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Abstract—A calibration procedure is presented for the use of,@y¢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-wustite (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);+Cer,O5;, and

Ta+ Ta,0Os. Under reducing conditiond, 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,Dg 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,ofhf? oxygen fugacity at which
electronic conduction constitutes half of the total conductivity. For the oxygen sensors used in this study,

(32.95¢1.15)x 10°
T(K)

Even under conditions more reducing than a gas of solar composfigios (10~ 2 at 1200°C), YSZ oxygen
sensors can be used to determine absolute values of the oxygen tzugacity towitRimog units.

log Py(*=0.20,15)=3.70(x=0.72)

1. INTRODUCTION Flengas, 1970) conditions, however, electronic conduction be-
comes important, and both assumptions become invalid. In this

igneous systems, influencing the compositions of individual study, We, present a 5|.r'nple p'roce(.jure for correcting measure-
phases, the speciation within them, and even whether or not aments using \£Q3-stab|||zed Z|rcon|§1 oxygen sensors so that
specific phase will be stable. Given observed compositions of ©Xygen fugacities can be determined accuratety0.@ log
minerals, it is often possible to constrain the oxygen fugacity UNits) even under extremely reducing conditions (ifg,s
(fo,) at which they were established, but only if the thermody- seyeral orders of.magnltude below the IW buffer). We deter-
namic properties of the phases involved are adequately char-mined the corrections necessary for an SJROxygen sensor,
acterized. Yttrium oxide- (YSZ) and calcium oxide-doped Which is constructed from an alumina (50 wt%) plus YSZ
(CSZ) zirconia oxygen sensors are an integral part of the electrolyte plug inserted into an alumina tube and welded to
required experimental measurements. They are used (1) toform a gas tight seal. This design contrasts with the more
determine directly the free energy of oxidation reactions (Kiuk- common slip cast electrolyte tubes composed entirely of elec-
kola and Wagner, 1957; O’'Neill et al., 1989; Pratt, 1990), (2) trolyte, and, therefore, although our procedures can be used for
as oxygen sensors (Weissbart and Ruka, 1961; Sato, 1971) toother types of oxygen sensors, our experimental results should
determine the oxygen fugacity of a gas to which a sample is not be applied to them. We also note that our procedures are
exposed (Huebner, 1987), and (3) for intrinsic oxygen fugacity designed for experiments conducted at elevated temperatures
measurements on mineral grains from natural assemblages(above ~1200°C), but, given evidence of the systematic be-
(Sato, 1972; Arculus and Delano, 1981; Brett and Sato, 1984; havior of oxygen sensors to lower temperatures (see Ulmer,
Kozul et al., 1988). In addition, although typically used at a 1984; Burkhard and Ulmer, 1995; Beckett and Mendybaev,
total pressure of 1 atm, it is also possible to use solid oxide 1997) it should be possible to extrapolate our results to lower
electrolytes at elevated pressures (Woermann et al., 1982; Jatgmperatures. We note that there are numerous studies using a
cob and Iwase, 1983; Yasuda and Fuji, 1993_)' ) variety of techniques in the literature concerning the conduc-
Usually uqderlylng each Of the .ab.ove appllcatlons.are two tivity of solid oxide electrolytes (e.g., Etsell and Flengas, 1970;

!(EY assumptions: (1) conduction within thg electrolytg IS pqrely Worrell, 1977; lwase et al., 1984a, 1984b; van Wijngaarden et
ionic and, therefore, (2) the Nernst equation holds in its ideal . . i i
(i.e., purely ionic) form. Under very oxidizing (oxygen partial al., 1988, Prfatt, 1990; Ramanarayanan etal., 1991, Sy\nder et
pres’sures exceeding 100 atm for YSZ, Park and Blumenthal al., 1991; Naito and Arashi, 1992; Wu et al., 1992; Pandit et al.,

' ' 1994; Rommerskirchen et al., 1994; Sutija et al., 1995), and we

1989) and reducing (below the IW buffer for YSZ, Etsell and . ’ i
use the same formalism (Schmalzried, 1962, 1963) to describe
our results. Our measurements are, however, obtained from an

*Author to whom correspondence should be addressed (john@ in-use oxygen sensor. They are only indirect indicators of
expet.gps.caltech.edu). electronic conductivity in the electrolyte but give directly the
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Fig. 1. Schematic of oxygen sensor. Modified after Sato (1971).
Labelling of the direction of electron (@ and G~ flow follows from
assuming that the vapor in contact with interface A has the higher
oxygen potential.

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

R. A. Mendybaev et al.

generated by constantly flowing vapor. Provided that (1) charge
transfer across the electrolyte occurs strictly by the flow of
oxygen anion defects @; 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 tfg, 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)

—RT fOz@B
E(:eII = In ’
4F fOz@A

(1)

where F is the Faraday constant (96484 J/V), R the gas con-
stant, T the absolute temperature, 4g@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

would be restricted to specific lattice sites with only extremely measuring the cell emf, it is possible through Eqn. 1 to deter-
rare jumps between adjacent sites. There are, however, somgnine the oxygen fugacity of a gas of unknown composition at
solids characterized by high concentrations of highly mobile B. In 1 atm gas-mixing experiments, the standiyds gener-

ionic defects that move from one lattice site to another or ally fixed by air or pure oxygen, although it is also possible to

between lattice sites and interstitial positions with relative ease.

use solid buffer assemblages (e.g., GuCu,0O or Fe +

When such materials are exposed to an electric field, the mobile F&,—O) to fix the standardi,.

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 whieB9% of
the total conductivity is due to ionic conduction. There are
many types of solid electrolytes, with mobile ions including
F~,C&*, Na", H", and & (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.

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, o;, due to oxygen vacancies is independent of
oxygen fugacity, being dictated primarily by dopant concentra-
tions, but those of electrongr{ _ « f5**) and holes &, - =
&) (see e.g., Patterson, 1971; Worrell, 1977) are not. Under
sufficiently reducing conditions, transport of free electrons (n-
type conduction) becomes important and, at Higls, 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

Thus, for example, when the transport is dominated by oxygen regime, an assumption implicit in the derivation of the ideal
ions, the relationship between an observed emf across the solidform of the Nernst equation given by Eqn. 1, that ionic con-
electrolyte and the difference in the chemical potential (or, duction is the dominant mode of charge transfer across the
equivalently, the oxygen fugacity) across the electrolyte can electrolyte, begins to break down. This electronic conduction
become very simple and can be used to measure accurately theartially short circuits the cell shown in Fig. 1 so that Fwill
difference inf,, between the two sides of the electrolyte. be lower than expected on the basis of Eqn. 1. If the Nernst
Figure 1 is a schematic representation of an oxygen sensorequation is used in its standard form under these conditions, the
(e.g., with an electrolyte made of YSZ). Two gases, each at predicted difference in oxygen fugacity between the standard
equilibrium (i.e., with a well defined partial pressure of oxy- and the unknown will be too small (i.e., if the standard has an
gen), are separated by the solid electrolyte, with electrodes oxygen fugacity higher than that of the unknown, the value
attached to both surfaces of the electrolyte. Generally, this calculated for the unknown will be erroneously high).
requires an effectively infinite reservoir for each gas, whichis ~ The f,, at which electronic conduction becomes a serious
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Effect of Pa on cell emf duction to be the only cause of deviations from the ideal form
6 of the Nernst equation. We show below that cell emfs for
1500

§ r 20 T SIRG,® oxygen sensors under reducing conditions outside the
s ) Nernst equation range of purely ionic conduction are in fact described reason-

§, i -15 ably well by Eqn. 2. Thus, other processes such as diffusion of
3 1000 | 1300°C | 7 O, molecules through the alumina along cracks or grain bound-
M [ -10 ] aries, slow transport of oxygen through the porous Pt electrode,
“é‘ 500 F reduction of the electrolyte, or some form of contact resistance,
) I -5 either do not contribute significantly to the cell emf or, coin-
g i 0 cidentally, do so in a manner consistent with Egn. 2. If these or
2 0or S - ° other factors are important contributors to the observed cell
q) < U - Z . . ..

@ [ £ 0 Q B g emfs, then inferred values of,Bhould be viewed as empirical
"8 500 L w f‘,L_ J,U, . ,‘L, . L o constants.

25 220 15 10 5 0 Rearranging Eqgn. 2 leads to
logio fo, — 4EcaF
In fOz@B = T +In ng@A +41In

Fig. 2. Effect of B on E,, at 1300°C as a function dbg,qfo,.

Labels adjacent to curves are values of lgg Also shown are calcu- EcaF P, \ ¥4
lated oxygen fugacities at 1300°C for the buffers Cs@r(Holzheid {1 + <1 — exp{ RT ] ) < > } (3)

and O’Neill, 1995), CCO, Ta-T®; (Robie et al., 1979), IW, and

Ni-NiO (O’Neill and Pownceby, 1993). Note that the oxygen fugacities hich t4 f th K licit functi
considered here and in the text are referenced to pyrga® at a which presentse, of the unknown gas as an explicit function

pressure of 1 bar. of P,. The main purposes of this study are to determine values
of P, for SIRQ,® 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.

fOz@A

problem varies with temperature and the electrolyte material.
The effect can be described by

~RT {(Pé"‘= f%!;‘@s)}

Ecr= ¢ (P + 41 (2) 2. EXPERIMENTAL TECHNIQUES

h P is th f itv at which half of th d Experiments were conducted in a vertical 1 atm gas-mixing furnace
V_V _er(_-: s IS the oxygen_ ugacity ? w 'C_ aro _e con “_C' with MoSi, heating elements. We used YSZ oxygen sensors ($HRO
tivity is due to electronic conduction. This expression was first obtained from Ceramic Oxide Fabricators, Ltd., Eaglehawk, Australia
obtained by Schmalzried (1962, 1963) based on the treatmentand Pt electrodes. These sensors (Figs. 1, 3) consist of an electrolyte
of Wagner (1933). Deviations from the Nernst equation can P'Ugytadt_"\’to'phase g"xfture ‘I)f a_'Umt'”g p'“g Yslﬁ (c?-t5 me"VM~ ot

; : : inserted into one end of an alumina tube and welded to form a gas tig
thus be desc_:rlbed at constant temperatur_e in terms o_f a 5|_ngleSeal (Badwal et al., 1987). Temperatures were monitored using a
constant, B independent of oxygen fugacity. When written in pt.pt10Rh thermocouple located inside the oxygen sensor, the Pt leg of
this form, which is comparable to that of Eqn. 1 for the case of which also acted as the internal lead for the oxygen cell. Graphite (used
purely ionic conduction, the nature of the correction for elec- in some cases to fix the gas composition; see below) was commercial

; ; ; grade (Ultr&carbon, 99.8%). Metal for calibration consisted of 1.0 mm
E.OT:C Ctﬁnductlon bfecomis fappaLgn:]. 'I.'helfllargtgréd? .tht.e OD Ta wire (Alfa®, 99.97%), 0.23 mm OD Fe wire (Baker analy2ed
Igher the oxygen fugacity Tor which significant deviations 99.9%) and Cr flakes cut into strips (Afa99.99%). The relatively

from the Nernst equation will occur, as shown in F. It is thick Ta wire was necessitated by its high evaporation rate in our
also worth noting from this figure that at any givep, fhe experiments.

sensitivity of E., to deviations from the Nernst equation is

greatest whef,, is within 3 log units of B. Itis in this region 2.1. Resistance Technique

that the most accurate determinations ghRe possible. Under The first type of experiment (Fig. 4a ) was used to locate the
more reducing conditions, E, becomes a weak function ng Fe-wistite (IW), Cr-CrO,, and Ta-TaO, buffer curves. This proce-

and, under more oxidizing conditions, deviations from the dure has been used in our laboratory at Caltech for confirming Nern-
Nernst equation are too small. Figure 2 also has implications stian behavior of oxygen sensors for some time (e.g., Beckett et al.,

. . o . 1988). It is based on the much higher resistance of the oxide of an
for the inverse problem, the solution of which is a primary goal element relative to that of the pure metal. Two thick Pt wires, typically

of this study: for a set of values of,Pfo ga and Ee 0.76 mm in diameter are threaded through the holes in an alumina tube
calculatef o, 5. Given some uncertainty ingPflattening of the (we use 4-bore, 6.4 mm OD alumina tubes from McDanel Vesuvius,
curves in Fig. 2 under reducing conditions implies that the Malvern, PA for this purpose). At the end of the alumina tube to be

uncertainty in such a calculation increases rapidly with decreas- €P0sed 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

ing fo, and is very large whef, is more than~3 log units \yrapped around each of the hooks such that roughly 1 cm extends
below R, (i.e., the correction to the Nernst equation is large in  beyond the bottom. A metal wire of the material to be used for
a redox regime where E, is relatively insensitive tdg,). As calibration is then spot welded (Fe, TaCr) to the 0.33 mm OD Pt

thef~ is increased from these low levels. both the size of the Wire or, for some of the Cr wafers, the Pt wire was welded to the metal
©, ' strip using an H-O, torch. This results in the arrangement shown in

correction and the relative error in determining it become Fig. 4a. The opposite ends of the thick Pt wires extend above the

Sma!ler_- _ furnace where they can be attached to an ohmmeter and the resistance
It is important to note that Eqn. 2 assumes electronic con- of the circuit measured. Prior to beginning a calibration experiment, the
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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 suspendéccm below

the top of the furnace in a cooler zone. The furnace is then flushed with
N,, and the sample assembly inserted into the furnace under flowing
N,. Once the system stabilizes to a constant temperature, this N
turned off. For Fe and Ta experiments, ap€O, 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 {9 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,XE1Q

ratio of the gas was then decreased until the resistance again decreased,
indicating that thé, 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 metal— oxide — metal 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@yand 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, £, 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,G¥
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 gftrased on the Cr-O system would
be grossly in error. To test this possibility, we measured relative flow
rates of H and CQ 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% ¢for Cr,O5 in equilibrium with
our Cr wafers at 1400°C correspond ltmg, ofo, = —14.44 = 0.04
based on the gas mixing tables of Deines et al. (1974), in excellent
agreement withog ; ofo, = —14.50 obtained from the free energy of
formation of CpO, 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 SIR@xygen
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.




Calibration of zirconia oxygen sensors 3135

(a) lg'::?g; Lerfe;ﬁx;ce H)-CO, gas mix . internal reference co co (b)
gas (O or air)

I % | —

MR
<

[ L * ° .
AlyO3—> Qe . graphite cap

Z
-
% - -.. 2& .
Pt/10Rh [«<———ALO3 B g ¢ o Pt/10Rh
.
. ?
4

thermocouple thermocouple

Pt - wire

Pt-wire

Alp03-Y503-ZrOy
eutectic weld

YSZ+A1H03

< wire (Fe, Ta)
or Cr-strip

> graphite chunks
<

l«<—— graphite crucible

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

be used to indirectly calibrate deviations from Nernstian behavior as mounted in the top plate assembly, the cap and crucible were brought
shown above for Cr-GO; (see also Burkhard and Ulmer (1995) and  up from underneath the sensor and slid up over its end. The cap was
references therein). We chose not to pursue this approach, except as ahen slid further up to expose the cavity between the crucible and
check for internal consistency, because (1) for flow rates corresponding sensor and the cavity filled with 2-3 mm diameter graphite chips. The
to less than~0.1 vol% CQ, errors on the flow rates were a substantial cap was then slid back into place to cover the crucible resulting in the
fraction of the flow rate, and (2) at very high mixing ratios (i.e., under arrangement depicted schematically in Fig. 4b. The graphite crucible
very reducing conditions), contaminants in the hydrogen significantly was secured by Pt wire to Pt hooks suspended from an adjacent alumina
influenced the oxygen fugacity (i.e., vapor compositions did not lie rod (cf. Fig. 4a). The assembly was placed into the furnace under
precisely on the HCO, binary). Both of these problems can be flowing N, at 1000°C. The Blwas then turned off and CO introduced

overcome though at considerable expense. into the furnace. A stable emf then corresponded to the value for the
CCO buffer at that temperature. Although some degradation of the
2.2. Graphite Capsule Technique graphite capsule occurred with time, it was possible to measure emfs at

several temperatures using one capsule.
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 3. RESULTS
“CCOQO” 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 3.1. Calibration of the YSZ Sensor
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 Figure 5 shows results of calibration measurements for one
of the external electrode. With the oxygen sensor fixed in place, sensor obtained at IW, Cr-gb;, CCO, and Ta-Ts0, together

(a) YSZ Sensor Calibration at Low Oxygen Fugacity YSZ Sensor Calibration at Low Oxygen Fugacity (b)
-8 T -8 T T T T T T T T T T T T T
| | thick pattern - measured| | B '
L thick pattern - measured|| |
/ 12 _My —
I\ O
© = I ‘
= 2 - CCO s
E 0 —
%D .—0-4 16 —_— _'_A- L=
—_— - u - e = .- _ _——:Mf_‘——‘
[ fpremtt e Ao
L - _— . i
5 cCco [ =T Ta-Ta,05
20 J “ L ’ 20 N 1 " /I N 1 N 1 N 1 N 1 N
1150 1250 1350 1250 1150 1250 . 1350 1450
T(OC) T ( C)

Fig. 5. Calibration data for SIR® sensor. Apparent values lafg, of 5, 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 Tacka Robie et al., 1979; IW: O'Neill and Pownceby, 1993;
Cr-Cr,03: Holzheid and O’Neill, 1995). The vertical dashed lines refer to the temperature of intersection for the calculated
buffer curves with shading corresponding to theuncertainty band on the intersection of the experimentally determined
equilibria. Nominal errors on the measurements are smaller than the symbol sizes. (a) IW, CCO ay@,0ObTiw, CCO
and Ta-TgOs.
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with buffer curves calculated based on thermodynamic data. Dependence of log Pe on Temperature
Individual symbols correspond to apparent oxygen fugacities

calculated using the ideal form of the Nernst equation (Eqn. 1). .14 1450° 1400° 1350° 1300° 1250° 1200°C
Vertical dashed lines indicate temperatures at which the calcu- [~ 0 Ta-Ta,0;

Cr-Cr,0.
cco’”

lated buffer curves intersect. There are three important features. -16 —
(1) For a given buffer assemblage, the appalegt f o, values ;
based on the Nernst equation vary approximately linearly with A® -18 -
temperature but differ systematically from calculated values for gﬁ
the same buffer assemblage. This is a direct measure of the — -20 |
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 &gy varying the S
length of the initial oxidation step. This implies that time 056 058 0.6 062 0.64 0.66 0.68 0.7
dependent processes such as diffusion of Pt into the metal or of 3

the metal into the Pt support wires did not affect the results. (2) 107T(K)

The deviation at constant temperature between calculated and ig ¢ jog,, P, vs. 10/T(K). Each symbol represents one determi-
actual oxygen fugacity as determined by the buffer assemblage nation of the emf for an SIRE® oxygen sensor (9.5 mol%,0,-doped

is nearly zero for IW |(0910foz obtained using Eqn. 2 and  ZrO,) corresponding to a particular buffer assemblage using air as the

values calculated from Huebner (1971) agree withih02) but reference gas. Determinations qf ffom the literature are also shown
with data sources indicated. (1) Polarization measurement on 7 mol%

increases systematically with decreasfag (i.e., for this ex- v o doped zrQ (Swinkels, 1970). (2) Coulometric titration on 6 and

perimental setup where the reference gas is well inside the 8 mol% Y,0,-doped ZrQ (Sasabe et al., 1991). (3) Bipolar impedance

Nernstian regime). Thus, at a given temperature, the error in measurements on 6 and 8 mol%;-doped ZrQ (Sasabe et al.,

assuming that the ideal form of the Nernst equation is correct 1992).

becomes larger as the oxygen fugacity is decreased. (3) The

temperatures at which the measured Cy&izrand Ta-TgaOg . . o

buffer curves intersect the CCO curve (shown as shaded boxesregression of our data for these three buffers is shown in Fig. 6

in Fig. 5) are within 2, as determined from propagation of —and is given by the following equation:

errors on the linear regressions, of the intersection based on the

thermosynarmic calculations (12306 (1a) v, 1245°C. (Robi (32.95* 1.1 X 10
ermodynamic caiculatio s ( : (lo) vs. (Robie log;Py(£0.20 = 3.700£0.72 — TK) . (5)

etal., 1979; Holzheid and O’Neill, 1995) and 1432 (10) vs.

1444°C (Robie et al., 1979); see vertical dashed lines) even if \;nere quoted uncertainties are-.1Also shown are measure-

uncertainties in the thermodynamic calculations are not con- ments oflog, ,P, from the literature obtained for single-phase
sidered. This is an important statement of internal consistency. ysz (Swinkels, 1970; Sasabe et al., 1991). Our calculated

I log Py (+0.20) = (3.7040.72) -
24 [ (32.95+1.15)*1000/T(K)

Rearranging Eqn. 3 leads to values oflog, P, for SIRQ,® sensors are significantly higher
than the reported values for single-phase YSZ. In part, this
va EcalF 1 4 reflects the presence of large amounts of alumina (50 wt%) in
fo.es exp< RT ) ~ fo.en the electrolyte of SIRGP sensors. According to a simple treat-
Py = E..F . (4) ment of conductivity in multiphase aggregates (Kingery et al.,
1- p( FC;T ) 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 0f-3.5, leading to an increase of
Thus, each measurement of a cell emf at a known temperature, log, P, relative to pure YSZ. Additional contributions

and oxygen fugacity (i.e., along a buffer curve for our experi- ise from differences in grain size (scaling with surface area of
ments) generates a value qf Ralculated values based on our  415in poundaries), and, in fact, resistivity measurements of
measurements of the Cr-{J;, CCO, and Ta-Tg0s buffers Badwal (1987) on single phase YSZ and SIRlectrolyte

are shown in Fig. 6. Values based on the IW buffer are g ggest that the differenceliog, ,P, should be~4, consistent
inappropriate for determining Jfbecause deviations between \ith observation (Fig. 6). That the slopes of lines for single-
the measured and calculated (based on thermochemical datahnase YSz significantly differ from our determination may

positions of the buffer curve are too small (i.e., uncertainties in reflect differences in the relative contributions of grain bound-
the measurements and in the calculated buffer curve exceedaries and interiors to the total conductivity. It is also worth
deviations from the Nernst equation). That deviations from the noting in this context that scatter of data about some of the lines
Nernst equation are small for the IW buffer is well known in Fig. 5 significantly exceeds expectations based on the nom-
(Sato, 1971) and is the basis for using this buffer as a calibra- inal uncertainties (smaller than symbol sizes) and that the
tion point for some oxygen sensors (e.g., Williams and Mullins, scatter tends to increase with decreagiggcompare IW with
1981; Beckett et al.,, 1988). In contrast, deviations from the Ta-TaO4 in Fig 5b). One possibility is that electrode-electro-
standard form of the Nernst equation greatly exceed uncertain- lyte reactions occur in our experiments on the Iy side of

ties in measurement or thermodynamic data for the CCO, the sensor, producing one or more PtZr intermetallic com-
Cr-Cr,05 and Ta-TgOg buffer assemblages at 1 bar. A linear pounds (Lu et al., 1995) and introducing an additional voltage
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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 Eqgns. (3-5). An air reference is assumed for the sensor. Literature sources for buffer
curves are as in Fig. 5. (8g,fo, at which electronic conduction accounts for a specified number of mV. (b) Deviation
(10) in log,4fo, due to uncertainties in Pas a function oflog, ofo, at specified temperatures. The position gfvias
calculated using data from this study. The curve labelled “solar gas” refers to a gas of solar composition whose T-
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 actuay, ofo, as a function of the actudbg, ofo,.

to the cell. Alternatively, modest effects may be caused by the particular sensor (and thus the actual deviation of a particular
evaporation of graphite, Fe, Ta, and/or Cr during calibration, sensor from Nernstian behavior), it would probably be desir-
leading to contamination of the Pt lead and the introduction of able, given one calibrated sensor as a secondary standard, to
a thermal emf contribution (e.g., lwase et al., 1984b). None of calibrate other oxygen sensors against it by simultaneously
these effects are taken into account by the analysis in this work, exposing the standard and new oxygen sensor to the same
and, if one or more of them is important, the interpretation of reducing gas. We also emphasize that our measurements are
our values for R as indicating thd, at which electronic and directly applicable only to SIREY oxygen sensors. It is highly
ionic conductivities are equal would be incorrect in detail. unlikely that Eqn. 5 would provide even a crude approximation
Equations 3 and 5 could, nonetheless, still be used to determinefor other types of YSZ oxygen sensors (cf. Fig. 6). The cali-
log,ofo, because they reflect deviations from the ideal form of bration procedures described above are, however, equally ap-
the Nernst equation as they exist for the operating oxygen plicable to these materials.
sensor.

We tested five SIRGY oxygen sensors taken from several 35 mpjications for Measurement of Oxygen Fugacities
different bat_ches of SIRQ sensors purchas_ed over abqut a Using SIRO,® Oxygen Sensors.
decade against the calibrated sensor described above (i.e., the
two sensors were exposed simultaneously to the same vapor at The oxygen fugacities at which electronic conduction ac-
the same temperature). All of the results are consistent within counts for 0.1-200 mV of the cell emf were calculated using
+3 mV, well within the uncertainties quoted for Eqn. 5 (i.e., Eqgns. 3 and 5 and are shown in Fig. 7a. The correction is
Eqn. 5 is a good representation for all SIROYSZ oxygen nominally observable even at IW but given that available
sensors using our experimental configuration). However, since determinations of the buffer curve (Huebner, 1971; Robie et al.,
several factors may influence the electronic conductivity of a 1979; Chase et al., 1985; O’'Neill and Pownceby, 1993) vary
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over ~10 mV, deviations implied by the figure, though likely Temperature - oxygen fugacity tables for selected gas mixtures in the
real, are small enough so that no weight should be given to SSYS_teEm ?Hs-tot'atra?gelatlrggsphere total pressBuél. Earth Mineral.

: s e ci. Expt. Statior88, 1-129.
them in deterdmlnlng R On the lother har;d, de\ggtlczjnshfor C%O’ Etsell T. H. and Flengas S. N. (1970) The electrical properties of solid
Cr-Cr,0O5, and Ta-TgaOg greatly exceed combined thermody- oxide electrolytesChem. Rev70, 339—376.

namic and experimental uncertainties in the temperature rangeHolzheid A. and O'Neill H., St.C. (1995) The Cr-§, oxygen buffer

1200-1500°C. For Ta-T&®s, the deviations from Nernstian and the free energy of formation of £, from high-temperature
behavior correspond to more than 10% of,E electrochemical measurement&eochim. Cosmochim. Act&9,
475-479.

Figure 7b gives the uncertainty |n_ (.:aICUIammlofoz qsmg Huebner J. S. (1971) Buffering techniques for hydrostatic systems at
Eqns. 3 and 5. Also shown are positions of the experimentally " gjeyated pressures. Research Techniques for High Pressure and
determined Pfor this study, three metal-oxide buffers, and the High Temperaturéed. G. C. Ulmer), pp. 123-177. Springer-Verlag.
T-fo, locus for a gas of solar composition. The uncertainty is Huebner J. S. (1987) Use of gas mixtures at low pressure to specify
negligible for IW because the correction is small, and the  ©xygen and other fugacities of furnace atmospheresiyidrother-

uncertainty at Ris still less thant0.2 log units. Thus, thé,, g})al Z%nggm\,‘f,ﬂfy' Techniquded. G. C. Ulmer and H. L. Barnes),

for a gas of solar composition below 1500°C can be determined |ghizaki F., Yoshida T., and Sakurada S. (1989) Effect of alumina

to better than=0.2 log units (). Under conditions more additions on the electrical properties of yttria doped zirconia. In

reducing than F, the uncertainty increases rapidly, reaching Proceedings of the First International Symposium on Solid Oxide

+0.4 log units for Ta-Tz0g at 1200°C. Fuel Cells(ed. S. C. Singhal), pp. 3—-14. The Electrochemical Soci-
ety.

The range over which electronic conduction can be ignored | 4 N
. . wahara H. and Hibino T. (1993) New gas sensors using high temper-
and the ideal form of the Nernst equation safely used depends ¢ re proton conducting ceramics. Proceedings of the Symposium
on the accuracy required of a given application. For typical gas  on Chemical Sensors (ed. M. Butler, A. Ricco, and N. Yamazoe),
mixing experiments under conditions more oxidizing than W, pp. 464—473. The Electrochemical Society.
the effect is negligible<0.1 log units) in the temperature range ~ 'wase M., Ichise E., and Jacob K. T. (1984a) Mixed ionic and elec-

_ o . tronic conduction in zirconia and its application in metallurgy. In
of 1000-1500°C. At lower oxygen fugacities, however, the Advances in Ceramics, vol. 12, Science and Technology of Zirconia

effect becomes progressively more serious (Fig. 7c). For the || (ed. N. Claussen et al.), pp. 646—659. American Ceramic Society.
Ta-Ta,05 buffer, the discrepancy is more than one log unit at wase M., Ichise E., Takeuchi M., and Yamasaki T. (1984b) Measure-
1500°C and nearly 3 log units at 1000°C. Calculation of ments of the parameter,,FHor the determinations of mixed ionic and

log, fo, Using Eqn. 3 and our determinations of @Eqn. 5) n-type electronic conduction in commercial zirconia electrolytes.

. . . Trans. Japan Inst. Metal5, 43-52.
substantially reduces the error from this source (Fig. 7b). Jacob K. T.pand lwase M. (1983) Effect of pressure on the emf of

solid-state cellsHigh Temp. Scil6, 123-129.
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