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Measurement of oxygen fugacities under reducing conditions: Non-Nernstian behavior of
Y2O3-doped zirconia oxygen sensors
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Abstract—A calibration procedure is presented for the use of a Y2O3-stabilized zirconia (YSZ) oxygen sensor
in 1 atm gas-mixing furnaces in the temperature range 1200–1500°C and 0–8 orders of magnitude below the
iron-wüstite (IW) buffer. Corrections to the Nernst equation were obtained by measuring apparent oxygen
fugacities of gases in equilibrium with graphite (equilibrated with pure CO vapor), Cr1 Cr2O3, and
Ta1 Ta2O5. Under reducing conditions,fO2

s calculated using the ideal form of the Nernst equation are
erroneously high, by,0.1 log units at IW but by nearly three log units for Ta-Ta2O5 at 1000°C.

The deviations between measured emfs and those calculated assuming Nernstian behavior of the electrolyte
in the oxygen sensor reflect mixed ionic-electronic conduction. Measured emfs under reducing conditions are
readily corrected for this effect via experimentally determined values of Pu, the oxygen fugacity at which
electronic conduction constitutes half of the total conductivity. For the oxygen sensors used in this study,

log Pu(60.20,1s)53.70(60.72)2
(32.9561.15)3103

T~K!
.

Even under conditions more reducing than a gas of solar composition (fO2
5 10218 at 1200°C), YSZ oxygen

sensors can be used to determine absolute values of the oxygen fugacity to within60.2 log units.

1. INTRODUCTION

Redox conditions play an important role in the evolution of
igneous systems, influencing the compositions of individual
phases, the speciation within them, and even whether or not a
specific phase will be stable. Given observed compositions of
minerals, it is often possible to constrain the oxygen fugacity
(fO2

) at which they were established, but only if the thermody-
namic properties of the phases involved are adequately char-
acterized. Yttrium oxide- (YSZ) and calcium oxide-doped
(CSZ) zirconia oxygen sensors are an integral part of the
required experimental measurements. They are used (1) to
determine directly the free energy of oxidation reactions (Kiuk-
kola and Wagner, 1957; O’Neill et al., 1989; Pratt, 1990), (2)
as oxygen sensors (Weissbart and Ruka, 1961; Sato, 1971) to
determine the oxygen fugacity of a gas to which a sample is
exposed (Huebner, 1987), and (3) for intrinsic oxygen fugacity
measurements on mineral grains from natural assemblages
(Sato, 1972; Arculus and Delano, 1981; Brett and Sato, 1984;
Kozul et al., 1988). In addition, although typically used at a
total pressure of 1 atm, it is also possible to use solid oxide
electrolytes at elevated pressures (Woermann et al., 1982; Ja-
cob and Iwase, 1983; Yasuda and Fujii, 1993).

Usually underlying each of the above applications are two
key assumptions: (1) conduction within the electrolyte is purely
ionic and, therefore, (2) the Nernst equation holds in its ideal
(i.e., purely ionic) form. Under very oxidizing (oxygen partial
pressures exceeding 100 atm for YSZ, Park and Blumenthal,
1989) and reducing (below the IW buffer for YSZ, Etsell and

Flengas, 1970) conditions, however, electronic conduction be-
comes important, and both assumptions become invalid. In this
study, we present a simple procedure for correcting measure-
ments using Y2O3-stabilized zirconia oxygen sensors so that
oxygen fugacities can be determined accurately (60.2 log
units) even under extremely reducing conditions (i.e.,fO2

s
several orders of magnitude below the IW buffer). We deter-
mined the corrections necessary for an SIRO2r oxygen sensor,
which is constructed from an alumina (50 wt%) plus YSZ
electrolyte plug inserted into an alumina tube and welded to
form a gas tight seal. This design contrasts with the more
common slip cast electrolyte tubes composed entirely of elec-
trolyte, and, therefore, although our procedures can be used for
other types of oxygen sensors, our experimental results should
not be applied to them. We also note that our procedures are
designed for experiments conducted at elevated temperatures
(above;1200°C), but, given evidence of the systematic be-
havior of oxygen sensors to lower temperatures (see Ulmer,
1984; Burkhard and Ulmer, 1995; Beckett and Mendybaev,
1997), it should be possible to extrapolate our results to lower
temperatures. We note that there are numerous studies using a
variety of techniques in the literature concerning the conduc-
tivity of solid oxide electrolytes (e.g., Etsell and Flengas, 1970;
Worrell, 1977; Iwase et al., 1984a, 1984b; van Wijngaarden et
al., 1988; Pratt, 1990; Ramanarayanan et al., 1991; Swider et
al., 1991; Naito and Arashi, 1992; Wu et al., 1992; Pandit et al.,
1994; Rommerskirchen et al., 1994; Sutija et al., 1995), and we
use the same formalism (Schmalzried, 1962, 1963) to describe
our results. Our measurements are, however, obtained from an
in-use oxygen sensor. They are only indirect indicators of
electronic conductivity in the electrolyte but give directly the
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necessary corrections for obtaining oxygen fugacities from
measured emfs.

1.1. Oxygen Sensors Operating in the Nernstian Regime

In a perfect crystalline oxide (i.e., with no defects), the ions
would be restricted to specific lattice sites with only extremely
rare jumps between adjacent sites. There are, however, some
solids characterized by high concentrations of highly mobile
ionic defects that move from one lattice site to another or
between lattice sites and interstitial positions with relative ease.
When such materials are exposed to an electric field, the mobile
defects (anions or cations) migrate in the direction of the
applied field while maintaining local electrical neutrality within
the solid via charge compensating holes and electrons. This
phenomenon is referred to as ionic conduction, and the material
within which this occurs is called a solid electrolyte. As a
practical working definition (e.g., Alcock, 1993), solid electro-
lytes are generally restricted to materials for which.99% of
the total conductivity is due to ionic conduction. There are
many types of solid electrolytes, with mobile ions including
F2, Ca21, Na1, H1, and O22 (Etsell and Flengas, 1970; Pratt,
1990; Iwahara and Hibino, 1993). If the applied field is fixed,
the mobile ions can be selectively “pumped” through the solid
electrolyte. If the chemical potential of the mobile species is
fixed but different on both sides of the solid electrolyte, an
electric field is produced within the electrolyte, the magnitude
of which is related to the difference in chemical potentials.
Thus, for example, when the transport is dominated by oxygen
ions, the relationship between an observed emf across the solid
electrolyte and the difference in the chemical potential (or,
equivalently, the oxygen fugacity) across the electrolyte can
become very simple and can be used to measure accurately the
difference infO2

between the two sides of the electrolyte.
Figure 1 is a schematic representation of an oxygen sensor

(e.g., with an electrolyte made of YSZ). Two gases, each at
equilibrium (i.e., with a well defined partial pressure of oxy-
gen), are separated by the solid electrolyte, with electrodes
attached to both surfaces of the electrolyte. Generally, this
requires an effectively infinite reservoir for each gas, which is

generated by constantly flowing vapor. Provided that (1) charge
transfer across the electrolyte occurs strictly by the flow of
oxygen anion defects (O22; i.e., the dominant defects are
doubly ionized oxygen vacancies), (2) the meter in the electri-
cal circuit connecting the two electrodes used to measure the
voltage has a very large resistance, and (3) there are no chem-
ical reactions or diffusive fluxes causing a significant change in
the compositions of the gases, the electrolyte, or the electrodes,
then there will be no net flow of current or mass across either
electrode/electrolyte interface. Under these conditions, the cell
shown in Fig. 1 is reversible and, if thefO2

at interface A is
different from that at B, the chemical potential difference will
cause a corresponding but opposite electrical potential differ-
ence in the electrons at the two electrodes. Provided that the
electrodes and electrical leads are of the same material (e.g., W,
Pt), there will be no thermal emf caused by differing resistivi-
ties, and the potential difference between the two electrodes can
be described by (e.g., Kingery et al., 1976)

Ecell 5
2RT

4F
ln S fO2@B

fO2@A
D , (1)

where F is the Faraday constant (96484 J/V), R the gas con-
stant, T the absolute temperature, andfO2

@i the oxygen fugac-
ity at interfacei. Equation 1 is known as the Nernst equation.
By introducing a gas of known oxygen fugacity at A and
measuring the cell emf, it is possible through Eqn. 1 to deter-
mine the oxygen fugacity of a gas of unknown composition at
B. In 1 atm gas-mixing experiments, the standardfO2

is gener-
ally fixed by air or pure oxygen, although it is also possible to
use solid buffer assemblages (e.g., Cu1 Cu2O or Fe 1
Fe12xO) to fix the standardfO2

.

1.2. Oxygen Sensors Operating under Non-Nernstian
Conditions

The total conductivity of stabilized zirconia incorporates con-
tributions from oxygen vacancies, electrons, and holes. The
conductivity, si, due to oxygen vacancies is independent of
oxygen fugacity, being dictated primarily by dopant concentra-
tions, but those of electrons (se 2 } fO2

21/4) and holes (sh z }
fO2

11/4) (see e.g., Patterson, 1971; Worrell, 1977) are not. Under
sufficiently reducing conditions, transport of free electrons (n-
type conduction) becomes important and, at highfO2

s, electron
holes (p-type conduction) dominate the total conductivity (un-
der even more extreme conditions, other dependencies on the
total conductivity may be expected, e.g., Smyth, 1976, 1977;
Kofstad, 1983; Subbarao and Maiti, 1984). Thus, in either
regime, an assumption implicit in the derivation of the ideal
form of the Nernst equation given by Eqn. 1, that ionic con-
duction is the dominant mode of charge transfer across the
electrolyte, begins to break down. This electronic conduction
partially short circuits the cell shown in Fig. 1 so that Ecell will
be lower than expected on the basis of Eqn. 1. If the Nernst
equation is used in its standard form under these conditions, the
predicted difference in oxygen fugacity between the standard
and the unknown will be too small (i.e., if the standard has an
oxygen fugacity higher than that of the unknown, the value
calculated for the unknown will be erroneously high).

The fO2
at which electronic conduction becomes a serious

Fig. 1. Schematic of oxygen sensor. Modified after Sato (1971).
Labelling of the direction of electron (e2) and O22 flow follows from
assuming that the vapor in contact with interface A has the higher
oxygen potential.
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problem varies with temperature and the electrolyte material.
The effect can be described by

E cell 5
2 RT

F
ln H ~Pu

1/4 5 fO2@B
1/4 !

~Pu
1/4 1 fO2@A

1/4 !J , (2)

where Pu is the oxygen fugacity at which half of the conduc-
tivity is due to electronic conduction. This expression was first
obtained by Schmalzried (1962, 1963) based on the treatment
of Wagner (1933). Deviations from the Nernst equation can
thus be described at constant temperature in terms of a single
constant, Pu, independent of oxygen fugacity. When written in
this form, which is comparable to that of Eqn. 1 for the case of
purely ionic conduction, the nature of the correction for elec-
tronic conduction becomes apparent. The larger Pu is, the
higher the oxygen fugacity for which significant deviations
from the Nernst equation will occur, as shown in Fig. 2 . It is
also worth noting from this figure that at any given Pu, the
sensitivity of Ecell to deviations from the Nernst equation is
greatest whenfO2

is within 3 log units of Pu. It is in this region
that the most accurate determinations of Pu are possible. Under
more reducing conditions, Ecell becomes a weak function offO2

and, under more oxidizing conditions, deviations from the
Nernst equation are too small. Figure 2 also has implications
for the inverse problem, the solution of which is a primary goal
of this study: for a set of values of Pu, fO2@A, and Ecell,
calculatefO2@B. Given some uncertainty in Pu, flattening of the
curves in Fig. 2 under reducing conditions implies that the
uncertainty in such a calculation increases rapidly with decreas-
ing fO2

and is very large whenfO2
is more than;3 log units

below Pu (i.e., the correction to the Nernst equation is large in
a redox regime where Ecell is relatively insensitive tofO2

). As
the fO2

is increased from these low levels, both the size of the
correction and the relative error in determining it become
smaller.

It is important to note that Eqn. 2 assumes electronic con-

duction to be the only cause of deviations from the ideal form
of the Nernst equation. We show below that cell emfs for
SIRO2t oxygen sensors under reducing conditions outside the
range of purely ionic conduction are in fact described reason-
ably well by Eqn. 2. Thus, other processes such as diffusion of
O2 molecules through the alumina along cracks or grain bound-
aries, slow transport of oxygen through the porous Pt electrode,
reduction of the electrolyte, or some form of contact resistance,
either do not contribute significantly to the cell emf or, coin-
cidentally, do so in a manner consistent with Eqn. 2. If these or
other factors are important contributors to the observed cell
emfs, then inferred values of Pu should be viewed as empirical
constants.

Rearranging Eqn. 2 leads to

ln fO2@B 5
2 4EcellF

RT
1 ln fO2@A 1 4 ln

H1 1 S1 2 expFEcellF

RT GDS Pu

fO2@A
D 1/4J , (3)

which presentsfO2
of the unknown gas as an explicit function

of Pu. The main purposes of this study are to determine values
of Pu for SIRO2

® sensors as a function of temperature and to
establish a simple calibration procedure for solid electrolyte
oxygen sensors. Given this information, Eqn. 3 can be used as
the operative equation for the determination of oxygen fugac-
ities in experimental gas mixtures under reducing conditions.

2. EXPERIMENTAL TECHNIQUES

Experiments were conducted in a vertical 1 atm gas-mixing furnace
with MoSi2 heating elements. We used YSZ oxygen sensors (SIRO2t),
obtained from Ceramic Oxide Fabricators, Ltd., Eaglehawk, Australia
and Pt electrodes. These sensors (Figs. 1, 3) consist of an electrolyte
plug, a two-phase mixture of alumina plus YSZ (9.5 mol% Y2O3),
inserted into one end of an alumina tube and welded to form a gas tight
seal (Badwal et al., 1987). Temperatures were monitored using a
Pt-Pt10Rh thermocouple located inside the oxygen sensor, the Pt leg of
which also acted as the internal lead for the oxygen cell. Graphite (used
in some cases to fix the gas composition; see below) was commercial
grade (Ultratcarbon, 99.8%). Metal for calibration consisted of 1.0 mm
OD Ta wire (Alfat, 99.97%), 0.23 mm OD Fe wire (Baker analyzedt,
99.9%) and Cr flakes cut into strips (Alfat, 99.99%). The relatively
thick Ta wire was necessitated by its high evaporation rate in our
experiments.

2.1. Resistance Technique

The first type of experiment (Fig. 4a ) was used to locate the
Fe-wüstite (IW), Cr-Cr2O3, and Ta-Ta2O5 buffer curves. This proce-
dure has been used in our laboratory at Caltech for confirming Nern-
stian behavior of oxygen sensors for some time (e.g., Beckett et al.,
1988). It is based on the much higher resistance of the oxide of an
element relative to that of the pure metal. Two thick Pt wires, typically
0.76 mm in diameter are threaded through the holes in an alumina tube
(we use 4-bore, 6.4 mm OD alumina tubes from McDanel Vesuvius,
Malvern, PA for this purpose). At the end of the alumina tube to be
exposed at high temperatures, the Pt wires are bent into hooks. A Pt
wire 0.33 mm in diameter and approximately 2.5 cm long is then
wrapped around each of the hooks such that roughly 1 cm extends
beyond the bottom. A metal wire of the material to be used for
calibration is then spot welded (Fe, Ta,6Cr) to the 0.33 mm OD Pt
wire or, for some of the Cr wafers, the Pt wire was welded to the metal
strip using an H2-O2 torch. This results in the arrangement shown in
Fig. 4a. The opposite ends of the thick Pt wires extend above the
furnace where they can be attached to an ohmmeter and the resistance
of the circuit measured. Prior to beginning a calibration experiment, the

Fig. 2. Effect of Pu on Ecell at 1300°C as a function oflog10fO2
.

Labels adjacent to curves are values of log Pu. Also shown are calcu-
lated oxygen fugacities at 1300°C for the buffers Cr-Cr2O3 (Holzheid
and O’Neill, 1995), CCO, Ta-Ta2O5 (Robie et al., 1979), IW, and
Ni-NiO (O’Neill and Pownceby, 1993). Note that the oxygen fugacities
considered here and in the text are referenced to pure O2 gas at a
pressure of 1 bar.
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sample assembly contain ing
the oxygen sensor is set up such that upon
insertion into the furnace, the tip of the thermocouple inside the sensor
tube is in the hot spot but the welded wire is suspended;5 cm below
the top of the furnace in a cooler zone. The furnace is then flushed with
N2, and the sample assembly inserted into the furnace under flowing
N2. Once the system stabilizes to a constant temperature, the N2 is
turned off. For Fe and Ta experiments, an H2-CO2 gas more reducing
than the oxide-metal buffer is introduced. Once a stable cell emf is
achieved in a matter of minutes, the wire is inserted into the hot spot
and the system again allowed to stabilize. The CO2/H2 ratio of the gas
is then increased until an increase in the resistance across the Fe or Ta
wire is observed. This indicates that an oxide is forming on the wire and
hence that the flowing gas lies within the stability field of the oxide
(i.e., at conditions more oxidizing than the buffer curve). The CO2/H2

ratio of the gas was then decreased until the resistance again decreased,
indicating that thefO2

of the vapor had crossed that of the buffer curve
and now lay in the stability field of the metal. By iterating this reversal
from metal3 oxide3metal in successively smaller increments of gas
composition, it was possible to bracket the emf corresponding to the
position of the metal-oxide buffer to within 1 mV. Ta wires usually
failed due to evaporation of the metal after measurements at two or
three temperatures. Iron wires could be used in many measurements
without loss, although for measurements below 1200°C, it was neces-
sary to pass the mixed gas through a Pt catalyst to ensure equilibration
within the vapor (see Beckett and Mendybaev, 1997). For Cr, the initial
nucleation of oxides on the water is very slow, and the water was,
therefore, inserted into the hot spot at 1400 or 1500°C under flowing air
and held there until the oxidation began as evidenced by an increased
resistance. This initial incubation period lasted from a few hours to a
day but, once nucleated, the amount of Cr2O3 and hence the resistance
could be manipulated through changing gas composition. The experi-
ment then proceeded as above for Ta and Fe. Individual Cr strips cut
from the Cr flakes generally yielded measurements at three or four
temperatures before failing.

Contamination of the metal wires by Pt potentially introduces an
error because the oxygen fugacity for equilibrium between the resulting
alloy and an oxide is higher than that of the pure metal-oxide. For Fe
and Ta, this effect is negligible in our experiments because exposure
times in the temperature range 1200–1400°C are only a few hours, and
the resistances are, therefore, dominated by oxides in contact with pure
metal. For Cr, however, exposure times at high temperatures were often
much longer due to the initial oxidation step. This resulted in the
formation of an intermetallic phase, Cr3Pt, at the interface between Cr
and Pt and;20 wt% Pt in the Cr wafer at the contact. Were the entire
wafer characterized by such a high concentration of Pt, the alloy-oxide
equilibrium would be two log units more oxidizing than the Cr-Cr2O3

buffer (using activity-composition data for Cr-Pt alloys of Kay and
Mohanty (1970) and free energy data of Holzheid and O’Neill, 1995),
and, therefore, calculated values of Pu based on the Cr-O system would
be grossly in error. To test this possibility, we measured relative flow
rates of H2 and CO2 in mixed gases at metal-oxide equilibrium using
the floating soap film technique described by Nafziger et al. (1971).
Observed values of 0.38–0.41 vol% CO2 for Cr2O3 in equilibrium with
our Cr wafers at 1400°C correspond tolog10fO2

5 214.44 6 0.04
based on the gas mixing tables of Deines et al. (1974), in excellent
agreement withlog 10fO2

5 214.50 obtained from the free energy of
formation of Cr2O3 given by Holzheid and O’Neill (1995). The agree-
ment implies that Pt contamination does not contribute significantly to
our results, even for Cr, and our resistance technique, therefore, cap-
tures the position of the pure metal-oxide equilibrium for each of the
elements studied. We note that mixed gases of known composition can

Fig. 3. Backscattered electron photomicrograph of SIRO2t oxygen
sensor. The region in the lower portion of the figure is part of the
alumina tube with alumina (dark) and interstitial YSZ (bright). The
central portion shows eutectic intergrowths characteristic of the welded
region, and the upper portion displays the alumina-YSZ mixture of the
electrolyte. There is also a large arcuate crack near the interface
between the welded zone and the alumina/YSZ electrolyte plug, which
may have been a factor in the failure of this sensor.
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be used to indirectly calibrate deviations from Nernstian behavior as
shown above for Cr-Cr2O3 (see also Burkhard and Ulmer (1995) and
references therein). We chose not to pursue this approach, except as a
check for internal consistency, because (1) for flow rates corresponding
to less than;0.1 vol% CO2, errors on the flow rates were a substantial
fraction of the flow rate, and (2) at very high mixing ratios (i.e., under
very reducing conditions), contaminants in the hydrogen significantly
influenced the oxygen fugacity (i.e., vapor compositions did not lie
precisely on the H2-CO2 binary). Both of these problems can be
overcome though at considerable expense.

2.2. Graphite Capsule Technique

An alternative procedure was used to determine the emf correspond-
ing to the graphite-gas coexistence in the C-O system (referred to as the
‘‘CCO’’ buffer; Fig. 4b). First, a hole 1.1 cm in diameter was drilled
into a 16 mm OD, 4 cm long graphite rod to form a crucible. A cap of
the same material was then cut with a central hole to accommodate the
oxygen sensor tube and an additional, off-center hole to allow passage
of the external electrode. With the oxygen sensor fixed in place,

mounted in the top plate assembly, the cap and crucible were brought
up from underneath the sensor and slid up over its end. The cap was
then slid further up to expose the cavity between the crucible and
sensor and the cavity filled with 2–3 mm diameter graphite chips. The
cap was then slid back into place to cover the crucible resulting in the
arrangement depicted schematically in Fig. 4b. The graphite crucible
was secured by Pt wire to Pt hooks suspended from an adjacent alumina
rod (cf. Fig. 4a). The assembly was placed into the furnace under
flowing N2 at 1000°C. The N2 was then turned off and CO introduced
into the furnace. A stable emf then corresponded to the value for the
CCO buffer at that temperature. Although some degradation of the
graphite capsule occurred with time, it was possible to measure emfs at
several temperatures using one capsule.

3. RESULTS

3.1. Calibration of the YSZ Sensor

Figure 5 shows results of calibration measurements for one
sensor obtained at IW, Cr-Cr2O3, CCO, and Ta-Ta2O5 together

Fig. 4. Schematics of calibration set-up. (a) Bare wire (Fe or Ta) or strip cut from a flake (Cr) used for IW, Cr-Cr2O3,
and Ta-Ta2O5 buffer calibrations. (b) Graphite capsule.

Fig. 5. Calibration data for SIRO2t sensor. Apparent values oflog10fO2
calculated from our emf measurements using the

Nernst equation with air as the reference gas are plotted against temperature. Also shown are the corresponding positions
of buffer curves according to the literature (CCO and Ta-Ta2O5: Robie et al., 1979; IW: O’Neill and Pownceby, 1993;
Cr-Cr2O3: Holzheid and O’Neill, 1995). The vertical dashed lines refer to the temperature of intersection for the calculated
buffer curves with shading corresponding to the 1s uncertainty band on the intersection of the experimentally determined
equilibria. Nominal errors on the measurements are smaller than the symbol sizes. (a) IW, CCO and Cr-Cr2O3. (b) IW, CCO
and Ta-Ta2O5.
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with buffer curves calculated based on thermodynamic data.
Individual symbols correspond to apparent oxygen fugacities
calculated using the ideal form of the Nernst equation (Eqn. 1).
Vertical dashed lines indicate temperatures at which the calcu-
lated buffer curves intersect. There are three important features.
(1) For a given buffer assemblage, the apparentlog10fO2

values
based on the Nernst equation vary approximately linearly with
temperature but differ systematically from calculated values for
the same buffer assemblage. This is a direct measure of the
error introduced by assuming that the Nernst equation is cor-
rect. The results are reproducible despite cycling of the sensor
up and down temperature, varying the order in which different
buffer assemblages were used, and, for Cr-Cr2O3, varying the
length of the initial oxidation step. This implies that time
dependent processes such as diffusion of Pt into the metal or of
the metal into the Pt support wires did not affect the results. (2)
The deviation at constant temperature between calculated and
actual oxygen fugacity as determined by the buffer assemblage
is nearly zero for IW (log10fO2

obtained using Eqn. 2 and
values calculated from Huebner (1971) agree within60.02) but
increases systematically with decreasingfO2

(i.e., for this ex-
perimental setup where the reference gas is well inside the
Nernstian regime). Thus, at a given temperature, the error in
assuming that the ideal form of the Nernst equation is correct
becomes larger as the oxygen fugacity is decreased. (3) The
temperatures at which the measured Cr-Cr2O3 and Ta-Ta2O5

buffer curves intersect the CCO curve (shown as shaded boxes
in Fig. 5) are within 2s, as determined from propagation of
errors on the linear regressions, of the intersection based on the
thermodynamic calculations (12506 6 (1s) vs. 1245°C (Robie
et al., 1979; Holzheid and O’Neill, 1995) and 14326 9 (1s) vs.
1444°C (Robie et al., 1979); see vertical dashed lines) even if
uncertainties in the thermodynamic calculations are not con-
sidered. This is an important statement of internal consistency.

Rearranging Eqn. 3 leads to

Pu 5 5 fO2@B
1/4 expSEcellF

RT D 2 fO2@A
1/4

1 2 expSEcellF

RT D 6
4

. (4)

Thus, each measurement of a cell emf at a known temperature
and oxygen fugacity (i.e., along a buffer curve for our experi-
ments) generates a value of Pu. Calculated values based on our
measurements of the Cr-Cr2O3, CCO, and Ta-Ta2O5 buffers
are shown in Fig. 6. Values based on the IW buffer are
inappropriate for determining Pu because deviations between
the measured and calculated (based on thermochemical data)
positions of the buffer curve are too small (i.e., uncertainties in
the measurements and in the calculated buffer curve exceed
deviations from the Nernst equation). That deviations from the
Nernst equation are small for the IW buffer is well known
(Sato, 1971) and is the basis for using this buffer as a calibra-
tion point for some oxygen sensors (e.g., Williams and Mullins,
1981; Beckett et al., 1988). In contrast, deviations from the
standard form of the Nernst equation greatly exceed uncertain-
ties in measurement or thermodynamic data for the CCO,
Cr-Cr2O3 and Ta-Ta2O5 buffer assemblages at 1 bar. A linear

regression of our data for these three buffers is shown in Fig. 6
and is given by the following equation:

log10Pu~60.20! 5 3.70~60.72! 2
~32.956 1.15! 3 103

T~K!
. (5)

where quoted uncertainties are 1s. Also shown are measure-
ments oflog10Pu from the literature obtained for single-phase
YSZ (Swinkels, 1970; Sasabe et al., 1991). Our calculated
values oflog10Pu for SIRO2t sensors are significantly higher
than the reported values for single-phase YSZ. In part, this
reflects the presence of large amounts of alumina (50 wt%) in
the electrolyte of SIRO2t sensors. According to a simple treat-
ment of conductivity in multiphase aggregates (Kingery et al.,
1976), which is consistent with results for 0–30 wt% alumina
in YSZ (Ishizaki et al., 1989), this can be expected to reduce the
ionic conductivity by a factor of;3.5, leading to an increase of
2 in log10Pu relative to pure YSZ. Additional contributions
arise from differences in grain size (scaling with surface area of
grain boundaries), and, in fact, resistivity measurements of
Badwal (1987) on single phase YSZ and SIRO2t electrolyte
suggest that the difference inlog10Pu should be;4, consistent
with observation (Fig. 6). That the slopes of lines for single-
phase YSZ significantly differ from our determination may
reflect differences in the relative contributions of grain bound-
aries and interiors to the total conductivity. It is also worth
noting in this context that scatter of data about some of the lines
in Fig. 5 significantly exceeds expectations based on the nom-
inal uncertainties (smaller than symbol sizes) and that the
scatter tends to increase with decreasingfO2

(compare IW with
Ta-Ta2O5 in Fig 5b). One possibility is that electrode-electro-
lyte reactions occur in our experiments on the lowfO2

side of
the sensor, producing one or more PtZr intermetallic com-
pounds (Lu et al., 1995) and introducing an additional voltage

Fig. 6. log10 Pu vs. 103/T(K). Each symbol represents one determi-
nation of the emf for an SIRO2t oxygen sensor (9.5 mol% Y2O3-doped
ZrO2) corresponding to a particular buffer assemblage using air as the
reference gas. Determinations of Pu from the literature are also shown
with data sources indicated. (1) Polarization measurement on 7 mol%
Y2O3-doped ZrO2 (Swinkels, 1970). (2) Coulometric titration on 6 and
8 mol% Y2O3-doped ZrO2 (Sasabe et al., 1991). (3) Bipolar impedance
measurements on 6 and 8 mol% Y2O3-doped ZrO2 (Sasabe et al.,
1991).
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to the cell. Alternatively, modest effects may be caused by the
evaporation of graphite, Fe, Ta, and/or Cr during calibration,
leading to contamination of the Pt lead and the introduction of
a thermal emf contribution (e.g., Iwase et al., 1984b). None of
these effects are taken into account by the analysis in this work,
and, if one or more of them is important, the interpretation of
our values for Pu as indicating thefO2

at which electronic and
ionic conductivities are equal would be incorrect in detail.
Equations 3 and 5 could, nonetheless, still be used to determine
log10fO2

because they reflect deviations from the ideal form of
the Nernst equation as they exist for the operating oxygen
sensor.

We tested five SIRO2t oxygen sensors taken from several
different batches of SIRO2t sensors purchased over about a
decade against the calibrated sensor described above (i.e., the
two sensors were exposed simultaneously to the same vapor at
the same temperature). All of the results are consistent within
63 mV, well within the uncertainties quoted for Eqn. 5 (i.e.,
Eqn. 5 is a good representation for all SIRO2t YSZ oxygen
sensors using our experimental configuration). However, since
several factors may influence the electronic conductivity of a

particular sensor (and thus the actual deviation of a particular
sensor from Nernstian behavior), it would probably be desir-
able, given one calibrated sensor as a secondary standard, to
calibrate other oxygen sensors against it by simultaneously
exposing the standard and new oxygen sensor to the same
reducing gas. We also emphasize that our measurements are
directly applicable only to SIRO2t oxygen sensors. It is highly
unlikely that Eqn. 5 would provide even a crude approximation
for other types of YSZ oxygen sensors (cf. Fig. 6). The cali-
bration procedures described above are, however, equally ap-
plicable to these materials.

3.2. Implications for Measurement of Oxygen Fugacities
Using SIRO2t Oxygen Sensors.

The oxygen fugacities at which electronic conduction ac-
counts for 0.1–200 mV of the cell emf were calculated using
Eqns. 3 and 5 and are shown in Fig. 7a. The correction is
nominally observable even at IW but given that available
determinations of the buffer curve (Huebner, 1971; Robie et al.,
1979; Chase et al., 1985; O’Neill and Pownceby, 1993) vary

Fig. 7. Errors and uncertainties associated with use of the ideal form of the Nernst equation (Eqn. 1) and corrections for
electronic conduction calculated using Eqns. (3–5). An air reference is assumed for the sensor. Literature sources for buffer
curves are as in Fig. 5. (a)log10fO2

at which electronic conduction accounts for a specified number of mV. (b) Deviation
(1s) in log10fO2

due to uncertainties in Pu as a function oflog10fO2
at specified temperatures. The position of Pu was

calculated using data from this study. The curve labelled ‘‘solar gas’’ refers to a gas of solar composition whose T-fO2
relationship was calculated from solar abundances (Anders and Grevesse, 1989) and thermodynamic data for gaseous
species taken from Chase et al. (1985). It was assumed that this vapor is an ideal gas mixture. (c) Difference between
apparent (ideal Nernst) and actuallog10fO2

as a function of the actuallog10fO2
.
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over ;10 mV, deviations implied by the figure, though likely
real, are small enough so that no weight should be given to
them in determining Pu. On the other hand, deviations for CCO,
Cr-Cr2O3, and Ta-Ta2O5 greatly exceed combined thermody-
namic and experimental uncertainties in the temperature range
1200–1500°C. For Ta-Ta2O5, the deviations from Nernstian
behavior correspond to more than 10% of Ecell.

Figure 7b gives the uncertainty in calculatinglog10fO2
using

Eqns. 3 and 5. Also shown are positions of the experimentally
determined Pu for this study, three metal-oxide buffers, and the
T-fO2

locus for a gas of solar composition. The uncertainty is
negligible for IW because the correction is small, and the
uncertainty at Pu is still less than60.2 log units. Thus, thefO2

for a gas of solar composition below 1500°C can be determined
to better than60.2 log units (1s). Under conditions more
reducing than Pu, the uncertainty increases rapidly, reaching
60.4 log units for Ta-Ta2O5 at 1200°C.

The range over which electronic conduction can be ignored
and the ideal form of the Nernst equation safely used depends
on the accuracy required of a given application. For typical gas
mixing experiments under conditions more oxidizing than IW,
the effect is negligible (,0.1 log units) in the temperature range
of 1000–1500°C. At lower oxygen fugacities, however, the
effect becomes progressively more serious (Fig. 7c). For the
Ta-Ta2O5 buffer, the discrepancy is more than one log unit at
1500°C and nearly 3 log units at 1000°C. Calculation of
log10fO2

using Eqn. 3 and our determinations of Pu (Eqn. 5)
substantially reduces the error from this source (Fig. 7b).
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