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Systems Fe-O and Cu-O: Thermodynamic data for the equilibria Fe-“FeO,” Fe-Fe,;0,,
“FeO”-Fe,0,, Fe;0,-Fe,0;, Cu-Cu,0, and Cu,0-CuO from emf measurements
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ABSTRACT

The chemical potential of oxygen (uo,) defined by the reactions
1.5Fe + O, = 0.5Fe;0,,
2Fe + O, = 2*Fe0,”
6“Fe0” + O, = 2Fe,0,,
4Fe,0, + O, = 6F¢,0,,
4Cu + O, = 2Cu,0,

and
2Cu,0 + O, = 4CuO

has been determined using an electrochemical method with calcia-stabilized zirconia solid
electrolytes. The Fe + Fe,0,, Fe + “FeO,” and Cu + Cu,O equilibria were measured
using air as the reference, and these results are thus absolute determinations of uo,. Cu +
Cu,0 and Fe + “FeO” were then used as reference electrodes for other measurements
reported both here and elsewhere.

The results for the u,, values are [in J-mol-!, T in kelvins, with a reference pressure for
O, of 1 bar (10° Pa)]

for Cu + Cu,0 (£62),
—347705 + 246.096T — 12.9053TIn T (750 < T < 1330),

for Fe + “FeO” (£100),

—605812 + 1366.718T — 182.7955T In T + 0.103597* (833 < T < 1042),
—519357 + 59.427T + 8.9276TIn T (1042 < T < 1184),
—551159 + 269.404T — 16.9484TIn T (1184 < T < 1450),

for “FeO” + Fe,O, (£306),
—581927 — 65.6187 + 38.7410TIn T (833 < T < 1270),
for Fe + Fe,O, (£107),
—607673 + 1060.994T — 132.3909T In T + 0.066577% (750 < T < 833),
and for Cu,0O + CuO (£117),
—292245 + 377.0127 — 23.1976TIn T (800 < T < 1300).

The standard enthalpy of formation of Fe,O,is —1115.4 + 0.2 kJ-mol-!, in excellent
agreement with that deduced from the quartz-fayalite-iron and quartz-fayalite-magnetite
equilibria at higher temperatures.

The results for the Fe,O, + Fe,0, equilibrium are less certain and have therefore not
been presented in the form of a simple equation. For the other equilibria, the results
represent a significant improvement in accuracy over existing measurements.

! Present address: Bayerisches Geoinstitut, Universitit Bayreuth, Postfach 101251, 8580 Bayreuth, West Germany.
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INTRODUCTION

The system Fe-O has been of interest for at least the
past three millennia, although it is only in the past one
hundred years or so that a thermochemical description
has become available. Both the accuracy and internal
consistency of the published thermodynamic data have
increased over the years, so that there is now a firm con-
sensus on most of the preferred values. Spencer and
Kubaschewski (1978) provided a thorough and critical
review of the published work, covering both phase-equi-
librium studies and calorimetric data up to and including
1975. They gave selected values for most of the ther-
modynamic quantities and presented a phase diagram. To
illustrate the amount of work that has gone into this sys-
tem, it may be noted that Spencer and Kubaschewski
(1978) listed no less than 35 experimental determinations
of the oxygen fugacity defined by the Fe-“FeO” (iron-
wiistite) equilibrium, covering the years 1927 to 1975,
and employing a number of different experimental tech-
niques.

There would therefore seem to be little point in further
investigation of this system, unless a significant improve-
ment in accuracy could be achieved. The present study
was motivated in the belief that this might well be pos-
sible for the univariant equilibria in the system, by using
an electrochemical method with oxygen-specific calcia-
stabilized zirconia (CSZ) solid electrolytes.

The four isobarically univariant equilibria in the Fe-O
system at 1 atm and subsolidus temperatures are

iron-magnetite,

1.5Fe + O, = 0.5Fe;0,, (1)
iron-wiistite,
2Fe + O, = 2“Fe0,” 2)
wiistite-magnetite,
6“FeO” + O, = 2Fe;0,, 3)
and magnetite-hematite,
4Fe;0, + O, = 6Fe,0,. 4)

The first three intersect at an isobaric invariant point
at 1 atm near 833 K (Spencer and Kubaschewski, 1978),
and “FeO” is only stable above this temperature. “FeO,”
wiistite, is written in quotation marks, because it always
shows large deviations from the ideal FeO stoichiometry
at atmospheric pressure. Considerable nonstoichiometry
is also shown by Fe,0, in equilibrium with Fe,O, at high
temperatures.

Previous thermodynamic studies from this laboratory
(e.g., Holmes at al., 1986; O’Neill, 1987a, 1987b) have
shown that it is generally possible to achieve a precision
of the order of +100 J-mol~' in the determination of the
chemical potential of oxygen (u,,) defined by univariant
equilibria, by using an electrochemical method with sim-
ple metal + metal oxide mixtures as the reference elec-

trode. This level of precision means that the uncertainty
in the current values for the uo, of the metal plus metal
oxide reference would provide overwhelmingly the larg-
est contribution to the total absolute accuracy of such
experiments. Therefore, in order to get the most out of
the method, it is necessary to calibrate at least one met-
al + metal oxide equilibrium against air, the absolute uo,
of which is, of course, known almost exactly. In fact, two
such equilibria, Fe + “FeO” and also Cu + Cu,O (cop-
per-cuprite), were chosen for this primary calibration
purpose, so that the results might be checked by measur-
ing one against the other. The other equilibria in the Fe-O
system were then measured using the above equilibria
and also Ni + NiO (previously measured against both
Fe + “FeO” and Cu + Cu,0) as the reference oxygen
buffers. For the sake of completeness, the Cu,0O + CuO
(cuprite-tenorite) equilibrium was also determined.

The experimental method with the solid metal plus
metal oxide buffers as reference electrodes has been fully
described elsewhere (O’Neill, 1987a). However, the
method using air as the reference is somewhat different;
this method presents a number of additional experimen-
tal problems and will therefore be described below. Al-
though the precision of the measurements reported in this
paper can speak for themselves, that their accuracy is as
good as is claimed can only be judged if a thorough ap-
praisal of a number of experimental points is presented
in some detail.

EXPERIMENTAL DETAILS

Design of electrochemical cells with air reference
electrodes

High-temperature electrochemical cells using calcia-stabilized
zirconia (CSZ) as an oxygen-specific electrolyte, and with air, or
another gas, as the reference electrode, have often been used for
thermodynamic measurements, e.g., Charette and Flengas (1968).
Some more recent studies that give details of experimental de-
signs, which may be compared to the design used in the present
work, include Berglund (1976), Kemori et al. (1979), Jacobsson
and Rosén (1981), Schwab and Kiistner (1981), Comert and Pratt
(1982), and Bannister (1984). Previous measurements from this
laboratory on a number of metal + metal oxide oxygen buffers
using air as the reference electrode have been reported by Holmes
et al. (1986). The experimental design adopted in this study
evolved out of the latter work, but it also incorporates a number
of improvements aimed at increasing the already impressive ac-
curacy achieved by Holmes et al. (1986). Therefore, in the de-
scription that follows, particular attention will be paid to these
innovations; for a more complete description of some details,
the reader is referred to Holmes et al. (1986) and O’Neill (1987a).

The experimental design is shown schematically in Figure 1.
It consists essentially of two identical CSZ tubes of dimensions
8-mm outside diameter x 5-mm inside diameter x 300-mm
length, 11 mol% CaO, which were supplied by the Nippon
Chemical Ceramic Co. The upper CSZ tube contains the sample,
and the arrangement of this half of the cell is exactly as previ-
ously described in O’Neill (1987a) for the analogous half of the
cells with M + MO reference electrodes. The top of this CSZ
tube is sealed with epoxy into a brass head attached to a shut-off
valve followed by a three-way valve, which allows for thorough
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Fig. 1. Schematic diagram of the electrochemical cells with
air as the reference electrode. The vertical scale is greatly com-
pressed relative to the horizontal.

evacuation of the sample tube followed by filling with highly
purified Ar gas. The sample is thus kept under a static atmo-
sphere of Ar. The bottom CSZ tube contains the air electrode.
The two tubes are inserted into a thick-walled (3-mm) alumina
guide tube, which is carefully positioned along the vertical axis
of a tube furnace (Deltech model DT-31-VT), the same one as
used by Holmes et al. (1986). The bottom CSZ tube is supported
on a pair of tension springs, which, since the tube is free to slide
within the alumina guide tube, ensures that it is pressed firmly
against the upper CSZ tube. The top tube is itself fixed in posi-
tion with a screw. Two thermocouples are used, one sitting di-
rectly over the sample electrode, the other directly underneath
the air reference electrode. The use of two thermocouples en-
sures that the entire working part of the cell is exactly positioned
within the constant-temperature zone (or “hot spot”) of the fur-
nace. The distance between the two thermocouple beads is 8
mm, whereas the width of the constant-temperature zone [mea-
sured by Holmes et al. (1986) and taken to be that region of the
furnace along the vertical axis within 0.5 K of the peak temper-
ature] is only about 10 mm long. With the present system, how-
ever, the constant-temperature zone may be somewhat longer,
since (1) the symmetrical arrangement of the two CSZ tubes
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ensures similar conductive heat losses both upward and down-
ward and (2) the large thermal mass of the alumina guide tube
should serve to smooth out the temperature gradient, as well as
dampening any short-term fluctuations in temperature.

Holmes et al. (1986) observed that the position of the zone of
constant temperature moves upward in the furnace with increas-
ing temperature. The present arrangement allows the position of
the cell to be adjusted during the course of an experiment, simply
by loosening the screw holding the top CSZ tube and sliding both
tubes either upward or downward, as required, within the alu-
mina guide tube. Any temperature gradient across the cell would
produce a thermoelectric emf, the magnitude of which depends
on a number of factors—see Choudhary et al. (1980) for a de-
tailed discussion and also an interesting paper by Alcock et al.
(1977), who attempted to use this effect as an “entropy meter.”
From these references, a thermoelectric coefficient of about 0.5
mV-K-! would be expected for the types of cell studied here;
therefore, errors that are larger that the internal precision of the
measurements would be introduced by a temperature gradient
of only 1 K across the cell.

In most previous investigations using high-temperature elec-
trochemical cells with air (or other gases), the gas electrode has
consisted of Pt, often applied as a colloidal suspension of “plat-
inum black.” Pt foil or wire pressed firmly against the electrolyte
also works effectively at high temperatures, and other noble met-
als or their alloys have sometimes been used. The purpose of
the Pt, in addition to providing the electrical connection to the
cell, is to catalyze the half-cell reaction:

O, (gas) + 4e (electrode) = 207* (electrolyte).

However, below about 900 K, this process becomes increas-
ingly inefficient, particularly if the surface area of the Pt coating
has been reduced by long sintering at high temperature. This
results in high electrode impedance and non-Nernstian behavior
(Badwal, 1983) and sluggish response times. During the present
work, it was indeed found that, with such electrodes at 7" < 900
K, anomalous, unstable, and irreproducible emf’s (typically <2
mV) appeared in symmetric cells of the type air versus air, the
emf’s from which should, of course, always be zero in the ab-
sence of a temperature gradient across the cell.

Such phenomena have led the Australian CSIRO Division of
Materials Science to investigate the use of urania-scandia solid
solutions with the fluorite structure as gas electrodes (Badwal,
1983, 1984). An electrode of this type was successfully used by
Bannister (1984) in his investigation of the Pb-PbO equilibrium
against air at temperatures as low as 645 K. In the present study,
this concept was adopted with the modification that, instead of
a coating of urania-scandia, pellets of yttria-doped thoria (YDT)
were used. YDT has been extensively employed as an oxygen-
specific electrolyte, especially at low oxygen fugacities, as it re-
tains virtually 100% oxygen ion conductivity to much lower f,,
values than the stabilized zirconias [e.g., Choudhary et al. (1980)].
However, at higher oxygen fugacities, such as that of air, YDT
becomes a p-type semiconductor, with electron holes and inter-
stitial oxygen ions. A very noticeable property of YDT is that is
appears white after sintering in a reduced atmosphere, but turns
dark brown on heating in air, owing to the absorption of this
excess oxygen. The change is perfectly reversible and occurs rea-
sonably rapidly even at fairly low temperatures (e.g., ~750 K).
The YDT pellets thus provide a small reservoir of oxygen in a
suitable state at the air electrode. With air electrodes of this type,
it proved possible to achieve emf’s stable to =0.1 mV in the air
versus air cells down to 750 K.
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The procedure for measuring the emf’s of the electrochemical
cells and of the thermocouples are given in O’Neill (1987a). The
thermocouples were of the Pt-Pt,Rh,, type, and all the ther-
mocouples used in this part of the study (i.e., with the air elec-
trodes) were made from the same two spools of wire supplied
by Johnson Matthey. All were calibrated against the melting
point of Au (1337.58 K, IPTS 68), using small sections (~3 mm)
of 0.5-mm-diameter Au wire, 99.99+% purity, supplied by
Goodfellow Metals with an analysis that showed 7 ppm Co, 1
ppm Ag, and 1 ppm Cu as the only impurities. The Au wire
was crimped over the thermocouple bead, and the thermocouple
was placed in a dummy cell made by withdrawing the top CSZ
tube shown in Figure 1 and replacing it with a CSZ tube plus
alumina sheath tube, both with truncated ends. The thermocou-
ples are thus calibrated in almost the exact configuration in which
they are used. The calibrations were carried out by slowly heat-
ing the thermocouple through the melting temperature of Au
while recording its emf on a chart-recorder and observing the
plateau in the resulting trace. This plateau is generally sharp to
+0.001 mV, provided that the Au wire is fixed directly over the
thermocouple bead and that neither the bead nor the wire come
into contact with any ceramic part of the apparatus. After each
calibration, the wires were pulled through the thermocouple tub-
ing, the old bead plus Au cut off, and a new bead formed. Eigh-
teen such calibrations carried out during the course of these ex-
periments on eight different thermocouples (i.e., made from
different sections of wire) gave a range in emf’s at the Au point
from 10.272 to 10.277 mV, with a single outlier at 10.281 mV,
and a mean of 10.275 + 0.002 mV. Although this value is some-
what lower than that used by IPTS 68 as the fixed point (10.3343
mV, exactly) it is still well within the recommended range for
Pt-PtyoRh,, thermocouples of 10.300 + 0.050 mV (Rossini, 1970).
A fairly large number of similar calibrations on thermocouples
made from wire from various different spools (all supplied by
Johnson Matthey) have yielded results in the range 10.298 to
10.336 mV, and therefore it would seem that the low calibration
emf'is a characteristic of the particular batch of wire used during
this study. The constant of proportionality calculated from the
ratio of the ideal to the measured emf of the thermocouples at
the Au point was then used to correct the thermocouple emf’s
at all other temperatures. The assumptions inherent in this pro-
cedure were checked for two thermocouples by measuring the
melting point of NaCl, as described by O’Neill (1987a). Most of
the experimental data reported in this study were obtained at
temperatures lower than the melting point of Au and thus fall
between this temperature and the ice point (actually the melting
point of ice at ambient pressure), which is used as the reference
temperature. This temperature calibration is felt to be accurate
to 0.3 K.

The entire experimental arrangement was tested by measuring
the emf produced by the symmetrical cell

Pt, YDT (air)|CSZ|YDT (air), Pt.

For this cell, the sample pellet in the top CSZ tube (shown in
Fig. 1) was replaced with a YDT pellet similar to the one in the
bottom half of the cell and identical in size to the sample pellets.
The top CSZ tube, plus alumina sheath and thermocouple tube,
was also not sealed in the brass head, but left open to the at-
mosphere, so that the top half of the assembly became effectively
identical to the bottom half. The symmetrical cell was then heat-
ed to a number of different temperatures in the range anticipated
for the actual measurements of the oxygen buffers, i.e., 750-1400
K. It was found that the resistance of the cell becomes large
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Fig. 2. The emf of the symmetrical cell Pt, air| CSZ|air, Pt
as a function of the difference AT between the top and bottom
thermocouples of the cell (shown in Fig. 1) at the following ap-
proximate temperatures: A, 1020 K; @, 1150 K; O, 1350 K.

relative to the resistance of the emf-measuring circuit below about
750 K, and therefore measurements were not attempted below
this temperature.

At each temperature, the cell assembly was moved through a
number of different positions up and down the region close to
the constant-temperature zone, and the emf of the cell was re-
corded at these different positions together with the emf of both
the top and the bottom thermocouples, thus measuring the effect
of the temperature gradient across the cell. Representative re-
sults are shown in Figure 2, from which it will be seen that when
the two thermocouples record the same temperature, the emf of
the cell is, as it should be, effectively zero (= <0.1 mV). This
also implies that any lateral temperature gradients are unimpor-
tant. A similar symmetric cell (air vs. air) test was conducted by
Holmes et al. (1986). In contrast with the present results, they
found small (<1.5 mV) excess emf’s across the cell although the
cell was thought to be positioned exactly in the constant-tem-
perature zone of the furnace. However, the location of the con-
stant-temperature zone was not determined in situ; therefore,
despite all precautions, the positioning of the cell may not have
been exactly right. Furthermore, these excess or residual emf’s
changed with temperature and also showed some scatter at lower
temperatures (< 1300 K), which might possibly reflect a problem
with the efficiency of the Pt coating used for the air electrodes,
as discussed above.

For the actual measurements reporied in this study, the po-
sition of the cell was adjusted, if necessary, so that the observed
difference between the two thermocouples was less than +0.5 K.
A correction to zero temperature gradient was then made from
an empirical calibration of relative emf versus temperature gra-
dient, obtained at a couple of different temperatures during the
course of the experiment. This procedure avoids the tediousness
of precisely adjusting the position of the cell for every measure-
ment.

Chemical potential of oxygen in air

The oxygen content of dry air is remarkably constant world-
wide at 20.946%. The chemical potential of oxygen in air is
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therefore given by
#& = RT In[0.20946(P,s — Pii,0)] 5)

where P, is the atmospheric pressure, and Py, is the vapor
pressure of water in the atmosphere. It is not unusual in most
climates for P, to vary by =15 mbar (1.5 x 103 Pa), according
to the local weather conditions. Were this factor to be ignored,
it would cause a change in u& of =150 J-mol~! at, for example,
1200 K. This variation is greater than the potential precision of
the method. Therefore, for each datum, P,,,, was measured with
a Hg barometer. The readings were corrected for the absolute
value of gravity as measured adjacent to the laboratory and are
thought to be accurate to +2 mbar. As far as possible, taking
data during rapid changes in atmospheric pressure conditions
was avoided. Py,, was also measured, using a wet-and-dry-bulb
psychrometer kindly loaned by the Canberra Bureau of Mete-
orology. Fortunately, Canberra enjoys a dry climate, and since
most of this work was undertaken during the winter months, the
absolute value of Py, was fairly low. (During the course of these
experiments it was observed to vary from 5 to 20 mbar, and was
typically about 8 mbar.) Thus, although the accuracy of the psy-
chrometer is not known, it would seem unlikely that the error
in Py, is greater than +2 mbar; therefore, the total error in
p3 will be less than =40 J-mol-!, excluding the contribution
from any errors in temperature measurement.

Precision, accuracy, and demonstration of equilibrium

In what follows, “precision” is taken to mean the measure of
the scatter expected in the data, whereas “accuracy” refers to the
absolute deviation of the measurements from the true value.
Precision of course contributes to accuracy.

Temperatures were recorded to +=0.1 K. Monitoring of the
thermocouple emf over extended periods of time showed that
short-term fluctuations, caused either by fluctuations in the ac-
tual temperature of the furnace (which are nearly completely
damped in the cell by the large thermal mass of the alumina
guide tube; see Fig. 1) or by fluctuations in the emf-measuring
circuit, are also about 0.1 K or at about the resolution of the
actual measurements. The temperature dependence of the cell
emf and the dependence of the cell emf on thermal gradient are
both approximately 150 J-K-!-mol-!, and therefore the preci-
sion expected from the combined uncertainties in measuring both
thermocouples is about =50 J-mol-!, The precision in the mea-
surements of the air reference electrode is equal to the accuracy
and is about +40 J-mol-!. The emf of the cell was recorded to
+0.05 mV and is precise to £0.1 mV, which is equivalent to
+40 J-mol-'. Therefore, the total precision of the measurements
is +75 J-mol~!, which corresponds to +0.003 log fo, at 1200 K.
For an estimate of the total accuracy of the measurements, two
other factors must be taken into consideration. First, there is the
accuracy of the thermocouple calibration at the melting point of
Au, and its extrapolation to other (mainly lower) temperatures.
This has been estimated earlier to be £0.3 K, which, for the
temperature dependence of the cell emf values in this study,
contributes another =50 J-mol~! to the absolute uncertainty.

The second factor affecting the total accuracy is potentially of
far greater magnitude and concerns the attainment of equilibri-
um by the oxygen buffer. Particularly important is the possibility
that oxygen may leak from the atmosphere into the electrode,
either because of the finite physical permeability of the CSZ tube
or because the finite electronic conductivity causes a short circuit
from the air reference electrode. An oxygen leak will result in a
decrease of the emf of the cell, and consequently the po, of the
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buffer will appear erroneously high. At higher temperatures, oxy-
gen leaks always occur with the type of CSZ tube used in this
study, not only in the experiments with air, but also in those
with solid metal + metal oxide reference electrodes (see, for
example, O’Neill, 1987a). Since the amount of oxygen in the Ar
gas above the latter is minute, it is probably the nonzero elec-
tronic conductivity that is to blame, rather than the physical
passage of gas through the tube. Finite electronic conductivity is
still consistent with otherwise ideal behavior of the electrolyte,
provided that such electronic conductivity remains a very small
fraction of the total (ionic + electronic) conductivity—Iless than
1% is usually considered the limit. The temperature above which
the decrease of the cell emf becomes evident varies from run to
run, even with identical cells, but tends to be between 1200 and
1350 K. At lower temperatures, at least with simple metal +
metal oxide electrodes, the cell emf remains constant to within
+0.2 mV over periods of days.

The Cu + Cu,O and Fe + “FeO” equilibria were in fact spe-
cifically chosen for the primary measurements against air, be-
cause empirical experience in this laboratory, backed up by the
polarization experiments of Worrell and Iskoe (1973), suggests
that these two mixtures are the most reactive of the common
metal + metal oxide oxygen buffers and hence will be least sub-
ject to polarization. To minimize the problem at higher temper-
atures (> 1300 K), measurements were obtained as quickly as
possible (i.e., about 30-40 min after changing furnace tempera-
ture). If any untoward decrease in cell emf occurred, the tem-
perature was either lowered or the run abandoned. The times
typically allowed for equilibration at lower temperatures were,
very approximately, 12 h at 7 < 900 K, 6 h at 900 < T < 1050
K, and 3 h at 1050 < T < 1300 K. In all cases, the emf was
judged to be constant (£0.05 mV) before the reading was taken.
On increasing temperature, the emf values were usually observed
to change to the new value almost instantly (i.e., as fast as the
change in temperature registered by the thermocouples) at 7' >
900 K, but took rather longer at lower temperatures. The time
required to reach stable emf values on decreasing temperature
was slightly longer.

Reversibility of the cells, and hence equilibrium, was dem-
onstrated by (a) obtaining data after both increasing and decreas-
ing temperature, (b) passing a small current through the cell, or
(c) evacuating the electrode compartment and filling it with an
oxidizing or reducing gas such as air or Ar-CH,, before refilling
with purified Ar. Options (b) and (c) were only used at higher
temperatures (>1000 K), and only toward the end of a run.

Materials

Cu,0O and “FeO” were prepared from Cu and CuO and from
Fe and Fe,0,, respectively, mixed in the appropriate proportions
but with a slight excess of metal and sintered at 1000 °C for ~8
h under a flowing stream of Ar, which was purified by passing
successively over activated charcoal, phosphorus pentoxide, and
Ti chips at 800 °C. Fe,O; was sintered in air at 1000 °C for ~24
h; this treatment causes a change in color from brick red to deep
maroon, and the XRD analysis of the sintered material gave a
pattern corresponding to well-crystallized a-Fe,O;. Fe,O, was
used either as supplied by the manufacturers or after sintering
in a flowing CO-CO, gas mixture corresponding to the quartz-
fayalite-magnetite buffer; no difference was observed in the per-
formance of the cells using either material. CuQO, Cu, and Fe
were used as supplied, without further treatment. All chemicals
were stated by the manufacturers to be of >99.9% purity, with
the exception of Fe metal, which was of >99.5% purity.
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TaBLE 1. Results from the cell Pt, Cu + Cu,0|CSZ|YDT,,, Pt
—Ho, Mo, “Ho,

i (kJ- T (kJ- U (kJ-

K mol-") K mol~') (K) mol-1)
882.0  207.91 930.3 200.84 1221.0  159.20
846.7 213.03 9457  198.59 12331  157.49
8285 215.59 960.6 196.46 12452 155.82
809.6 218.37 9754  194.31 12569 154.15
7905 221.23 989.9 192.26 1268.2 152,57
770.5  224.26 1004.0  190.21 1279.2  151.02
7496 227.35 1018.0  188.22 1290.6  149.47
760.2 22584 10323 186.15 13011  147.95
7707 22419 10454 184.25 1312.0 146.40
780.8 222,61 1058.0 182.38 13226  144.93
790.9 221.13 1071.2  180.50 1257.4  154.07
800.6 219.70 1084.2 178.64 12346 157.29
8104 218.26 10972 176.80 1163.1  167.39
819.6 216,90 1110.2  174.92 1322.8 144.88
8289 215.58 11233 173.11 13322 143.55
838.1  214.23 1136.2 171.26 1301.4 147.88
8472 212,93 1148.7  169.46 1279.7  150.95
856.2 211.64 1161.8  167.60 1211.9 16045
865.0 210.33 1111.0 174.87 1187.6  163.92
873.3  209.14 1174.0 165.87 1084.8 178.57
890.6  206.61 1186.0 164.17 1058.5 182.32
898.5 205.43 11984  162.40 1031.0 186.24
9146 203.19 12105  160.70 1002.2  190.39
906.9 204.25 1136.2 171.28

Note: The order is that in which the measurements were made. The
reference pressure is 1 bar (10° Pa).

The YDT pellets were made by precipitating solutions of tho-
rium nitrate and yttrium nitrate (10 mol% Y,0,) with ammonia
solution. The precipitate was dried in stages to 1000 °C, and the
powder so obtained was pressed into pellets and sintered in air
at 1550 °C for 3 d.

REsuLTS
Cu + Cu,O
The results of the measurements on the cell

Pt, Cu + Cu,0 | CSZ | YDT,,,, Pt @

are given in Table 1. All such data, both here and sub-
sequently, have been corrected to a standard reference
pressure of 1 bar (10° Pa). The range of temperature cov-
ered is from 750 K, the lowest possible with the present
apparatus, to 1330 K, just below the Cu + Cu,O melting
eutectic.

The available calorimetric data for Cu and Cu,O are
of excellent quality and are also unusually accurate. A
comprehensive assessment is presented in the JANAF
tables (Chase et al., 1982), which is largely based on the
work of Mah et al. (1967). A thorough discussion of the
Cu-O system, including the phase diagram, has been giv-
en by Santander and Kubaschewski (1975), who showed
that the solubility of oxygen in solid Cu is so small that
it would have a totally negligible effect on the thermo-
dynamic properties of Cu. Unfortunately, these authors
reported that no data exist for the stoichiometric range
of Cu,0, and therefore it will be assumed that the ther-
modynamic data for this substance may be applied with-
out correction to Cu,O in equilibrium with Cu.
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Fig. 3. Comparison of the results for the free energy of the
reaction 4Cu + O, = 2Cu,0 with those derived from calori-
metric data as assessed in the JANAF tables (Chase et al., 1982).
Also shown is the curve for the earlier results from this labora-
tory by Holmes et al. (1986).

Values for the Gibbs free energy of the reaction
4Cu + 0, = 2Cu,0 6)

were taken from the values of A;GY tabulated at 100-K
intervals for Cu,O in the JANAF tables in the range 700
to 1300 K inclusive and, after, correction from the ref-
erence pressure of 1 atm to 1 bar, were fitted to an expres-
sion of the form 4 + BT + CT In T to give, in J-mol~!,

pShs® = —348195 + 246.3017 — 12.9053T In T.

M

The standard deviation of this fit is 12 J-mol-!, with a
maximum deviation of 16 J-mol-!; therefore, the three-
term expression perfectly describes the calorimetric
data in this temperature range. The deviations Auo, =
Hos,ops — Moy, 1anar Were calculated for each datum in Table
1, and the results have been plotted as a function of datum
temperature in Figure 3. This procedure is equivalent to
a third-law analysis of the experimental data.

The agreement between the present results and the ca-
lorimetric data is exceptionally good. Regression of Ap,,
vs. T gives (in J-mol™!)

Atto, (£38) = (490 + 26) — (0.205 = 0.025)T. (8)

Thus both the position and slope of the emf measure-
ments are well within the very tight constraints imposed
by the calorimetric data. The standard deviation of the
measurements is only +38 J-mol! (<0.002 log f;, at
1200 K). The absolute precision of the experimental
method has been estimated previously to be =*75
J-mol; therefore, if twice the standard deviation of the
measurements is taken to be the observed precision, the
agreement between the observed and theoretical preci-
sions is exact. This implies that there is no error due to
lack of equilibration of the Cu + Cu,0O assemblage.
There are a number of reasons why the results on Cu +
Cu,O might be especially good. First, the polarization
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TaBLE2. Results from the cells Pt, Fe + “FeO”"|CSZ| YTD,,, Pt  TasLE3. Results from the cells Pt, Fe + Fe;0,]CSZ| YTD,, Pt
Mo, “Ho, T Ho, Mo, ~Ho, “Ho,
T k- T kJ: .2 (kJ- T kJ- i (kJ- T kJ:
®  mol) ®  mo) ®  mol) K  mol) ) mol-') ® mol-)
Run 1 Run 1
850.1  417.09 10468 39213 13027  358.60 811.4° 42257 8664 41510 11519 37852
8854 41266 975.7  401.41 13139 357.12 8209" 42114 8750 41387 11761  375.41
9187  408.85 11882 373.61 13243 35575 8306°  419.73 9324 40673 12016  371.77
9498 40451 12000 372.08 13343  354.40 8376 41867 10211 39551 12249  368.69
9799  400.70 10747 38851 11537  377.90 849.3* 41696 10478 39207 12476 36573
10065  397.41 11004 38510 12363 367.19 8578 41617 11268  381.79
9470  405.02 12114 37057 13140 35714 -
9156  409.01 12238  368.92 13453 35297 500 43145 868, 414.78 el sEE
8826 41321 1235.4  367.40 13557 35160 X .
7642°  429.65 885.0" 412.59 10477 39211
8647 41558 11265 381.62 13661  350.21 " -
7749° 42806 901.7* 410.47 1060.9  390.40
899.0 411.25 12465 365.93 13761  348.90 :
7842  426.77 9178  408.66 10740 38872
9313  407.05 12579 364.46 13859 347.59 )
7935* 42533 9337  406.66 10864  387.16
9621  403.03 12607 362.93 13959 34629 ’
803.1* 42394 9490 40468 9756 40152
11639  376.83 1280.9 361.44 14057  345.00 .
s, Lo i 8127+ 42253 9642  402.74 10991  385.46
: : 12920° 859897 8228 42094 979.0  400.87 11120 38384
Run 2 832.4*  419.49 9925 399.25 11250 38209
882.8  413.12 1061.0  390.39 11879 37356 8500 41713 10066 397.43 11377 380.44
899.8  410.88 1087.5 386.86 12117 370.55 859.0* 41590 10207  395.62 11506 378.73
9159  408.85 11134 38346 12364  367.07 -
9473  404.87 11389  380.09 12506 364.16 J I
7507  431.68 790.9* 42557 819.6*  421.36
13;;'8 ggg'gg TiBsa  Siei8Y 19607 143009 750.9° 43040 800.4* 42417 820.1*  419.95
: : 770.9° 42852 809.8° 422,67 846.5"  417.33
780.7* 42711

measurements of Worrell and Iskoe (1973) show that the
Cu + Cu,0 electrode is approximately an order of mag-
nitude more reactive than Fe 4+ “FeO” at the same tem-
perature and two orders of magnitude more reactive than
Ni + NiO. The latter two are oxygen buffers that are
themselves widely regarded as being highly reactive and
easy to use; therefore Cu + Cu,O might well be the most
reactive of all the common metal + metal oxide elec-
trodes. Second, the Cu + Cu,O pellets are extremely soft
and deform easily at high temperature to provide an es-
sentially perfect electrode-electrolyte interface in the cell.
Indeed they are impossible to extract from the CSZ tube
after a run, unlike virtually all other mixtures I have stud-
ied. Third, no ternary phases are known to the Cu-Cu,O-
Zr0O,-CaQ system; thus, there would seem to be little pos-
sibility of any side reactions in the cell. Certainly, no
evidence of any such reaction was noted (the Cu + Cu,O
mixture may be cleaned out of the CSZ tubes very effec-
tively with dilute acid, leaving an almost unmarked elec-
trolyte surface). Fourth, the Cu 4+ Cu,O equilibrium buff-
ers the oxygen fugacity at quite high values. The cell emf
is only approximately half of that for the Fe + “FeO”
buffer, and consequently any oxygen leakage due to elec-
tronic conduction should also be only half that for Fe +
“FeO.”

The slight difference between the emf measurements
and the calorimetric data calculated from the regression
analysis has been used to amend the expression for the
chemical potential of oxygen defined by the Cu + Cu,O
equilibrium to (in J-mol™!)

pSu+Cu0) (£62) = —347705 + 246.096T
—12.9053TIn T )]

where the uncertainty in the parenthesis is =1 standard

Note: Molar ratio of Fe to Fe;0,is 4 to 1 forruns 1 and 2, and 1 to 2
for run 3.
* (Fe + Fe,0,) data; all others (Fe + *'FeQ”’), except those marked with
double asterisk.
** Status uncertain; possibility of reaction to “FeQ” incomplete.

deviation and includes the observed experimental preci-
sion in the results together with a contribution of =50
J-mol-! from the estimated possible error in the ther-
mocouple calibration of £0.3 K. This latter factor was
omitted (by oversight) from earlier statements of these
results in O’Neill (1987a, 1987D).

Also shown in Figure 3 is the curve reported in Holmes
et al. (1986). The agreement with the present results is
very good and is within the combined experimental un-
certainties of the two studies. However, the present re-
sults are to be preferred, owing to the elimination of some
of the potential errors in the experimental method re-
ported in Holmes et al. (1986). A comprehensive com-
parison with other experimental work is presented in
Holmes et al. (1986) and will therefore not be repeated
here.

Fe + “FeOQ”
Results from cells of the type

Pt, Fe + “FeO” | CSZ | YDT,,, Pt {an
are given in Table 2, and those from the cells
Pt, Fe + Fe,0, | CSZ | YDT,, Pt (I11)

are given in Table 3 for Fe + Fe,O, mixtures in the molar
ratio 4 to 1. Fe + Fe,0, reacts rapidly to “FeO” at tem-
peratures above the isobaric invariant point at which Fe,
“Fe0,” and Fe,O, coexist, and therefore most of the data
from these cells appertain to the Fe + “FeO” equilibri-
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um. Each low-temperature datum representing the Fe +
Fe,0, equilibrium is denoted by an asterisk and will be
discussed later. A few additional points, although being
in the Fe + “FeO” region, seem not to have fully equil-
ibrated and were excluded from the following analysis.
These data are marked by double asterisks. Two runs
were done for each type of cell, and the temperature range
covered is 840 to 1400 K.

Holmes et al. (1986) provided expressions for the
chemical potential of oxygen defined by the Fe + “FeO”
equilibrium as a function of temperature, based on the
earlier electrochemical measurements in this laboratory.
These expressions were also shown to be fully compatible
with the best available calorimetric data for wiistite
(JANAF, Stull and Prophet, 1971), although it may be
noted that the application of such data is made somewhat
uncertain owing to the large degree of nonstoichiometry
shown by this phase. These expressions [there are three
of them, corresponding to the temperature regions below
the Curie point in Fe (1042 K), between the Curie point
and the « — v transition (1184 K), and above the o - v
transition] have been used to illustrate the present results,
by plotting the difference, Au,, (Holmes et al., 1986), as
a function of temperature in Figure 4. This procedure is
similar to that already used for the Cu + Cu,O equilib-
rium.

The agreement between the present results and the ear-
lier ones is again very good. Regression analysis of the
differences gives (in J-mol™")

Apo, (£90) = (381 £ 69) — (0.277 + 0.060)T. (10)

Thus the precision achieved is slightly less than for the
Cu + Cu,0 equilibrium, which may reflect the somewhat
less reactive nature of the Fe + “FeO” electrode. The
above equation has been used to amend the expressions
for the Fe + “FeO” equilibrium t0 (uo, = 100 J-mol™;
T in kelvins)

—605812 + 1366.7187 — 182.7955T In T + 0.1035972
(833 < T < 1042)

—519357 + 59.427T + 8.9276TIn T
(1042 < T < 1184)

—551159 + 269.404T — 16.94847T In T.
(1184 < T < 1450)

(1m

The agreement between the present results and the two-
term expression given by Spencer and Kubaschewski
(1978) is very good at temperatures above about 1200 K,
but becomes increasingly less so at lower temperatures.
This is mostly due to the inadequacy of a simple two-
term expression, which implicitly neglects both the non-
zero AC, of the reaction and the phase transitions in Fe
metal. A more detailed comparison with earlier studies
is given in Holmes et al. (1986). It is noteworthy that the
present results are in good agreement with the classic work
of Darken and Gurry (1945), who used the CO-CO, gas-
mixing method. Unfortunately, the same cannot be said
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Fig. 4. Comparison of the present results for the reaction
2Fe + O, = 2“FeQ” with those of Holmes et al. (1986). @, data
from runs starting with Fe + “FeO” (Table 2); O, starting with
Fe + Fe,O, (Table 3).

for the recent work of Myers and Eugster (1983); their
results are about 7000 J-mol~! more oxidized at 1200 K.

Cu + Cu,O vs. Fe + “FeO” — An experimental test

In order to test the results obtained for the Cu + Cu,O
and Fe + “FeO” equilibria measured against air, the fol-
lowing two types of cell were constructed:

Pt, Fe + “FeO” | CSZ | Cu + Cu,0, Pt (IV)
Pt, Cu + Cu,0 | CSZ | Fe + “Fe0,” Pt (V)

The difference between the two cells is purely geomet-
rical. In the first, the Fe + “FeQ” electrode occupied the
sample position inside the CSZ tube with Cu + Cu,0O in
the reference position, whereas in the second, these rel-
ative positions were reversed. Three runs were performed
with the first type of cell and one with the second. Full
experimental details are given in O’Neill (1987a), al-
though the experiments with the first type of cell were
actually done using an earlier design, which, although
being similar to that shown in Figure 1 of O’Neill (1987a),
differed in minor details. These cells were also not per-
fectly aligned relative to the “hot spot” of the furnace,
necessitating small (<1 mV) corrections to compensate
for the thermoelectric emf produced by the resulting tem-
perature gradients, as described in O’Neill (1987a).

The results for the first type of cell are given in Table
4. The mean difference between these emf’s and those
that may be calculated from Equations 9 and 11 (i.e.,
from the measurements vs. air) is —0.27 £ 0.28 mV
(note that 1 mV is equivalent to 386 J-mol-'). Thus the
agreement between the two methods is excellent and is
almost within the combined precision of the air-reference
experiments alone (£100 J-mol-'). The largest deviation
of any of the 71 datum points is only 0.8 mV.

The results from the second type of cell (given in Table
5) are in even better agreement. The average deviation is
+0.06 = 0.11 mV, which is close to the maximum pre-
cision that is possible to achieve with the method. These
data are plotted against temperature in Figure 5, from
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Fig. 5. Experimental results from the cell Pt, Cu +
Cu,0O|CSZ|Fe + “FeQ,” Pt (Table 5). The lines (and their meta-
stable extensions, shown dashed) are from Equations 9 and 11,
obtained from the measurements vs. air. The breaks in slope
caused by the Curie point and « — ¥ transition in Fe are clearly

discernible.

200 1000

which it may be seen that the breaks in slope at the Curie
point of Fe (1042 K) and « - v (1184 K) transitions are
clearly distinguishable.

The excellent internal consistency shown by the two
separate sets of experiments mean that the results on the
Cu + Cu,0 and Fe + “FeOQ” equilibria may be used with
some confidence.

Fe + Fe,0,

Results from cells with electrodes made from Fe and
Fe,O, are given in Table 3. The temperature range cov-
ered is from the lowest possible with the present experi-
mental arrangement (750 K), up to the Fe + “FeO” +
Fe,O, isobaric invariant point at ~833 K.

Fach datum has been analyzed to give the standard
enthalpy at 298.15 K of the reaction

3Fe + 20, = Fe;0,
using the third-law method:

Aeron,29815 = AfG?n,T - fges 15 AfC‘},de * T[AfS?'n,ZQB.lS +
585 (A:Coo/T) dT] (13)

The calorimetric data used in this analysis are given in
O’Neill (1987a). Those for Fe,O, were taken from Robie
et al. (1978), the choice of which is discussed in O’Neill
(1987a). The calculated values of A, 5055 are plotted
against the temperature of the datum in Figure 6.

The mean value of AHY, 555,518 —1115.39 = 0.19 kJ-
mol~!, which is in exact agreement with that obtained,
using the same calorimetric data, from a comparison of
the Fe,SiO, + Fe + SiO, (QFI) and Fe,SiO, + Fe,O, +
Si0, (QFM) equilibria in O’Neill (1987a), in the range
1050 to 1320 K (—1115.43 = 0.30 kJ-mol-!). Note that
the quoted errors do not include the uncertainties in the
heat-capacity or entropy data. A mean value of —1115.4
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TABLE 4. Results from the cells Pt, Fe + “Fe0”|CSZ|Cu +

Cu,0, Pt
T emf T emf T emf
(K) (mv) K (mV) (K) (mVv)
Run 1
1107 540.9 1021 537.8 1209 543.8
1037 538.5 1035 538.4 1222 544.2
977 536.2 1050 538.9 1234 5445
946 535.5 1064 539.4 1247 544.7
945 535.2 1105 540.8 1260 544.8
912 533.6 1118 541.2 1272 545.2
878 532.6 1132 541.7 1284 545.5
896 532.5 1145 542.1 1295 545.7
913 533.3 1158 542.5 1307 546.0
929 534.0 1172 542.9 1318 546.2
991 536.6 1184 543.1 1328 546.5
1006 537.2 1196 543.4
Run 2
855 530.8 936 535.3 1012 538.0
873 531.4 951 535.7 1012 537.9
889 532.3 967 536.3 1026 538.5
905 533.0 982 536.8 1040 539.2
921 533.9 998 537.7
Run 3
914 533.0 1036 538.5 1170 542.9
946 534.5 1064 539.6 1194 543.5
978 536.3 1091 540.5 1220 544.6
1007 537.6 1119 5415 1247 544.3
962 535.5 1078 540.1 1270 545.0
930 533.7 1105 540.8 1293 545.6
992 537.0 1131 541.6 1315 546.2
1021 537.9 1144 542.0

kJ-mol-! has been adopted. This value was then used
with the same calorimetric data to calculate the free en-
ergy of formation of Fe,0, at 20-K intervals from 760 to
1600 K. These values were regressed to give the following
expressions for AGY,, .0, (in J-mol™'):
—1215345 + 2121.987T — 264.7817TIn T
+ 0.13314077 (600 < T < 848)
—1354650 + 4245.621T — 577.5478TIn T
+ 0.3095157% (848 < T < 1042)
—1079617 + 220.694T — 10.0979TIn T
(1042 < T < 1184)
—1116959 + 465.536T
—20.0438TInT. (1184 < T < 1600)

(14)

“FeO” + Fe,0,

The “FeQ” + Fe;0, (wiistite-magnetite) equilibrium
was studied using cells with M + MO mixtures as the
reference electrodes, as were the other equilibria reported
below. The advantages of this method have been dis-
cussed in O’Neill (1987a, 1987b), where full experimental
details are given. In addition to Fe + “FeO” and Cu +
Cu,0O, Ni + NiO was also used as a reference electrode;
the calibration of u,, for Ni + NiO has been reported in
O’Neill (1987b) and is taken to be (uo, = 120 J-mol™)

—480104 + 244.700T - 9.167T In T.
(800 < T < 1420)

The results for the cells

15)
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“FeQ,” Pt
T emf T emf T emf

(K) (mVv) (K) (mV) K (mV)
877 532.0 1042 539.2 1219 544.3
867 531.6 1056 539.7 1231 544.7
859 531.2 1069 540.1 1243 5449
850 530.9 1082 540.5 1255 545.2
858 531.5 1096 540.9 1267 545.6
867 5314 1109 541.3 1279 545.8
876 531.9 1082 540.5 1290 546.1
885 532.6 1056 539.7 1301 546.3
893 533.0 1029 538.7 1311 546.6
910 533.7 1000 537.6 1322 546.8
926 534.5 971 536.5 1300 546.3
942 535.1 1035 539.0 1279 545.7
957 535.7 1121 541.7 1211 544.0
971 536.3 1134 5421 1188 543.5
986 537.0 1147 542.5 1234 544.6
901 533.3 1159 542.8 1267 545.6
917 534.1 1171 543.2 1289 545.9
987 537.0 1184 543.5 1311 546.3

1001 537.6 1109 5414 1331 546.9

1015 538.2 1196 543.8

1029 538.7 1207 544.1

Pt, “FeO” + Fe,O,|CSZ|Fe + “FeO,” Pt  (VI)
Pt, “FeO” + Fe,0,|CSZ|Ni + NiO, Pt (VID

are given in Table 6. Since the Fe + “FeO” equilibrium
occurs at lower po,, and the Ni + NiO at higher, the
“FeO” + Fe,0, equilibrium is bracketed between the two,
so that any errors resulting from the transfer of oxygen
to or from the reference electrode will not bias the results.

It was found that the “FeO” + Fe,0, electrodes ap-
peared to react rapidly, with the emf of the cells coming
quickly to the new equilibrium values on both raising and
lowering temperature. However, the cells behaved in a
very uncertain manner at higher temperatures (>1270
K), and the decrease in emf of the cell, which is eventually
observed for all types of cell owing to the onset of oxygen
transfer, was particularly marked. Hence no data are re-
ported at temperatures higher than this. The emf’s for the
cell versus Ni + NiO below 920 K, while appearing quite
steady, were obviously anomalous as they showed unusu-
al fluctuations on changing temperature and were there-
fore also discarded.

The remaining data were regressed to give po, for
“FeO” + Fe,O, (uo, = 306 J-mol-):

—581927 — 65.618T + 38.7410T In T.
(833 < T < 1270) (16)

The difference between each datum and the value given
by this equation is illustrated in Figure 7. It may be seen
that there is a significant difference between these resid-
uals for each of the three runs, which is reflected in the
rather larger than usual standard deviation of the equa-
tion. Since both types of cell have a fairly large temper-
ature dependence of the cell emf, this could be explained
by an error in the calibration of each thermocouple. (These
runs were done over a period of some time and used
thermocouples from different spools of wire, each need-

Fe;,Oq
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Flautzi-..* : v .
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Fig. 6. The standard enthalpy of formation, AdY 255, Of
Fe,0,, calculated from the experimental data from the cells Pt,
Fe + Fe,O,|CSZ]air, Pt, given in Table 3. @, molar ratio of Fe
to Fe,O, is 4 to 1 (runs 1 and 2); B, molar ratio of Fe to Fe,O,
is 1 to 2 (run 3). The two data annotated by question marks were
obtained at temperatures above the Fe + “FeO” + Fe,O, iso-
baric invariant point at ~833 K, where Fe + Fe,0, is metasta-
ble. Also shown are the mean values obtained for this equilib-
rium by Rau (1972), using the reaction 3Fe + 4H,0 = Fe,0, +
4H,, with a palladium H, membrane. The dashed line labeled
Rau (1) refers to his data in the pure Fe-O system; that labeled
Rau (2) refers to his data with Fe doped with 0.36 wi% Sn.

ing a different calibration.) However, the problem was
realized during the course of the latter two runs, and ad-
ditional care was taken in calibrating the thermocouples
after these runs. It is therefore felt that, at least in regard
to these two runs, errors in temperature are not the cause
of the difference.

The composition of “FeQ” in equilibrium with Fe,O,
changes markedly with temperature, from Fe,,,;O at the
isobaric invariant point at 833 K to Fey ;O at the
“FeO” + Fe,0, melting temperature at 1697 K (Spencer
and Kubaschewski, 1978). This change in stoichiometry
means that the extent of the reaction needed to reach
equilibrium on changing temperature is far larger than
for most equilibria involving phases with nearly constant
stoichiometry, where the only equilibrium necessary is
with the gas space above the electrode. The exceptions
are those equilibria with a very high u,,, where a sub-
stantial degree of reaction with the oxygen in the gas is
required. An example is CoO + Co,0,, which was earlier
studied in this laboratory (O’Neill, 1985) and which also
showed a slightly larger than usual dispersion of the data,
despite being apparently, like “FeO” + Fe,O,, very re-
active.

Nevertheless, the uncertainty in the present results is
still small compared to previous studies: =306 J-mol-!
corresponds to only +0.013 in log £, at 1200 K. A com-
parison with some previous studies is given in Figure 8.
Most of these are at somewhat higher temperatures, and
extrapolation of the three-term equation for the present
results must be uncertain owing not only to the large
change in composition of “FeO,” but also to the possi-
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Fig. 7. Experimental results from the cells Pt, “FeO” +

Fe,0,|CSZ|Fe + “FeO,” Pt (W, run |; @, run 2, Table 6) and
Pt, “FeO” + Fe,0,|CSZ|Ni + NiO, Pt (A, run 3), plotted as a
function of temperature vs. the difference from Equation 16 in
the text.

bility of one or more phase transitions in “FeO” at higher
temperatures (e.g., Takayama and Kimizuka, 1980). A
comparison with the calorimetric data has not been at-
tempted because of these difficulties.

TABLE 6. Results from the cells Pt, “'FeO” + Fe,0,|CSZ|Fe +
“Fe0,” Pt and Pt, “FeO” + Fe,0,|CSZ|Ni + NiO, Pt

T emf T emf T emf T emf
Ky  (mv) Ky (mv) (K) (mv) Ky (mv)
Run 1 vs. (Fe + "“FeQ”)

1002 47.0 1015 504 1109 785 1198 1043

1083 70.8 1029 54.6 1122 824 1210 107.9

1029 54.9 1042 588 1135 86.3 1222 1116

1001 46.6 1056 62.8 1149 903 1234 1153
986 42.4 1069 66.9 1160 93.9 1246 119.0
957 33.6 1082 70.8 1173 97.7 1257 122.6
971 373 1096 74.6 1186 100.7

Run 2 vs. (Fe + “FeQ”)
961 35.8 897 1841 1098 773 1186 103.4
945 313 905 20.5 1112 81.2 1198 107.1
930 26.6 913 229 1125 85.0 1210 110.6
913 21.8 929 274 1138 88.9 1162 96.0
897 17.3 945 32.0 1112 813 1221 11441
880 125 960 36.4 1086 73.4 1234 1175
863 7.8 975 40.8 1058 654 1257 1244
845 2.9 990 45.2 1031 57.1 1270 129.0
838 1.1 1004 495 1003  49.1 1259 125.1
845 2.8 1018 53.7 973 405 1247 1213
853 5.7 1032 57.8 1017 53.2 1236 117.5
862 8.1 1046 61.8 1098 76.9 1225 113.9
871 10.8 1059 65.8 1149 923 1213 1105
880 134 1073 69.6 1162 96.0
888 15.7 1086 73.5 1174 99.7
Run 3 vs. (Ni + NiO)

928 223.6 1062 199.9 1176 177.7
944  220.7 1031 204.9 1188 175.2
961 217.6 1002 209.6 1200 172.8
976 2149 1017 207.6 1212 1709
990 2124 1045 202.8 1224 168.3

1005 209.9 1073 197.7 1201 172.9

1018 2073 1100 192.6 1177 1777

1033 204.9 1113 190.1 1152 182.6

1046 202.4 1126 187.5 1127 187.2

1060 199.9 1139 184.9 1224 168.0

1073 1974 1150 182.6 1236 165.3

1086 195.0 1163 180.2 1248 162.7
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Fig. 8. Comparison of the present results for the “FeO” +
Fe,0, equilibrium with previous work at temperatures <1300
K. Equilibration with H,-H,0O mixtures at 1 atm: A, Emmett
and Shultz (1933); A, Rau (1972); ¢, Viktorovich et al. (1972).
With CO-CO, mixtures and thermogravimetry: ll, Vallet and
Raccah (1965). With CO,-H, mixtures and thermogravimetry:
M & E, Myers and Eugster (1983). Emf methods: %, Roeder
and Smeltzer (1964); O, Levitskii et al. (1965); @, Barbero et al.
(1981); C & F, Charette and Flengas (1968); MSAZ, Moriyama
et al. (1969); RGC, Rizzo et al. (1969) [(1) at 973-1202 K, (2)
at 1173-1473 KJ; S & K, Schwab and Kiistner, 1981.

The Fe-“FeQ”-Fe,0, isobaric invariant point

The experimental results on the Fe + Fe,O,, Fe +
“FeO,” and “FeO” + Fe,0, equilibria in the range 750
to 920 K are shown in Figure 9. The curves for these
three equilibria should intersect at the isobaric invariant
point where Fe + “FeO” + Fe,0, coexist. The temper-
ature of this point has been given by Spencer and Ku-
baschewski (1978) as 833 K, although there must be some
uncertainty as to its exact location as it appears not to
have been directly determined by reversed phase-equilib-
rium methods. Rau (1972) gave a temperature of 843 K,
based on his H,-H,O equilibration measurements, and
Emmett and Shultz (1933) gave 832 K. The intersection
of the Fe + Fe,O, and Fe + “FeO” curves given in the
present work is at 826.8 K, and that of the “FeO” +
Fe,0, and Fe + “FeQ” curves is at 833.9 K; there is thus
excellent internal consistency in the present results, and
excellent agreement with the phase diagram of Spencer
and Kubaschewski (1978). It should be admitted that for
the “FeO” + Fe,0, equilibrium, the degree of agreement
is rather better than the number of data at <900 K and
the accuracy of the curve at higher temperatures would
lead one to expect. It was intended to use the position of
the isobaric invariant point to provide an additional con-
straint for the equation given for the “FeO” + Fe,0,
equilibrium, but this proved unnecessary.

The curves given for the Fe + “FeO” and “FeO” +
Fe,0, equilibria by Myers and Eugster (1983) intersect at
1052 K. The curve calculated for the Fe + Fe,O, equi-
librium from the QFI and QFM curves of Myers and
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Fig. 9. Free energy for reactions: (1), Fe + Fe;O0,, circles; (2),
Fe + “FeO,” triangles; and (3), “FeO” + Fe,0,, squares, plotted
relative to Reaction 2, Fe + “FeQ,” in the range 750-920 K to
show the position of the isobaric invariant point at which Fe +
“FeO” + Fe,0, coexist at 1 bar. Open symbols, Rau (1972);

solid symbols, the present work.

Eugster intersects their Fe + “FeO” curve at —216 K (!)
and their “FeO” + Fe,0, curve at 1106 K, which gives
some indication of the poor internal consistency of their
results.

Fe,O, + Fe,0,

The Fe,O, + Fe,0, equilibrium (magnetite-hematite,
Reaction 4) is a very important one in petrology, not least
because it is the basis of the Fe-Ti oxide geothermome-
ter-oxygen barometer of Buddington and Lindsley (1964,
and later versions). Two types of cell were used to study
this equilibrium:

Pt, Fe,0, + Fe,0,|CSZ|Cu + Cu,0, Pt (VIII)
Pt, Fe,0, + Fe,0,|CSZ|Ni + NiO, Pt (IX)

Two successful runs were done with cell VIIT and one
with cell IX. The results are given in Table 7. The u,, of
the Fe,O, + Fe,0, equilibrium intersects that of the Cu +
Cu,0 equilibrium at ~1190 K. Below this temperature,
Fe,0, + Fe,0; is stable at more reducing conditions than
Cu + Cu,0 and is therefore bracketed between the latter
and the Ni + NiO equilibrium. Above ~1190 K, Fe,0,
+ Fe,0, is more oxidizing than either of the reference
electrodes, but is obviously closer to that of Cu + Cu,O.
Hence any errors introduced at high temperature due to
oxygen transfer across the cell should be less for cell VIII
than for cell IX.

Unlike all the other oxygen buffers used in this study,
Fe,O, + Fe,0, proved to be extremely sluggish in its
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TaBLE 7. Results from the cells Pt, Fe,0, + Fe,0;|CSZ|Cu +
Cu,0, Pt and Pt, Fe,0, + Fe,0,|CGSZ|Ni + NiO, Pt

T emf T emf T emf T emf
K)  (mV) Ky (mV) (K) (mV) Ky  (mV)
Run 1 vs. (Cu + Cu,0)

1013 65.5 1121 245 1197 -6.0 1268 —-355
1026  59.8 1134 19.7 1209 -10.8 1279 —-39.9
1040 544 1146 14.7 1220 -153 1200 -—444
1054 493 1158 10.0 1232 —19.9 1301 —485
1068 44.2 1171 5.2 1244 254 1312 -53.0
1081 39.1 1183 -0.1 1256 —30.9 1322 -5741
1094 339 1159 9.3 1245 -264 1301 488

1107  29.2 1190 -34 1256 —31.0
Run 2 vs. (Cu + Cu,0)
1142 174 1205 —-9.2 1264 —345 1320 -55.8
1155 123 1217 —145 1276 —39.0 1310 —-51.7
1168 6.1 1229 —-19.7 1287 —435 1299 -—-47.2
1180 0.8 1241 248 1298 —-47.7
1193 —-4.4 1253 -—29.7 1309 -52.0
Run 3 vs. (Ni + NiO)
1019 2154 1101 240.6 11562 255.2 1224 2793
1034 220.3 1074 2315 1164 259.1 1235 283.1
1048 2249 1100 239.8 1176  263.3 1247 286.5
1061 229.3 1114 2438 1188 267.5 1258 290.3
1075 2334 1127 2476 1200 2715 1268 293.6
1088 237.1 1140 2514 1212 2754

approach to equilibrium. In this regard it is similar to
quartz-fayalite-magnetite (QFM) (O’Neill, 1987a). In all
the runs attempted (which include some at temperatures
below 1000 K, see below, that were not deemed success-
ful and that are therefore not reported in detail), the ini-
tial emf was 50-100 mV more reduced than the inferred
equilibrium value and decayed very slowly toward this
value. This rate of decay decreased with decreasing tem-
perature and was so slow that it would not be feasible to
obtain measurements below about 1000 K, although the
observed emf values at these lower temperatures even-
tually appeared constant and quite steady. These appar-
ently stable emf values were, however, not reproducible
from run to run (varying by up to 6 mV at any one tem-
perature), were inconsistent with the calorimetric data
when analyzed by the “third-law” method, and, on in-
creasing temperature, gave rise to further long periods of
slow decay.

The three successful runs were all begun at a temper-
ature greater than 1000 K. A week was allowed in order
to achieve equilibrium at the beginning of the run, by
which time the emf had been observed to be constant to
+0.2 mV for at least 48 h. Thereafter, readings were tak-
en ~48 h after increasing the temperature of the cell up
to 1200 K, and thence at 24-h intervals. The time needed
to achieve a stable emf on decreasing temperature was
even longer; therefore, few such readings were attempted
and then only toward the higher end of the temperature
range covered by these experiments. Reversing the cells
either by passing a small current across them or by flush-
ing with a reducing or oxidizing gas was frustrated by the
extremely long time needed to return to equilibrium; hence
this procedure was not attempted in the runs reported in
Table 7. Similarly sluggish behavior of Fe,O, + Fe,O,
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Fig. 10. Standard enthalpy, AH 9 ,..s, for the reaction
4Fe,0, + O, = 6Fe,0, calculated from the experimental data in
Table 7, using the entropy and heat-capacity data for Fe,O,,
Fe,0,, and O, in Robie et al. (1978).

has been remarked on by Charette and Flengas (1968). It
is emphasized, however, that all the data reported here
are from measurements in which the emf values changed
smoothly, if slowly, to the new value on changing tem-
perature and thence remained perfectly constant (to with-
in £0.2 mV) until the next temperature increment.

Each datum was analyzed by the third-law method (Eq.
13) using the entropy and heat-capacity data for Fe,O,,
Fe,0,, and O, given in Robie et al. (1978). The data for
Fe,O, have been previously shown to be consistent with
the Fe + Fe,O, (this work) and QFM (O’Neill, 1987a)
emf measurements. The enthalpy of reaction at 298.15
K (AHY, 50515, Reaction 4) so obtained is plotted versus
the temperature of the datum in Figure 10. Below ~1150
K, this enthalpy appears independent of temperature
(within experimental error), and thus the emf measure-
ments would seem to be in good agreement with the ca-
lorimetric data. However, the small temperature interval
(~130 K) covered, coupled with the large coefficients of
stoichiometry of the reaction (i.e., 6 mol of Fe,O, and 4
mol of Fe,O, per 1 mol of O,) make this agreement less
convincing than for the other equilibria studied in this
work. The mean value of A HY, 54,5 15 —494.46 = 0.2 kJ-
mol~!, which, with the previously deduced heat of for-
mation of Fe,O,, gives AHY, 505 s = 826.0 kJ-mol-'. This
compares satisfactorily with that measured by bomb cal-
orimetry, 826.8 kJ-mol~! (Roth, 1929).

Above 1173 K, the calculated A, HY, 4 s values tend to
be less negative. This is expected from the increasing solid
solution of Fe,O, toward y-Fe,0; above this temperature
(e.g., Spencer and Kubaschewski, 1978). Dieckmann
(1982) has measured the amount of nonstoichiometry in
Fe,0, (expressed as ¢ in Fe,_,0,) as a function of oxygen
fugacity from 1173 to 1673 K. His data may be used to
calculate the change in the activity of Fe,O, in equilib-
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rium with Fe,O,, relative to a standard state of stoichio-
metric Fe,0,, from the Gibbs-Duhem relation.

The formula Fe;_,0, may be rewritten as Fe,O, + [28/
(3 — 68)]O,. The Gibbs-Duhem equation gives

RTd(In Areyo,) = —(No,/ nFe304)dI‘-oz
S [-25G3 © Dduey (A7)

Dieckmann (1982) showed that ¢ is in fact a rather com-
plicated function of u,,, since besides the cation vacan-
cies predominant at high u,, values, Fe;O, also possesses
cation interstitials, which dominate at low u,. The over-
all value of § is therefore a product of two independent
defect equilibria. However, at the high u,, values of in-
terest here, cation vacancies greatly outnumber intersti-
tials; hence, to a good approximation, the latter may be
ignored. Dieckmann found that § in this region depends
on f,, according to the relation

8 (fo,)* (18)

and hence
duo, = —(3RT/26) dé. (19)

Substituting this into Equation 17 and integrating from
8 =0 to é gives

RT In ag.0, = 3RT In(3 — 0)/3.

The values of 6 at the ., of the Fe,O, + Fe,O, equi-
librium were then calculated from Equation 13 in Dieck-
mann (1982), at 1173, 1273, and 1373 K, to give the
following values of RT In @, at these temperatures (in
J-mol-): 66, 165, and 318. Since there are 4 mol of Fe,O,
per 1 mol of O, for the Fe,;0, + Fe,0, equilibrium, the
expected deviation from a horizontal line for A HY, ,e 5
in Figure 10 would then be 0.26 kJ at 1173 K, 0.66 kJ at
1273 K, and 1.27 kJ at 1373 K. This deviation is only
about half that observed, which may indicate that the
calorimetric data for Fe,O, are in fact slightly in error,
with the small temperature range covered by the emf
measurements reported here at temperatures less than
1150 K being insufficient for such errors to be noticeable.
Note that since there are 6 mol of Fe,O, per 1 mol of O,
in the Fe,O, + Fe,O, equilibrium, quite small errors in
the entropy for Fe,O, may be multiplied to produce a
fairly substantial effect on the calculated A HY, 5655

The results of some previous work on the Fe,O, +
Fe,0, oxygen buffer are summarized in Figure 11. The
emf study of Blumenthal and Whitmore (1961) is in ex-
cellent agreement with the present results, and that of
Moriyama et al. (1969) in good agreement. However, most
of the previous emf studies, including some in which the
experimental design has been shown to perform satisfac-
torily in the determination of other, less kinetically slug-
gish equilibria, are tightly clustered in a region ~6 kJ-
mol-! more oxidized than these results. It is worth noting,
though, that none of these studies show the change in
slope of A HY, ,o5 ;s expected from the increasing departure
from stoichiometry of Fe,O, above ~1150 K. The results
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of Rau (1972) at lower temperatures—which were ob-
tained using the same H,-H,O method as for the Fe +
Fe,0,, Fe + “Fe0,” and “FeO” + Fe,0, equilibria and
which were in excellent agreement with the emf mea-
surements reported earlier in this paper—are even more
oxidized, by ~10 kJ-mol-'. However, it might be ex-
pected that, in this case, Rau’s method would not be par-
ticularly accurate, as the partial pressure of H, in H,-H,O
mixtures in equilibrium with Fe,O, + Fe,O, at atmo-
spheric pressure is very low and consequently difficult to
measure with the necessary precision. It is also worth
noting that the material used by Rau was very fine grained
iron hydroxides dehydrated at 300 °C and may well be in
a state metastable to true, well-crystallized o-Fe,O,. The
H,-sensor method of Chou (1978) is the only hydrother-
mal study of this equilibrium that I have found in the
literature. Chou’s results are in good agreement with the
present ones above 973 K, but tend toward more negative
values of A HY ,4,5 at lower temperatures. Interestingly,
this trend is similar to that shown by my attempted mea-
surements at 7' < 1000 K, which were interpreted not to
have fully reached equilibrium (and which are thus not
reported in detail); these actually gave, for example,
AHY 55,5 between —497.5 and —499.5 kJ-mol-! at
~820 K.

The discrepancy between this majority of previous
emf studies and this work is too large to be explained by
the usual experimental uncertainties of the emf method,
which mostly amount to <2 kJ-mol ' {see, for example,
the comparisons illustrated in Fig. 6 of Holmes et al.
(1986) for the Cu + Cu,0O, Ni + NiO, Co + CoO, and
Fe + “FeO” buffers]. That the present results are “more
reduced” is especially disconcerting when it is remem-
bered that in all runs the emf’s approached stable values
slowly from the reducing side. It is therefore possible that
the present results represent a metastable equilibrium; if
50, it is a highly persistent one, as, for example, the runs
reported in Table 7 typically were held at temperatures
greater than ~ 1020 K for periods in excess of two months.
Furthermore, the hydrothermal work of Chou should be
less liable to such metastability because H,O at high pres-
sures may promote equilibrium through dissolution and
reprecipitation processes and, as pointed out above,
Chou’s results are in reasonably good agreement. Con-
versely, if the present results are indeed accurate, then
the majority of the previous emf work might equally well
be recording a metastable equilibrium—perhaps involv-
ing v-Fe,0O,. This is plausible since y-Fe,0, is less stable
than «-Fe,0,; therefore, the Fe,O, + y-Fe,O, metastable
equilibrium must occur at higher p,, than the stable
Fe,0, + a-Fe,0, equilibrium. XrD analysis of the sample
pellets after each of the runs in Table 7 showed only the
expected pattern of well-crystallized Fe;O, and a-Fe,0,.
Also, the solubility of Fe in Pt metal at the p,, of the
Fe,O, + Fe,O, equilibrium at the temperatures of this
study is negligible, and there was no evidence for any other
side reaction in the cell.
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Fig. 11. Comparison of the present results for the Fe,O, +

Fe,O, equilibrium with earlier work at temperatures <1350 K.
@, Rau (1972), H,-H,O equilibrium at 1 bar; C, Chou (1978),
H,-sensor at 2 and 4 kbar; M & E, Myers and Eugster (1983),
CO,-H, and thermogravimetry. The others all used an emf
method: B & W, Blumenthal and Whitmore (1961); C & F,
Charette and Flengas (1968); MSAZ, Moriyama et al. (1969); B
& S, Bryant and Smeltzer (1969); F, Fitzner (1979); KMK, Ka-
tayama et al. (1980); § & K, Schwab and Kiistner (1981); J,
Jacobsson (1985).

Finally, the inconsistency between the different emf ex-
periments on the Fe;0, + Fe,O; equilibrium seems to
extend to similar experiments that seek to use this equi-
librium to determine the activity of Fe,O, in spinel solid
solutions. Thus activity-composition relations in
ZnFe,0,-Fe,0, solutions in equilibrium with Fe,O, have
now been measured no less than four times. Two studies
(Katayama et al., 1977; Schaefer and McCune, 1986) re-
port very small positive deviations from ideality, but two
others (Tretyakov, 1967; Fitzner, 1979) report substan-
tial negative deviations, the difference between the two
schools amounting to ~30 mV in the cell emf for the
composition Xr.,o, = 0.5 at 1173 K, which is about twice
that between the present results and the majority for the
univariant equilibria. Earlier work with a gas-equilibra-
tion method (Benner and Kenworthy, 1966) sheds no light
on the problem, as these authors obtained a third kind of
result, large positive deviations from ideality.

Cu,O + CuO
The experimental results from the cell
Pt, Cu,0 + CuO|CSZ|Cu + Cu,0, Pt X)

are given in Table 8. No problems were encountered with
this cell, and stable emf values were achieved rapidly at
all temperatures. The data were analyzed in the same way
as those for the Cu + Cu,O equilibrium. Values of g,
for the reaction

2Cu,0 + O, = 4Cu0O (20)
were taken from the JANAF tables (Chase et al., 1982)
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for Cu,0 and CuO from 700 to 1300 K inclusive and,
after correcting from the reference pressure of 1 atm to 1
bar, were fitted by least squares to give the expression

WO = —289 748 + 375.522T7 —-23.1976T In T.
(2D
For each datum, the difference Auo, = toyrobs — Moyrianar
was calculated and has been plotted against the temper-
ature of the measurement in Figure 12. Regression of
Apo, versus T gives

Apo, (£99) = (2497 = 99) + (1.490 = 0.095)T. (22)

Since the uncertainties quoted in the JANAF tables for
AHY, 50515 and S 50515 for CuO are +2.09 kJ-mol~! and
+0.42 J-K-'-mol™', respectively, the deviation of the
present results from the calorimetric data, as shown by
Equation 22, is within the uncertainty limits of the latter.
The expression for the chemical potential of oxygen de-
fined by the Cu,0 + CuO equilibrium may therefore be
amended to (uo, = 117 J-mol™!; T in kelvins)

—292245 + 377.012T — 23.1976TIn T.
(800 < T < 1300)

The results of Charette and Flengas (1968), which were
obtained in a cell with Ni + NiO as the reference elec-
trode in the temperature range 892 to 1320 K, differ from
the above by approximately +1.4 kJ-mol-!. The more
recent work of Peters (1983), who used an emf cell with
air as the reference, differs by amounts varying from +1.7
kJ-mol ! at 973 K to —6.3 kJ-mol-! at 1323 K and is
thus evidently at odds with the calorimetric data.

The Cu,0 + CuO equilibrium could prove useful as
an oxygen buffer in hydrothermal experiments where a
high f;, (or low f,,,) is required.

CONCLUSIONS

The u,, defined by the Cu + Cu,O and Fe + “FeO”
equilibria have been determined to a very high degree of
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TasLe 8. Results for the cell Pt, Cu,0 + CuO|CSZ|Cu +

Cu,0, Pt
T emf T emf T emf T emf

K (mV) (K) (mv) Ky (mv) Ky (mv)
876 2824 892 284.6 108t 309.4 1083 309.0
859 280.4 901 285.6 1094 310.6 1055 305.4
841 278.1 909 286.6 1107 312.0 1069 307.2
823 275.8 925 288.6 1121 3139 1096 310.6
804 2733 939 291.0 1134 3157 1122 314.0
813 2746 955 2924 1146 317.3 1196 323.7
823 2759 970 294.3 1158 318.7 1208 325.1
832 27741 984 296.3 1171 320.2 1221 326.7
841 27841 999 298.3 1184 321.8 1233 328.2
850 279.3 1013 300.2 1172 3203 1209 325.1
859 2805 1027 302.2 1160 318.7 1245 3294
868 281.5 1041 304.2 1148 317.3 1257 33141
876 282.6 1055 306.2 1135 315.8 1269 332.6
884 283.7 1068 307.3 1110 3123

absolute accuracy using an electrochemical method with
air as the reference electrode. The results are in good
agreement with the earlier work from this laboratory by
Holmes et al. (1986) and are indeed within the stated
error limits of the latter, but represent an improvement
in both precision and accuracy that is due to minor mod-
ifications in the experimental technique. These are prin-
cipally (a) the use of two accurately calibrated thermo-
couples, to eliminate any problems with small temperature
gradients; (b) the use of YDT versus air electrodes, which
enables data to be obtained at temperatures as low as 750
K (vs. 900 K for Holmes et al.); and (c) increasing the
accuracy with which the u,, of air is measured, by taking
into account the partial pressure of water vapor in the
atmosphere, which is somewhat variable.

For Cu + Cu,0, the results are in essentially perfect
agreement with the very precise calorimetric data of Mah
etal. (1967) and Chase et al. (1982). In other words, these
results provide an excellent experimental proof of the third
law of thermodynamics. For Fe + “FeQ,” agreement with
the calorimetric data is also good, as is the agreement
with the values recommended by Spencer and Kuba-
schewski (1978) from an appraisal of 35 previous studies.

The results of these experiments with air as the refer-
ence electrode have in addition been checked by measur-
ing Cu + Cu,0O directly against Fe + “FeO” and vice
versa. They may therefore be adopted with confidence.

The Fe + Fe,0, equilibrium was also studied using air
as the reference. The accessible temperature range for this
equilibrium is restricted to temperatures below 833 K,
above which Fe reacts with Fe,O, to form “FeQ.” Never-
theless, the results obtained in this narrow temperature
region are fully consistent with those deduced earlier
(O’Neill, 1987a) from a comparison of the Fe + Fe,SiO, +
SiO, and Fe,O, + Fe,SiO, + SiO, equilibria at higher
temperatures (1050-1320 K).

The “FeO” + Fe,0, equilibrium was studied using Fe +
“FeO” and Ni + NiO as reference electrodes. This equi-
librium was found to intersect the Fe + “FeO” and Fe
+ Fe,0, equilibria at the isobaric invariant point of 833
K, which therefore demonstrates good internal consisten-
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cy. Agreement with the results of Rau (1972), who used
a H,-H,O equilibration method, are excellent.

The results for Fe,0, + Fe,O; are less satisfactory. The
exceptionally sluggish approach to equilibrium shown by
this assemblage makes demonstration of equilibrium by
reversal difficult and also limits the temperature range of
investigation that is practical with the present method to
above about 1000 K. Although the agreement of the re-
sults with existing calorimetric data appears quite good,
this test is rendered somewhat uncertain by the large coef-
ficients of stoichiometry of the reaction (i.e., 6 mol of
Fe,0, and 4 mol of Fe,0, to 1 mol of O,), by the Curie
points of Fe,0, at 850 K and Fe,0, at 950 K, and by the
increasingly large degree of nonstoichiometry in Fe,O,
above about 1150 K. Comparison with previous studies
reveals that most of these place the equilibrium at a po-
sition more oxidizing by some 6 kJ-mol! in u,. This
may be due to metastability of the crystalline form of
Fe,0,, but, in order to ascertain this, further experiments
with a technique that increases the rate of equilibration
(e.g., by using a flux) would be necessary at lower tem-
peratures.
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