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Abstract

The oxidation-reduction behaviour of transition metal and rare earth oxide systems in oxygen
potential controlled atmospheres was investigated by means of a solid electrolyte-based cou-
lometric technique (SEC) in carrier gas mode to obtain information concerning the extent of oxy-
gen stoichiometry, the p—7—x diagram of any mixed oxide phase, the kinetics of the oxygen ex-
change and the phase transitions.

The direct coupling of SEC and electrical conductivity measurements provides further informa-
tion about the relationship between oxygen deficiency and conductivity, especially as concerns the
oxygen mobility and the transition from ionic to mixed ionic/electronic conductivity in any system.

In the fluorite-type phases PrO,_,, Cey gPrg ;0,_, and Ce ¢St o4Pr 1,0;.,, the higher oxida-
tion state of Pr is stabilized and the electrical conductivity increases in this sequence. The
perovskite-type phase Sr,_,Ce FeO, . shows transitions and a second phase reflected in the tem-
perature-programmed  spectrum of this substance. The electrical conductivity of
Sry ¢Ce, 1FeO,_, changes from n-type to p-type with increasing oxygen pressure.

Keywords: coulometry, electrical conductivity, mixed oxides, oxygen stoichiometry, p—~T—x dia-
gram, solid electrolyte

Introduction

Mixed transition and rare earth oxides with a more or less wide range of oxygen
nonstoichiometry are of interest as candidate materials with catalytic activity, as
solid-state electronics and ionics, for electrodes or electrolytes in solid oxide sen-
sors or fuel cells, and as superconductors, magnetic materials or oxygen-permeable
membranes. These characteristics depend on chemical and phase compositions and
temperature, as well as on the oxidation state and oxygen transfer properties of the
mixed oxides.

The oxidation-reduction behaviour of such transition metal systems in oxygen
potential controlled atmospheres was investigated by means of a solid electrolyte-
based coulometric technique (SEC) in carrier gas mode to obtain information con-
cerning the extent of oxygen stoichiometry, the p—T-x diagram of any mixed oxide
phase, the kinetics of the oxygen exchange and the phase transitions.
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A special version of SEC was developed in connection with the temperature-
and time-programmed oxygen partial pressure of the reaction gas, derived from the
p—T—-x parameters of a sample under investigation.

The earlier work focused mainly on candidate materials for applications as su-
perionic conductors, electrodes in SOFCs [1], superconductors [2, 3] and nuclear
fuel materials [4].

The main objective of the present study was to demonstrate the possibilities of
SEC for measuring the change in oxygen stoichiometry of oxide powders and ce-
ramic shapes and to investigate the influence of the oxidation state on the phase
structure and physical (especially electrical) properties of some chosen mixed ox-

ides (Ceq gPro.70y, Ceg gS1.08PT0.120y and Sry_,CeyFeOs_,).

Experimental arrangements

The basic concept of combined coulometric-potentiometric arrangement for the
investigation of solid-gas interactions in the carrier gas mode was described earlier
[5]. A modified more flexible version, especially for combinations with measure-
ments of electrical conductivity, is shown schematically in Fig. 1.
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Fig. 1 Schematic view of the experimental set-up with solid electrolyte cells for coulometric-
potentiometric measurements in carrier gas mode (v=gas flow, 7=temperatures,
I=currents, U= voltages)

The steady-state carrier gas flow of 4-6 1h™! could be exactly adjusted as con-
cerns gas concentrations of gas addends and oxygen potential by a permeation de-
vice, a moistifier and the upstream solid electrolyte cell. The dosing part of the up-
stream cell allows control of the oxygen potential as a function of time (stepwise or
continuous), the sample temperature or other parameters. The sample under inves-
tigation is placed in a quartz tube reactor and heated according to an evaluated pro-
gram. All changes in concentrations of hydrogen or oxygen and the oxygen potential
during the solid—gas interaction are registered continuously in the downstream cell,
which is identical in construction to the first one, by coulometric titrations and po-
tentiometric measurements, respectively.
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Simultaneous measurements of electrical conductivity are carried out on bar-
shaped samples by the 4-wire method in a gastight tube reactor instead of the tube
for powder reactions. The contacts are directly incorporated during the preparation
of the samples by pressing and tempering.

Temperature-programmed oxygen desorption (TPD spectra)

TPD experiments in general provide information about characteristic tempera-
tures of a substance connected with structural changes because the mechanism and
absolute value for oxygen sorption—desorption are influenced by such transitions.
An example is given for the reaction of PrsOy; in an Ar-H,-H,0 mixture. Numer-
ous maxima of oxygen desorption as functions of temperature and oxygen
stoichiometry are seen in this spectrum (Fig. 2). The oxygen stoichiometry ob-
tained at a given time (and temperature) after a maximum in oxygen desorption,
calculated from the titration current of the downstream cell, is shown in the Figure.
Some peaks correlate with well-known praseodymium oxide phases (Pr,0,,_,), but
there are also peaks that can not be assigned. This complex picture of the TPD
spectrum disappears if Pr is incorporated in a mixed oxide structure (see below).
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Fig. 2 TPD spectrum of oxygen from Pr.O,, in Ar-H,-H,0 (p,, =800 vpm, H,/H,0=0.5)
2
(the numbers on the current curve are oxygen stoichiometries reached at this point)

The analysis of the TPD spectra of the perovskite-type phase Sr;_,Ce,FeO;_, in-
dicate phase transformations depending on temperature and y. The desorption spec-
trum of an air-oxidized sample (Fig. 3) exhibits three peaks: For undoped
SrFeO;_, (y=0), the broad peak between 380 and 600°C reflects the existence of
two phases transforming at different temperatures. The smaller peak at 835°C indi-
cates another phase transformation within the perovskite structure. Doping with
ceria changes the spectra comsiderably: Beginning at y=0.01 up to 0.3 mol of
ceria, qualitatively identical spectra are observed. At y>0.3, the spectra differ at
higher temperatures (>850°C), indicating some fundamental structural changes. It
is known from X-ray data [6] that the limit of existence of the solid solution is
reached at about y=0.3. The maximum oxygen release of all Ce-doped samples, in-
dependent of Ce concentration, takes place in the same manner at 400~500°C,
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Fig. 3 TPD spectra of perovskite-type phase Sry_,Ce FeO, , in Ar-H,-H,0 in Ar-0O,
(Po,=10.5 Pa)

which demonstrates that, even in the two-phase mixture 0.85rCe05~0.25rFeO,
the oxygen-desorbing phase is the solid solution Sr,_,Ce,FeO;_,.

—-X?

P-T-x measurements

For thermodynamic characterization of any mixed oxide, the oxygen exchange
up to equilibrium under defined and adjustable conditions in the p—T-x space is al-
ways of interest. There are three possible versions of measurements with this SEC
equipment.

1. Isobar temperature ramping and measurement of the time dependence of oxy-
gen exchange: in this case, the upstream cell may operate in potentiometric or cou-
lometric mode.

2. Isothermal ramping of oxygen pressure by change of the dosing current in the
upstream cell.

3. Equilibrated measurements: Measurements of the oxygen potential of any
substance can be performed by systematic change of the oxygen potential in the up-
stream cell, controlling the dosing current in this cell so that the oxygen change be-
tween the gas and the sample goes to zero. This may be achieved by comparison of
the potential of the upstream cell with that of the downstream cell. The assumptions
for this strategy are that the reactivity of the sample is high enough, the gas com-
position allows change of the oxygen potential in the region in question, and the
sample displays a certain buffer capacity for oxygen. In this ‘isostiochiometric’ ver-
sion, the equilibrium is faster because no (or very small) oxygen gradients arise
during measurements.

If the p—T—x function is formulated in a numeric equation, then the oxygen pres-
sure can be controlled by software connecting of the sample temperature and up-
stream dosing current so that cooling down occurs along an isostiochiometric curve
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and no gradient of oxygen arises in the solid. This is of special interest if low-tem-
perature properties are connected with an oxygen deficiency generated at higher
temperature (for instance, the superconductivity of oxide ceramics).
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Fig. 4 T-Ax measurement at constant p (version 1) of Ce; ¢Pry ,0,_, in Ar-0, (p, =10 Pa)
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Fig. 5 Isothermal, isobaric and isostoichiometric SEC measurements in the p—T—x space of .
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Fig. 6 Oxygen deficiency of St, ,Ce, ,FeO, , as a function of temperature at different p,
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For demonstration, these three versions p—7T—x measurements were studied for
Ceg Prg. 20y (Figs 4 and 5).

In the oxygen-deficient cubic-type phase Cep gPrg,0, as compared to the pure
praseodymium oxides, a higher oxidation state of Pr is stabilized. The oxygen defi-
ciency at 800°C related to an air-oxidized sample at 6.7-107!! Pa was found to be
0.094. Since the oxygen deficiency of pure CeO, under these conditions is more
than two orders smaller, the change in stoichiometry can be attributed to the Pr giv-
ing an oxygen stoichiometry in the mixed oxide of 1.994 and a mean oxidation state
for Pr of 1.970. This stabilization effect is more dramatic in the ternary oxide
Cey.851¢ 0dPTp.190y, where we found a change in oxygen stoichiometry of 0.058 cor-
responding to Pr 1.984 under the same conditions. At lower oxygen pressure, the
cerium participates measurably in the reduction process (at 107! Pa, the oxygen de-
ficiency in the two mixed oxides is 0.131 and 0.091, respectively).
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Fig. 7 Equilibrium oxygen pressure vs. inverse temperature (a) and equilibrium oxygen
pressure muitiplied by temperature vs. temperature (b) at fixed oxygen content in
Sry,9Ceq. 1 FeO;

A further example is given for the perovskite-type phase Sty ¢Cey 1FeO;_,. The
results measured in the above-described first version at constant oxygen pressure
are given in Fig. 6. From the po —T-x functions, the thermodynamic stability data
of the materials can be calculated. The oxygen deficiency of the materials increases
with temperature and with decreasing po, (Fig. 6). The x values are related to the
oxygen chemical potential lo, and the slopes of the plots of logpo, vs. 1/T and RT
Inpo, vs. T at constant x give the partial molar enthalpy AHg and partial molar en-
tropy ASo, respectively (Fig. 7). The plots to a good approximation are straight
lines, from which the enthalpy and entropy values can be determined [7].

Coupling of electrical conductivity measurements and SEC

The electrical conductivity acts as the fourth dimension in the p—-T—x—0 space.
There are also some versions of measurement;
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1. Temperature function of conductivity at constant pressure: in general, for
substances with a high range of oxygen non-stoichiometry, the approach to equilib-
rium is slow, and thus a continuous elevation of temperature creates systematic er-
rors. A stepwise change of temperature by coulometric or potentiometric control of
the gas-solid equilibrium is helpful. In this way, information is obtained about Ax
and ¢ simultaneously.

2. Temperature function of ¢ at constant x: the method is the same as for p—7T-x
measurements (see above). In this way, the influence of stoichiometric change on
conductivity is eliminated: the gas and solid are in equilibrium at any time and the
time dependence of conductivity is avoided.

3. Pressure function of ¢ at constant T coulometric control of the gas composi-
tion in carrier-O,—H,—H,0 by the upstream cell, and control of the equilibration by
the downstream cell, covers the whole range from po,=10* Pa down to 107 Pa.
Examples of these three versions for the mixed conductors Cep.gP1970y and
Ceg g510 odPro.10y are shown in Figs 8, 9 and 10.
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Fig. 8 Temperature dependence of conductivity of Ce, gPry ,0,_ measured in isobaric (A) or
isostoichiometric mode (B)
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Fig. 9 Pressure function of the conductivity of Ce, ¢Pr, ,0, , measured in a SEC-controlled
Ar-0, or Ar-H,~H,0 gas flow
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Fig. 10 Pressure function of the conductivity of Ce, gSr, oPry 1,0, measured in a2 SEC-con-
trolled Ar-O, or Ar-H,-H,0 gas flow
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Fig. 11 Change in conductivity of Ce, ¢Pr,,0, , and downstream cell potential during ramp-
ing of oxygen pressure by upstream current (temperature of sample and SE cell
973 K)

We can not confirm the argumentation of Ma et al. [8] that the electrical con-
ductivity is much more sensitive than direct oxygen exchange measurements. An
example of the time dependence of the resistance, upstream and downstream cell
voltage and oxygen pressure after stepwise switching of the upstream current is
demonstrated in Fig. 11. Measurement of oxygen exchange seems to be an accept-
able alternative method for determination of the diffusion coefficient of oxygen in
such mixed oxides. For more details, see [9].

1t is worthy of note that there is a marked difference in the temperature functions
of conductivity measured at constant pressure or at constant x.

In the whole range of oxygen partial pressure, the conductivity of the Sr-doped
mixed oxide is about twice as high as that for the Ce-Pr-O phase. The results for
Ceg gPrg 50, agree with those measured in air {10]. In the low oxygen pressure re-
gion (<107™ Pa), both substances show a steeper gradient in conductivity. In this
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region, the electronic conductivity dominates, whereas at higher oxygen pressure,
mixed conduction is expected, with a certain ionic contribution, especially in the
Sr-doped phase.
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Fig. 12 Specific electrical conductivity of Sr, ,Ce, ;FeO,  as a function of oxygen partial
pressure p,
1

For the perovskite-type phase Sry Cey ;FeO;_,, another shape of the 6—p curve
was found. The dependence of the specific conductivity on the Po, Values in the sur-
rounding gas (Fig. 12) demonstrates the domination of p-type conduction within the
range of higher oxygen pressure. Under reducing conditions, n-type conduction ap-
pears. Measurements in the transition region are not availabie because of the ab-
sence of gases with stable oxygen partial pressures. Thus, statements on the level of
the ionic conductivity are not possible. However, the high level of 6,= =0, near

107! S cm™ of total conductivity and the suggestion of an oxygen pressure -inde-
pendent region above 107" atm O, indicate that the ionic conductivity in this mate-
rial is of the order of doped CeO, conductivity values [11]. The slopes of 1/3.8 for
p-type conduction and 1/7 for n-type conduction cannot easily be assigned to a cer-
tain redox reaction because of the complexity of possible oxygen-exchange proc-
esses in doped materials. A steeper slope in the p-type region (nearly 1/4-1/5) was
found for undoped SrFeQ,._, as well [12].

Outlook

Many of the physical properties of solid oxides depend on the oxidation state of
the oxides. If one physical property has to be investigated in the range of higher
temperatures, coupling of SEC with the measurement of the actual physical prop-
erty is an efficient tool for the attainment of more complex results. As an example,
electrical conductivity measurements on oxides are demonstrated in this paper.
Coupling of SEC with TGA has started [13].
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Simultaneous control and measurement of oxygen potential during X-ray measure-
ment have not yet been achieved. Coupling of SEC with X-ray diffraction would be
an efficient tool for investigation of the phase diagrams of oxides and lattice pa-
rameters in the T-p-x space. In this way, SEC offers a broad field for the investi-
gation of inorganic solids.
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