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Abstract The praseodymium oxide system contains a
series of related phases with very narrow compositional
width and unique extended defect structures, rather than
the more common isolated point defects. The electrical
conductivity of three of these phases has been measured
by the use of AC complex impedance and DC methods in
the temperature range 75-400 °C. The beta phase,
PrgOq, exhibits a total conductivity of 6.77x10 2 S/cm at
400 °C, with an activation energy of 0.52 eV/atom. The
conductivity of the epsilon phase, PrsOy, is slightly lower,
with an activation energy of 0.51 eV/atom. The iota
phase, Pr;O,,, has a very low conductivity. The activa-
tion energies for electrical transport in the beta and
epsilon phases are in the general range found in a number
of mixed conductors based upon LSGM oxides.

Keywords Praseodymium oxides - Oxide ion
conduction + Mixed conduction - Intermediate
temperature conductor - Electrical properties

Introduction

Rare earth oxides have been of continuous interest ow-
ing to their important electrical, optical and magnetic
properties. The praseodymium oxides are particularly
intriguing, as they are among the group of binary oxides
that show a wide range of stoichiometry, but in which
the deviation from the ideal stoichiometry is not
continuous, as is expected from the classical model of
randomly distributed isolated point defects. Instead,
there are a number of phases of unique structures and
stoichiometries with no appreciable concentrations
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of isolated point defects, and thus essentially no
compositional width. These structures are closely related
to each other, and to a simple “mother” structure.
Discussions of this general class of materials have been
published [1, 2].

In the case of the praseodymium oxide system, these
phases have been shown to have cation sublattices es-
sentially identical to that of fluorite-type PrO,. The
stoichiometric differences between them are accommo-
dated by the presence of topotactically ordered
arrangements of large localized concentrations of oxide
ion vacancies that divide the structure up into micro-
domains. There are six sub-oxide phases in addition to
the mother phase PrO,. They form a homologous series
whose compositions can be written as Pr,0,, ,. The
compositions of these phases are listed in Table 1. Sev-
eral investigators have studied the structures and ther-
modynamic properties of materials in this binary system
[3, 4, 5, 6].

The phase diagram of this system, projected onto the
temperature-composition plane, is shown in Fig. 1. Be-
cause these are oxides, their ranges of equilibrium
pressure are different. Thus they cannot all be prepared
at an ambient pressure of one atmosphere. The oxygen
partial pressure-temperature relationship for the stabil-
ity of the various phases is shown in Fig. 2. The pra-
seodymium oxide system is unique in that the phase
PrgOq; (or PrO, g3), rather than the mother phase PrO,,
is stable at ambient temperatures in air.

Transitions between these phases upon heating and
cooling, as well as upon changes in the oxygen activity of
their environment, occur very rapidly, indicating un-
usually high oxygen mobility. This is also indicated by
the fact that it was found difficult to cool fast enough to
freeze-in equilibrium compositions above about 350—
400 °C [3].

Because of the large concentrations of ordered oxy-
gen vacancies in the sub-oxide phases, they can absorb
significant amounts of water, even at ambient tempera-
ture, apparently by the electrically neutral mechanism
proposed by Stotz and Wagner [7, 8]. This involves the
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absorption of oxide ions at sites where there were
previously oxide ion vacancies. Protons are also
absorbed, and reside in interstitial sites. This water is
irreversibly desorbed at relatively low temperatures,
indicating high mobility of both protons and either
hydroxide ions or oxide ions.

Electrochemical experiments have been employed to
study the insertion behavior of lithium into these un-
usual structures, both with and without the initial
presence of protons as the result of the absorption of
water [9]. When protons are present, the entry of lithium
results in a displacement reaction and the expulsion of
hydrogen. Since this does not cause any change in
the charge balance, it has no effect upon the oxygen
stoichiometry.

Electrochemical experiments are reported here that
were undertaken to investigate charge transport in
these extended defect structure materials in the
temperature range 75-400 °C. By variation of the
oxygen partial pressure the samples could be reversibly

Table 1 Stoichiometry of the known members of the homologous
series Pr, 05, »

Value of n Formula x in PrO, Av. oxidation
state of Pr
4 Pr,05 1.500 3.00
7 Pr;0,» 1.714 3.428
9 PryOq4 1.778 3.556
10 PrsOq 1.800 3.600
11 Pr;105 1.818 3.636
12 PrgOq; 1.833 3.667
Infinity PrO, 2.000 4

transformed between the beta and epsilon phases.
Prior work [10] primarily involved measurements at
higher temperatures, including conditions under which
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stable as a function of temperature [3]
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the beta phase is not stable, as can be seen from
Fig. 2.

Experimental

Powdered PrgO;; (99.9% purity) was purchased from ChemPur
Chemical (Karlsruhe, Germany). It was made into a cylinder about
9 mm diameter and 30 mm long by isostatically pressing at
38 kN/em?. The cylinder was sintered in air at 1000 °C for 24 h,
cooled to room temperature and annealed in air at 350 °C for an
additional 24 h. This treatment resulted in the expulsion of any
water that might have been initially present in the crystal structure.
The annealed sample cylinder was cut into small coin-shaped
pellets (9 mm in diameter and about 2 mm thick), suitable for
electrical measurements, by use of a diamond saw.

Powder X-ray diffraction measurements were carried out on
several samples to monitor the crystal structure using a Seifert
Model 3000 X-ray diffractometer with Cu Ko radiation.
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Unfortunately, the phase changes that occur as samples are
cooled from the sintering temperature cause the formation of many
small cracks. Thus it is not possible to prevent the transport
of gaseous oxygen to and from the two electrolyte/electrode
interfaces.

The frequency dependence of the complex impedance was
measured over the frequency range 100 Hz to 13 MHz using a
Hewlett-Packard model 4192A impedance bridge. Experiments
were conducted in the temperature range 75-400 °C in gas
environments with different values of oxygen partial pressure:
oxygen, air, 1000 ppm oxygen in argon, and 2 ppm oxygen in
argon. Some DC conductivity measurements were also made in
both an air and a low oxygen activity environment. The phase
equilibrium data in Fig. 2 indicate that the samples that are
measured in air in this temperature range have the beta phase,
whereas those measured in partial pressures of either 2 ppm or
1000 ppm oxygen have the epsilon phase.

Platinum paste electrodes were applied to the opposite sides of
the sample. In order to achieve equilibrium conditions, the sample
was equilibrated at constant temperature for 1-2 h prior to each
impedance measurement.
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Results and discussion

Typical results of the complex impedance measurements
are shown in Fig. 3. It can be seen that measurements in
both air and 2 ppm oxygen produced two distinct
semicircles, but with no visible low-frequency tails. The
lack of a low-frequency capacitive tail indicates that

Fig. 4 Results of DC

measurements a in air and b in
2 ppm oxygen. Filled points
were from measurements upon
raising the voltage, and open
points when the voltage was

lowered

| (A

I(A)

Table 2 Observed values of capacity

Phase  Temperature (°C)  High-frequency = Low-frequency
semicircle (pF) semicircle (nF)
Beta 60 4.3 0.28
Beta 90 3.8 0.31
Epsilon 100 5.0 0.34
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Fig. 5 Temperature dependence of the conductivity for two
different values of oxygen partial pressure, as determined from
complex impedance measurements. The upper curve shows data
measured in air. Data along the lower curve were measured in
2 ppm oxygen. Points representing the results of DC measurements
in air and 2 ppm oxygen are also included, as well as results from
[10]

the electrolyte/electrode interfaces were not blocking to
the charge-carrying species. This could be due to the
presence of some electronic conductivity. It could also
indicate that the electrodes were not completely blocking
to ions under the experimental conditions employed.
The fact that the samples contained cracks allowed both
good access to the surrounding gas as well as transport
of gaseous oxygen between the electrodes. Thus the
platinum paste electrodes could not be considered to be
completely blocking to ions.

If the charge transport were entirely due to electronic
species, the two semicircles would not be present at the
higher frequencies. This indicates that at least a portion
of the charge transport is carried by ionic species.

The capacity values were evaluated from the experi-
mental parameters at the top of the semicircles. For a
simple parallel R-C combination the frequency, resis-
tance and capacity are related at that location by:
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Fig. 6 Powder X-ray diffraction spectra taken at ambient temper-
ature after performing experiments: a annealed in air overnight at
400 °C; b after conductivity measurements in 2 ppm oxygen; ¢ after
conductivity measurements in hydrogen

2n fRC =1 (1)
where f is the AC frequency. Taking into account the
resistance at the top of the semicircles, one can determine
the relevant capacity values. The results are shown in
Table 2. The lower values are in the general range
expected for a simple parallel-plate geometrical config-
uration of the electrodes across a material that is not a
good electronic conductor. The fact that a second
semicircle was observed indicates that another mecha-
nism was also present. Its time constant is greater,
indicating that the product of the corresponding resis-
tance and its parallel capacitance is larger than in the
case of the first mechanism. From the existing informa-
tion it is not clear whether this is due to a grain boundary
effect or is related to the presence of the cracks.

Data on the electrical conductivity, the reciprocal
of the total resistivity, were obtained from the

Table 3 Data for a number of

mixed-conducting oxides Material a(60 °C) (S/cm) a(850 °C) (S/em) E, (eV/atom) Ref
Lag 9S19.1Gag 72Fe9.0sM 2020034 < 107:2 0.10 0.58 [11]
Lag oSr0.1Ga.72C00.0sMg0.2003.¢ <107 0.10 043 [11]
LaoAgGaoA75Mg0A22Nb0‘03O3,d 4.9x10 o 0.041 0.77 [12]
La()_gGa()_(,SMg()_zg Nb()_()703 d 5.0)(1079 0.041 0.77 [12]
Pry.97Ca9.07Gao 8sMgo.1503 - 0.07 0.65 [13]
Pro.97870.07Gag §sMgo. 1503« <10'° 0.10 0.88 [13]
Pr¢O1, 7.6x10°° 1.40 0.52 Present

study
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low-frequency intercept on the real (Z’) axis of the
complex impedance plots. DC experiments were also
performed at several temperatures, and gave linear I/V
curves, as illustrated in Fig. 4.

The temperature dependence of the conductivity was
measured over the temperature range 75-400 °C. The
results are shown in Fig. 5. Only data for samples held
in air and in 2 ppm oxygen are included. It can be seen
that the results fall upon two almost-parallel curves.
Values taken at a series of increasing temperatures
corresponded well with those taken upon decreasing the
temperature. Likewise, cycling back and forth between
air and the low oxygen partial pressure consistently
shifted the data between the two curves. It can be seen
that the AC and DC experiments gave equivalent
results, as expected from the shape of the complex
impedance data. The results of experiments in an
atmosphere of 1000 ppm oxygen were essentially the
same as those with 2 ppm oxygen. The epsilon phase
was present in both cases, as seen from the phase
equilibria data in Fig. 2.

The activation energies for the electrical conduction in
the beta and epsilon phases were evaluated from
the respective temperature dependences. They were
found to be essentially the same, about 0.52 eV/atom for
the beta phase samples measured in air, and about
0.51 eV/atom for the epsilon phase at the lower oxygen
partial pressures. It is interesting that these are compa-
rable to the values of the activation energies for charge
transport in a number of the lower temperature mixed-
conducting oxides. This is shown in Table 3.

Experiments were also undertaken to measure the
electrical conductivity in a hydrogen atmosphere. Under
these conditions the iota phase is stable. The conductivity
of this phase was so low that it could not be measured
with the HP instrument, even up to 600 °C.

Powder X-ray diffraction measurements were made
at ambient temperature of samples that had been mea-
sured in air, at the low oxygen partial pressure atmo-
sphere, and in hydrogen. The results are shown in Fig. 6.
It is clear that the basic “‘mother” fluorite structure is
retained in all cases. The lattice parameter values were
consistent with the more extensive measurements re-
ported [5] when the influence of the atmosphere upon the
stability of the different phases, illustrated in Fig. 2, is
taken into account.

It was also noticed that the color of the sample
changed during the experiments in the hydrogen atmo-
sphere. The low oxygen content iota phase has a darker
appearance than either of the other two phases investi-
gated.

Conclusions

Experimental results have been presented on the
electrical transport behavior in materials in the PrO,
system. They contain extended defects, in which stoi-
chiometric variations are accommodated by changes in

the topotactically ordered arrangements of large local-
ized concentrations of oxide ion vacancies that divide
the structure up into microdomains. They have essen-
tially no isolated point defects. This is quite different
from the conventional model of a solid solution, in
which compositional changes and mass and charge
transport occur by the motion of randomly distributed
ionic and electronic point defects.

It was shown that the beta phase in the praseodym-
ium oxide system, PrgO;;, exhibits quite high values of
electrical conduction at modest temperatures. The con-
ductivity is about a factor of three lower under condi-
tions in which the epsilon phase is stable, and much
lower when the iota phase is present.

The presence of the semicircles in the complex im-
pedance plots, as well as the magnitude of the geometric
capacitance, indicate that ionic transport becomes im-
portant in the measurements made at higher frequencies.
Under DC conditions, when the ionic transport is
blocked, electronic transport is dominant. This is what is
expected for a mixed conductor.

Some experiments were undertaken using galvanic
cell techniques to determine the ionic and electronic
transference numbers. Although there were transient
indications of a cell voltage when two-phase combina-
tions with different oxygen activities were used as the
electrodes, no reliable data could be obtained. There
are two possible explanations for the failure of those
experiments. One is the difficulty in achieving equilibria
in the electrodes at the low temperatures. Another is
the presence of cracks due to the volume changes

accompanying the phase transformations as the
panying p
/ PrD.QSSr0.07GaO.85Mgc.1503-6
®
-1+ La, 451y 1Ga, 7,00, 05M, 0,
O\\\]
2+ o
\
‘TE A\ 8 _— Prson
S I
5 ,
g, 3r . o
o> \, B
g} g
a
\. .,
4 N
| LaGag ;Mg 5,Nb, 0304 l\_ 'A.
\_\. .
\. t.
-5 \‘\ ‘A
\
1 n I n 1 1 1 L 1
1,0 15 2,0 25 3,0

1000 /T, K"

Fig. 7 Comparison of the temperature dependence of the conduc-
tivity of beta PrO, with values reported for several LSGM-related
mixed-conducting oxides



temperature and oxygen pressure were changed that
could allow chemical short-circuit transport between
the electrodes.

The electrical conductivity of these materials is sig-
nificantly higher that that reported for some of the
LSGM-related mixed-conducting oxides investigated
recently, as shown in Fig. 7. The (partially extrapolated)
conductivities and activation energies are compared in
Table 3.
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