[VO
��] Prtot>>n, 2[VO

��]=[PrCe
0] Prtot>>n, 2[VO

��]=[PrCe
0] Prtot>>KPr, 2[VO

��]=[PrCe
0]

� / n ¼ ð2KRÞ
1=3Po�1=6

2 � / n ¼
ð2KRÞ

1=2

ðPrtotÞ
1=2

Po�1=4
2 � / 2½VO

��	 ¼
½Pr0Ce	

2
� / ½VO

��	 ¼
K1=3

R

ð2KPrÞ
2=3

Pr2=3tot Po
�1=6
2
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