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Free energies of formation of NiO, CoO, Ni2SiO4, and CorSiOr
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Ansrucr

The chemical potentials ofoxygen defined by the reactions

2Ni + O,: 2NiO
2Co + Oz: 2CoO

2Ni + SiO, + Or: Ni2sioo(ori"i,")
2Co + SiOr;+ O, : CorSiOolo,;"i"",

have been measured using an electrochemical technique. The results are (/roz in J'mol-',
?" in kelvins)

for Ni * NiO,
po , ( t 120 ) :  - 480104+  244 .7007 -9 j67T lnT  (800  <  T<1420 ) ,

for Co + CoO.

tlo,(+120): -491649 + 508.5277
- 53.284T ln T + 0.025 l8T'z

for CorSiOo * Co * SiO2(n ),

( 8 0 0 < T < 1 3 9 7 ) ,

r ro , (1130 ) :  - 49 l l 4 l  +  122 .8157 .+3 .5527T1nT  (960  <  T<1397 ) ,

for NirSiOo + Ni + SiO2(o,),

r ro,  ( r180) :  -516 690 + 362.977 -  22.297T1nT (960 < Z < 1820),

where the given uncertainties are plus or minus one standard deviation.
For all the equilibria except NirSiO4 + Ni + SiOr, the results are in excellent agreement

with the calorimetric data. NirSiOo breaks down to NiO + SiO, (cristobalite : crs) at
1820 + 5 K. Since for the two equilibria involving SiO, both qt:p;rtz (qz) and cristobalite
were used, some information is also given for the reaction

SiO2(q,): SiO2,*,.

INrnooucttoN

Ni and Co are both compatible trace elements, in that
they readily substitute for Mg and Fe2* in common rock-
forming silicates, and both are siderophile (that is, they
are easily reduced to the metallic state and incorporated
into Fe-rich metal). The combination of these properties
makes Ni and Co important in understanding some of
the processes involved in the formation and evolution of
the terrestrial planets and meteorite parent bodies, in par-
ticular the segregation of metal and the consequent for-
mation of planetary cores. In the accessible regions of the
terrestrial planets and in the unreduced portion of me-
teorites, most of the Ni and Co occur in olivine,
(Mg,Fe'z*)rSiOo, as the components NirSiO4 and Co'SiOo,
which are the only binary phases found in the systems
NiO-SiO, and CoO-SiO2 at atmospheric pressure.

* Present address: C.R.A. Research, P.O. Box 42. Boolaroo.
N.S.W. 2284, Australia.
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The aim of this paper is to provide a sound thermo-
dynamic basis for the description of the reduction of Ni
and Co by measuring the chemical potential of oxygen
defined by the reactions

2N i  +  O , :2N iO  ( l )

2Co * O, : 2CoO (2)

2Ni + SiO, * Oz : NirSiOo (3)

2Co + SiO, + Oz : CozSiO^ (4)

using an electrochemical method with calcia-stabilized
zirconia (CSZ) as an oxygen-specific electrolyte.

With the recent measurements on the heat capacities
of NirSiOo and CorSiOo from 5 to 1000 K (Robie et al.,
1982, 1984), there now exist accurate calorimetric data
for all substances in Reactions I to 4, which may be used
to provide a check on the consistency ofthe experimental
determinations of these reactions. Most of the previous
work is in fact not very consistent with the calorimetric
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data. There are, moreover, considerable differences be-
tween many of the previous studies, and it is not always
apparent which, ifany, ofthese are to be preferred. Ac-
curate calibration of Ni + NiO and Co * CoO is partic-
ularly desirable as these equilibria have been widely used
as oxygen buffers in the double-capsule technique in hy-
drothermal experiments (Eugster, 1957), and as reference
electrodes in electrochemical experiments, and therefore
bear on a large body of other data. The Ni + NiO equi-
librium has also often been used as a calibrant or a check
in gas-mixing furnaces or in Hr-membrane experiments.
Earlier work on the Ni + NiO and Co + CoO equilibria
from this laboratory using a similar electrochemical tech-
nique but w'ith air as the reference has been reported by
Holmes et al. (1986); the present results, although being
in good agreement with those of Holmes et al., are be-
lieved to be slightly more accurate.

ExpnnnrBNTAL METHoD AND sTRATEGy

A full description of the method, apparatus, and procedure
used in this study is given in O'Neill (1987), together with a
discussion of some ofthe potential errors involved. Briefly, an
electrochemical cell is constructed consisting of two electrodes,
A and B, each defining chemical potential oxygen, rrtz and, pBo2,
separated by the oxygen-specific electrolyte calcia-stabilized zir-
conia (CSQ. Under ideal conditions (e.g., zero electronic con-
ductivity) the open-circuit emf, E, developed by such a cell is
related to the difference in po, between the two electrodes by

4 F E : p B , _ p 6 ,

where F is the Faraday constant (96 484.56 coulomb.mol-').
As the method measures the difference between the chemical

potentials of the two electrodes, one, with known po,, must be
chosen as a reference. Since one ofthe potential problems in the
method is the possible transfer ofoxygen from the electrode with
the higher po, to the electrode with the lower-whether by small
amounts of electronic conductivity or by other causes such as
permeability of the electrollte-it is desirable to bracket the un-
known by doing two sets of experiments, one with a reference
electrode with higlter po, and another with a lower. In this study,
Fe + "FeO" mixtures were used for the lower p6, reference elec-
trode; for the determination of the Ni + NiO equilibrium, Cu *
CurO was used as the higher po2 reference electrode. The p6,
values defined by the Fe + "FeO" and the Cu * CurO equilibria
have been recently redetermined to a high degree of accuracy in
this laboratory (O'Neill, in prep.) using air (the po, of which is
of course precisely and independently known) as the reference
electrode and have been taken to be (in J.mol-t: 7 in kelvins)
for Fe + "FeO" (t90)

-605 8 l2 + 1366.7 r8T - 182.1 955T ln T + 0.103 5927,
( 8 3 3 < 7 < t 0 4 2 )

- 5 1 9 3 5 7  +  5 9 . 4 2 7 T + 8 . 9 2 7 6 T \ n T  ( 1 0 4 2 <  f  <  1 1 8 4 )
-551 159 +  259.4047 -  L6 .9484TlnT (1184 <  7< 1450)
and for Cu + CurO (+40)
-347705 +246.0967 ' -  r2 .9053TLnT (750<T <  1330)

The reference pressure for oxygen is I bar (105 Pa), and the
uncertainty given in parentheses is one standard deviation. These
values are in good agreement with the earlier results from this
laboratory of Holmes et al. (1986).

As a check on the consistency of the above data, the emfs of
cells with Cu * CurO as the sample electrode and Fe + "FeO"
as the reference, and vice versa, were measured with completely
satisfactory results (i.e., agreement to within + 100 J'mol '). The
distinction between the "sample" and "reference" electrodes is
somewhat artificial, but follows from the particular experimental
anangement used (see Fig. I in O'Neill, 1987).

There are two reasons why air was not further used as a ref-
erence electrode.

1. The high uo, of air and its high oxygen content exacerbates
the problem of polarization caused by oxygen transfer into the
sample either from the finite electronic conductivity or perrne-
ability of the CSZ electrolyte. The more reactive the sample, the
less the problem. Some experiments by Worrell and Iskoe (1973)
have shown that the overvoltages produced by passing a small
current through a symmetrical cell of the type

M + M O " I C S Z I M + M O ,

decrease by approximately an order of magnitude at any one
temperature in the order M : Cu < Fe < Ni. Similar experi-
ments by Iwase et al. (1981) show that the Mo + MoO, electrode
polarizes even more than Ni + NiO, and it is surely to be ex-
pected that a three-phase mixture involving silicates would be
very much less reactive than these simple two-phase metal +
metal oxide mixtures. Thus it is hoped that, by choosing the two
most reactive metal + metal oxide mixtures available (i.e., Cu +
CurO and Fe + "FeO') for the primary experiments against air,
this problem may be minimized.

2. The p6rvs. 7 slope ofair is very diferent from that ofmost
solid oxygen buffers, most ofwhich (a11, in this study) have quite
similar slopes. Hence, if a suitable metal + metal oxide mixture
is used as the reference electrode, any absolute error in temper-
ature measurement translates into a much smaller error in the

lro, of the unknown than if air were the reference.
Although the Cu + Cu'O electrode appears to be the most

reactive solid reference electrode available and is also the most
precisely known, it does have some disadvantages. Most impor-
tantly, the eutectic melting temperature of Cu + CurO is rela-
tively low (-1330 K). Molten mixtures cannot be used as ref:
erence electrodes in the present apparatus, as they combine rapidly
vdth the Pt lead wires, which not only contaminates the elec-
trode, but may also break the electrical circuit. In addition, the
spring loading ofthe electrode against the electrolyte (see Fig. I
in O'Neill, 1987) would squeeze out any liquid material, dis-
rupting the cell. However, it is at these higher temperatures that
oxygen transfer is observed to become a problem, and conse-
quently where it is particularly desirable to bracket the unknown
by measurements against electrodes with both higher and lower
po, volues. Hence, after determining the po, of the Ni + NiO
equilibrium against both Fe + "FeO" and Cu + CuO, Ni +
NiO was thereafter used as the higher-rro, reference electrode for
the other reactions. Also Cu + CurO invariably sticks to the
electrolyte tube, and although there is no evidence ofany chem-
ical reaction (the Cu + CurO may be cleaned offwith acid), this
does mean that the tube often breaks on taking the cell apart
and so cannot be used again. Ni + NiO never sticks, and Fe +
"FeO" only rarely, when evidence of oxidation is present.

ExprnrprnNTAl DETATLS

Materials

The metal-metal oxide electrodes were made from mixtures
of Cu and CurO, Fe and "FeO," Ni and NiO, and Co and CoO
in the molar ratio 3:1. CurO was prepared from Cu and CuO
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and "FeO" from Fe and FerOr, mixed in almost the appropriate
ratio but with a slight excess of metal, and sintered at l000qC
for -16 h under a flowing stream ofAr, which was purified by
passing successively over activated charcoal, phosphorus pent-
oxide, and Ti chips at 800"C. CoO was prepared from CorOo by
heating at 1000'C under a flowing stream ofunpurified Ar for
- l6 h. NiO was sintered in air at 1000'C for - l6 h. The metals
were used as supplied, in the powder form with grain size less
than 20 pm. All reagents were stated by the manufacturers to be
of 99.9o/o purity or greater, with the exception of Fe and Co
metals, which were 99.50/0.

Two forms of SiO, were used: quartz from a large natural
crystal of gem quality, with no inclusions visible under the op-
tical microscope; and cristobalite from amorphous SiOr.xHrO,
sintered in air at 1550€ for 3 d.

CorSiOo olivine was synthesized from CorOo and amorphous
SiO,, dried at 700"C, by sintering in air for I d at 1200"C, grind-
ing under acetone, and sintering again for 3 d at 1200"C. This
treatment gave pnre olivine, with no excess CoO or SiO, de-
tectable either by X-ray ditrraction or optical examination. This
material was used for all the runs (with both quartz and cristo-
balite) using Fe + "FeO" as the reference electrode, but unfor-
tunately was entirely used up in the process; therefore, for the
run with the Ni + NiO reference electrode, some CorSiOn from
the stock ofsubstances that exist in this laboratory was used. It
was made at 1330C, other conditions unknown, and contained
abott 2o/o excess CoO.

NirSiOo olivine proved rather difrcult to synthesize. Attempts
using NiO and dried anorphous SiO, never reacted completely,
even at 1500t for I week with one intermediate grinding. How-
ever, a gel method using Ni(NOr)2.6HrO and tetraethyl ortho-
silicate proved very successful. The gel was sintered at 1500"C
for 2 d, and the final product contained a very small amount of
excess SiO, in the form of cristobalite. This material was used
for run Ni-OL l. For all the other runs, NiSiOo commercially
supplied by Tem-Pres was used. The conditions of synthesis are
unknown.

Performance of the electrochemical cells

The cells involving metal-metal oxide equilibria alone came
rapidly to equilibrium, with the recorded emf generally being
within +5 mV of the final value as soon as the initial tempera-
ture was reached. These cells were then left at the initial tem-
perature for about 24 h before the first reading was recorded, by
which time the emf had been observed to be stable to within
+0.2 mV and with no detectable drift for at least 12 h. There-
after the emf generally changed almost instantaneously to the
new equilibrium value on increasing temperature, and within a
few hours on decreasing temperature. The lower temperature
limit above which the cells were found to operate satisfactorily
was about 800 K; below thiS temperature, the resistance of the
cells becomes high comparable to the impedance of the measur-
ing device. At high temperatures, the emf of the cell may be
observed to decrease slowly but inexorably with tirne; this nor-
mally does not occur below about l25G-1350 K, the actual tem-
perature limit varying from run to run. Hence, readings at these
higher temperatures were taken as rapidly as possible, and when
any untoward decrease of emf with time was noted, either the
temperature was lowered or the run abandoned.

The cells used to measure the CorSiOo + Co + SiO, equilib-
rium behaved similarly, except that rather longer was needed to
reach equilibrium initially, and stable emfs could not be achieved
below -950 K. For the run with Ni + NiO as the reference

electrode, in which the CorSiOo contained some excess CoO, the
emf initially reached a plateau corresponding to the Co + CoO
equilibrium, at which it stayed for -5 h before increasing fairly
rapidly to the final value, which was achieved in a total of - 36 h.

The behavior of the various NirSiOo-containing cells difered
markedly according to the provenance of the NirSiOo. The cells
using NirSiOo commercially supplied by Tem-Pres achieved
equilibrium quite rapidly and generally performed similarly to
those with CorSiOo. Those with NirSiOo made from a gel ap-
proached equilibrium very slowly, and reasonable results could
not be obtained below 1150 K the apparent ro, being anoma-
lously low (i.e., more reducing) at lower temperatures. Attempts
using NirSiOn made from NiO and amorphous SiOr (which was
known to be incompletely reacted) also gave anomalously low
po, volues, which is opposite to the effect that might be expected
if the po, were bufered by NiO + Ni. The emfs from these cells
were very unsteady, in marked contrast to all other cells used in
this study, and hence no attempt was made to record any data
from them.

Equilibrium was demonstrated by (1) obtaining data after both
increasing and decreasing temperature, (2) passing a small cur-
rent through the cell, (3) evacuating one or other ofthe electrode
compartments and filling with an oxidizing or reducing gas such
as air or Ar * CHo, before refilling with purified Ar.

Especially at lower temperatures, the cell sometimes does not
return to equilibrium after procedure 3, which was therefore
used sparingly, and only toward the end of the run.

Temperatures were measured to +0.1 K with ft-PtroRhro ther-
mocouples calibrated against the melting point of Au using the
IPTS-68 scale. Temperatures are reported to the nearest degree
to allow for errors in calibration and measurement. The cell
emfs were measured to +0.01 mV, and have been reported to
the nearest 0.1 mV. The performance of all cell assemblies was
checked by measuring the emf of symmetrical cells of the type

Pt, M + MO,ICSZIM + MO,, Pt,

where M : Fe. Cu. or Ni. These emf values were confirned to
be effectively zerc (<0.2 mV) for all cells except those involving
Cu + Cu:O; these latter showed small (< 1.0 mV), reproducible
emfs which were thought to be due to incorrect positioning of
the cell in the constant temperature zone ofthe furnace. Since,
to a first approximation, such thermoelectric emfs are expected
to be independent of the composition of the sample electrode,
they were subtracted from the final readings obtained with the
Cu + CurO cells. In writing cell assemblages, the convention has
been adopted of putting the sample electrode on the left-hand
side and the reference on the right; to avoid confusion, all cell
emfs have therefore been reported without *ve or -ve signs,
the actual polarity of the cells being in all cases obvious.

Rrsur,rs
Ni + Nio

It was felt to be particularly important that the mea-
surements on the Ni + NiO equilibrium should be as
accurate and reliable as possible because Ni + NiO was
subsequently used as a reference electrode for the deter-
minations of the three other reactions in this work.
Therefore, three types ofcells were studied:

Pt, Ni + NiOICSZICu + Cu2O, Pt (D

Pt, Ni + NiOICSZIFe + "FeO", Pt 0I)
Pt, Fe + "FeO"lCSZlNi + NiO, Pt. (III)



TABLE 1. Results from the cells used to measure the free en-
ergy of formation of NiO
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Fig. 1. Comparison ofthe results obtained from the present
work for free energy of the reaction 2Ni + O, : 2NiO with those
of Holmes et al. (1986). Top: vs. Fe + "FeO"; O, runs Ni l-3;
l, run Ni 4. Bottom: vs. Cu * CurO, runs Ni 5-7.

The difference between cells II and III is that in the
former the Ni + NiO electrode occupies the sample po-
sition and Fe + "FeO" the reference, and vice versa in
the latter. Three separate runs were done with cells of
types I and II, and one run with type III.

The results are given in Table I and plotted as function
of temperature in Figure l, using the previous determi-
nation from this laboratory of Holmes et al. (1986) as a
reference. It may be seen that all three types ofcells give
a po, lhal is slightly lower than that of Holmes et al.
(1986). For the nrns vs. Cu * CurO, linear regression
analysis of this difference (Apo,) as a function of temper-
ature gives (in J.mol-')

Ap", (+85) : -424 (+62) + 0.084 (+6.659; 7

and for the runs vs. Fe * "FeO"

Ap", (+97):  -52 (+ l0 l )  -  0 .2505 (+0.094) Z.

Since in the one case, this slope is slightly positive and
in the other, slightly negative-and in both cases is very
small-it was assumed that the diference between the
results of the present work and those of Holmes et al.
(1986) is independent oftemperature, and is given by

Apor: -334 + 90.

As the error estimated in Holmes et al. (1986) is +400

J.mol-', agreement between the two studies may be said
to be excellent. The present results are, however, believed
to be more acclrrate, as the experimental method em-
ployed here minimizes any systematic errors due to the
following causes: (l) temperature measurement, as the
temperature dependence of the cell emfs reported here
is nearly an order of magrritude less than for cells using
air as the reference; (2) ternperature gradients, as the pres-
ence of these has been checked for using the symmetric

f emf f emf f emf f emf
(K) (mv) (K) (mv) (K) (mv) (K) (mv)

884 243.8
901 245.8
917 247.8

NiO 1: Ni + NiO vs. Fe + "FeO"
932 249.5 1007 258.8
948 251.3 1034 262.0
978 255.4 1279 286.4

NiO 2: Ni + NiO vs. Fe + "FeO"
838 238.9 1061 264.8

1126 27',t.3 1048 263.4
1138 272.5 1020 260.4
1163 275.1 991 256.9
1199 278.8 962 253.8
1151 274.1 1175 276.2
1114 270.2 1126 271.3
1088 267.5 1074 266.0

NiO 3: Ni + NiO vs. Fe + "FeO"
962 2s3.3 1062 264.8
977 255.2 1076 266.2
992 2s6.9 1089 267.6

1007 258.7 1102 269.1
1021 260.3 1128 271.8
1035 261.9 1152 274.2
1049 263.5

NiO 4: Fe + "FeO" vs. Ni + NiO
1098 268.4 1257 284.6
11 1 1 269.8 1234 282.2't124 271.1 1187 277 .5
1137 272.5 1210 279.8
1149 273.7 1312 290.4
1161 275.0 1333 292.5
1174 276.2 1355 294.7
1198 278.6 1375 296.8
1221 280.9 1396 298.9
1245 283.3 1416 301.0
1267 285.5 1406 299.8
1289 287.9 1385 297.6
1278 286.8 1365 295.4

NiO 5: Ni + NiO vs. Cu + Cu,O
965 282.1 1210 264.2
980 281.0 1246 261.7
995 279.9 1270 260.1

NiO 6: Ni + NiO vs. Cu + Cu,O
1027 277.8 1096 272.5
1041 276.4 1123 270.4
1055 275.3 1149 268.3
1069 274.3 1176 266.2
1082 273.4 1201 264.4

NiO 7: Ni + NiO vs. Cu + Cu,O
880 288.4 1085 273.6
888 287.9 1098 272.6
896 287.2 1111 271.8
905 286.6 1124 270.9
913 286.1 1136 270.1
929 284.9 1149 269.2
945 283.7 1111 271.7
960 282.6 1084 273.6
975 281.5 1058 275.6
990 280.4 1029 277.6

1004 279.3 1000 279.8
1019 278.3 971 282.1
1033 277.3 986 280.9
1045 276.3 1015 278.8
1059 275.3 1043 276.7
1072 274.4 1 161 268.0

1332 291.7
1382 296.7

1100 268.7
1138 272.5
1187 277.4
1210 279.6
1222 280.7
1233 281.8
1256 284.0
1200 278.5

1177 276.9
1201 279.1
1225 281.4
1165 275.2
1140 272.7
1189 277.5

1344 293.1
1334 292.0
1323 290.9
1301 288.7
1279 286.4
1257 284.2
1211 279.7
1163 275.0
1268 285.3
1290 287.5
1312 289.7
1334 291.9
1355 294.1

1225 263.1
1201 264.7

1226 262.7
1249 261.1
1273 259.5
1296 257.8
1318 256.3

1174 267.0
1185 266.2
1197 265.4
1210 264.5
1221 263.5
1233 262.7
1245 262.0
1257 26't.1
1268 260.2
1234 262.3
1187 265.7
1279 258.9
1291 258.1
1301 257.3
1312 256.5
1323 255.6

o
1977 255.1

1034 261.8
1006 258.7
977 255.4
947 251.9
915 248.3
882 244.3
848 240.1

881 243.5
898 245.4
914 247.5
931 249.9
914 248.0
897 245.9
946 251.4

1148 273.8
1124 271.3
1098 268.6
1072 265.7
1044 262.8
1016 259.7
988 256.6

1002 258.0
1016 259.7
1031 261.1
1044 262.6
1058 264.0
1072 265.7
1085 267.1

9 1 8
934
950

904
920
953
983

1 0 1 3

285.6
284.4
283.2

286.5
285.6
283.5
281.1
279.2

914 286.1
880 288.6
863 289.8
845 291.2
826 292.5
817 293.3
807 294.0
797 294.8
807 293.9
817 293.2
826 292.4
835 291.8
844 291.1
853 290.5
863 289.7
871 289.1

Atofe: The order is that in which the measurements were made.
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Fig. 2. Comparison ofthe present results for the free energy
of the reactions 2Ni + O, : 2NiO and 2Co + 02 : 2CoO with
that derived from calorimetric data as assessed in Pankratz (1982;
Pz), Robie et al. (1978; RHF), and Chase et al. (1974; JANA$.
The curves are smoothed representations of values tabulated at
100-K intervals.

TnaLe 2. Results from the cells used to measure the free en-
ergy of formation of CoO

Fig. 3. Comparison ofthe results obtained from the present
work for the free energy of the reaction 2Co + o2: 2CoO with
those of Holmes et al. (1986). Top: vs. Fe + "FeO." Bottom:
vs. Ni + NiO.

cells and the appropriate correction has been made where
necessary (i.e., for those cells with Cu * Cu'O as the
reference electrode); and, most importantly, (3) polar-
ization of the Ni + NiO electrode from oxygen leakages.
The Fe + "FeO" reference electrode is more reducing
than Ni + NiO, and Cu * CurO more oxidizing, so that
the good agreement of the results from both types of cell
implies that oxygen transfer across the CSZ electrolyte
cannot have been a significant source of error. Further-
more, the similarly good agreement of the results from
cells oftype II and III argues against any significant pen-
etration of oxygen from the atmosphere into either the
sample or reference electrode compartments.

Accordingly, the equation for poz of Ni + NiO (in
J.mol-'; Z in kelvins) given in Holmes et al. has been
modified to

po,( !120) :  -480104 + 244.7007
9.l67TlnT (800 < T < 1420)

where the uncertainty in parentheses (+120 ,',tto1-r; is
the estimated one-standard-deviation uncertainty de-
rived from the observed statistical uncertainty in the ex-
periments (190 J'mol-'), coupled with those for the Cu +
CurO and Fe * "FeO" reference electrodes (+40 and
+90 J. mol-', respectively).

The above expression is compared in Figure 2 to those
given in the compilations of thermodynamic data of Ro-
bie et al. (1978) and Pankratz (1982), which are both
derived exclusively from calorimetric measurements (i.e.,
low-temperature heat capacities, high-temperature heat
contents, and an enthalpy of formation determined by
combustion calorimetry). From this it may be seen that
agreement with the calorimetric data is excellent. The
diference in the po, vs. Z slope of the present work with
that of the equation given in Pankratz is only +0.8
J'K-'.mol-' and with rhe tabulations of Robie et al. (1978)
is even less, *0.3 J'K-l'mol-'. It is interesting to note
that the diference between the two compilations is com-
parable in magnitude to the diference between either and

f emf f emf f emf f emf
(K) (mv) (K) (mv) (K) (mv) (K) (mv)

865 183.6
883 184.0
899 184.6
916 1 84.9
932 185.3
948 185.7
963 186.1
978 186.5
993 186.9

1 103 188.8
1375 194.3
1 153 190.0
1201 190.7
1224 191.0
1248 191.2
1269 191 .5
1291 191 .8
1313 192.2
1334 192.8

893 60.9
876 59.4
859 57.9
841 56.3
823 54.6
804 s2.8
813 53.6
823 s4.s
832 55.4
841 56.3

Co 1: Co + CoO vs. Fe + "FeO"
1 008 187 .3 1152 189.9 917 185.2
1021 187.6 1176 190.2 933 185.5
1035 187.8 1188 190.4 949 186.0
1049 188.1 1200 190.5 965 186.4
1063 188.4 1223 190.7 1009 187.5
1076 188.6 1246 191.0 1090 188.7
1102 189.2 866 183.7 1116 189.1
1 128 189.7 901 184.7 1 141 189.4

Co 2: Co + CoO vs. Fe + "FeO"
1355 193.5 1202 190.8 1406 195.1
1395 194.8 1 1 66 1 90.2 141 6 195.4
1376 194.2 1142 189.9 1426 195.7
1356 193.7 1117 189.6 1386 194.5
1334 193.1 1178 190.2 1366 193.9
1313 192.6 1214 190.6 1345 193.3
1292 192.1 1237 190.9 1324 192.8
1270 191.7 1 260 191 .2 1303 192.2
1248 191.3 1366 193.8 1406 194.9
1225 191.0 1386 194.4

Co 3: Co + CoO vs. Ni + NiO
850 57 .1 942 65.4 1070 77 .1
859 57.8 957 66.8 1096 79.3
867 58.6 972 68.3 1122 81.4
876 59.4 987 69.8 1082 78.1
885 60.2 1001 71.1 1172 85.7
893 61.1 1015 72.3 1196 87.8
901 61.9 1029 73.5 1220 89.8
910 62.6 1043 74.7 1159 84.8
926 64.0 1056 75.9 1243 91.6

Co 4: Co + CoO vs. Ni + NiO
1058 76.3 1 185 87.0 131 1 97.0
1111 80.7 1209 89.1 1332 98.7
1 137 82.9 1266 93.5 131 1 97 .4
1148 83.6 1289 95.5 1353 100.6
1160 84.7

958 67.2
974 68.5
989 69.9

1003 71.2
1031 73.7
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the present work and, as the sources ofthe data in both
are the same, seems to result solely from fitting the high-
temperature heat-content measurements to different forms
of the extended Maier-Kelley empirical heat-capacity
equations. Moreover, when comparing the calorimetric
data with the present work, it should be borne in mind
that the standard entropy of NiO is derived from heat-
capacity measurements that extend down to only 54 K
(King, 1957) and that the heat,content measurements
(King and Christensen, 1958) were interpreted by King
and Christensen, and consequently by Robie et al. (1978)
and Pankratz (1982), to show not only the well-estab-
lished transition at the N6el temperature (525 K) but a
further transition, of unknown origin, at 565 K. The ex-
istence ofthis second transition (which has actually been
given the status ofbeing labeled as a B - 7 transition in
most thermodynamic compilations) has recently been
shown to be probably an artifact of the data (Bergman
and Agren 1985). It may therefore be concluded that the
present results are in very good agreement with the ca-
lorimetric data, such as they are. The appropriate amend-
ment to the standard enthalpy of formation of NiO cal-
culated by the third-law method by Holmes et al. (1986)
yields

LHor.2sBts : -240'28 kJ'mol-''

This value-considering that in addition to the uncer-
tainty in the experimental data, it is also subject to the
uncertainties in the calorimetric data for the standard en-
tropies and high-temperature heat capacities of NiO, Ni,
and Or-compares very favorably with that measured by
combustion calorimetry en9.74 + 0.42 kJ'mol-'; Boyle
et al., 1954).

Since a fairly comprehensive comparison with pre-
vious work on the Ni + NiO equilibrium has been given
in Holmes et al. (1986), this exercise will not be repeated
here. However, it should be noted that the often-quoted
results ofHuebner and Sato (1970) deviate from those of
the present work by -555 J'mol-'at 800 K to +4091
J'mol-' at 1400 K, which thus also indicates a very large
discrepancy between the results of Huebner and Sato
(1970) and the calorimetric data. The recent work by
Comert and Pratt (1984) shows a deviation from the
present results in exactly the opposite direction, from
+1962 J.mol-' at 800 K to -452 J'mol-' a|1275 K.

Co + CoO

Measurements on the Co + CoO equilibrium were
obtained from two tlpes of cells:

Pt, Co * CoOICSZIFo + "FeO", Pr (Iv)
Pt, Co + CoOICSZINi + NiO, Pt. (V)

Two separate runs were done with each type of cell.
The results are given in Table 2 and have been treated in
the same way as those for Ni + NiO by plotting them as
a function oftemperature referred to the previous deter-
mination of Holmes et al. (1986) in Figure 3. Again,
agreement with the latter is quite good. Linear regression

of the difference between the present work and that of
Holmes et al. (1986) as a function of temperature gives,

for the runs with Fe + "FeO" as the reference electrode
(in J'mol-'),

aar6,(+75):  + I157 (163)  -  1.200 (+9.953;  7,

and for the runs with Ni + NiO,

N4o,( t64) :  +1000 (+57) -  1.065 (+4.955;  7.

The very good agreement between the results from the
two types of cell is a powerful demonstration of the ex-
traordinarily high internal precision of these measure-
ments. Taken together, the results, which cover the tem-
perature range 80G-1420 K, give

Nro,(+71):  +1075 (+40) -  1.133 (+9.936;  7 '

which has been used to amend the expression for Co *
CoO (in J'mol-') given in Holmes et al. (1986) to

po, (t120) : -491649 + 508.5277 - 53.284TLnT
+ 0.025 l8P (800 < T < 1397).

The accompanying error has been estimated in the same
way as for Ni + NiO. This expression has been compared
in Figure 2 with the tabulated calorimetrically derived
values given in the JANAF tables (Chase et al., 1974)
and by Pankratz (1982) [the values given in Robie et al.
(1978) contain an error caused by the high-temperature
heat-capacity equation for CoO not being constrained so
as to join smoothly with the heat capacity at 298.15 Kl.
The present work shows a difference in po, vs. ? slope
compared to the JANAF values of 1.29 J'K-''mol-', and
1.44 J.K-''mol-' with the values in Pankratz. Thus, if
the present data are correct, the calorimetrically deter-
mined entropy of CoO has been underestimated by ap-
proximately 0.7 J'K-''mol-' (assuming the entropies of
Co and O, are accurate), which is rather larger than the
quoted uncertainty in the measurement of the standard
entropy of CoO at 298.15 K (+0.:l ; '11-t ' t1sl-t, Kin$,
1957). However, as for NiO, the standard entropy of CoO
was determined from heat-capacity measurements that
extend down to only 54 K (King, 1957). Moreover, the
Curie point of CoO occurs at -287 K, and therefore the
anomaly in the heat capacity occurs inconveniently near
to where the low-temperature adiabatic heat-capacity
measurements must be joined to the high-temperature
heat-content measurements of King and Christensen
(1958). That the discrepancy for Co + CoO is in the
opposite sense to the rather smaller one noted above for
Ni + NiO at least indicates that it is not due to any
systematic error in the emf measurements.

Some additional evidence that it is the calorimetric en-
tropy of CoO rather than the present results that may be
slightly in error comes from assessment of the thermo-
dynamics of the reaction

3CoO + t/zOr: CorOo, (5)

the data for which were presented in O'Neill (1985), where
it was noted that, at temperatures < I100 K, there was a
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rather large discrepancy of 4.01 J.K-''mol-' of CorOo
between the emf results and the calorimetrically deter-
mined po, vs. 7 slope of the reaction. If the data given in
O'Neill (1985) are re-examined using the new values for
the Cu + CurO reference electrode used in this paper
(which make but a small difference) and the standard en-
tropy for CoO increased by 0.7 J.K-''mol-', this discrep-
ancy is reduced to 0.9 + 0.3 J.K ' .mol-', which is a great
improvement and could perhaps be reduced to nothing
if the possible nonstoichiometry of CoO in equilibrium
with CorOo were taken into account (see the discussion
in O'Neill, 1985).

The present results imply a slight correction to the pre-
ferred value for the enthalpy of formation of CoO given
by Holmes et al. (1986):

LHi..zsB ts : -236'86 kJ'mol-'.

This value is slightly less negative than the value of
- 238.49 + 1.26 kJ. mol-' obtained from combustion cal-
orimetry by Boyle et al. (1954), as amended in the JAN-
AF tables (Chase et al., 1974) to take into account the
presence of CorOo and CorSiOo in the combustion prod-
ucts.

As for Ni + NiO, an extensive comparison with pre-
vious studies of the Co + CoO equilibrium is given in
Holmes et al. (1986).

C o r S i O o * C o + S i O ,

Three types of cell were examined:

Pt, CorSiOo + Co + SiOr,n,lCSZlFe
+ "FeO," Pt (VI)

Pt, CorSiOo * Co + SiOr,".,,lCSZlFe
* "FeO," Pt (VII)

Pq CorSiOo + Co + SiOr(o,)lCSZlNi
+ Nio, Pt. (uII)

The results are given in Table 3. Those involving SiO,
in the cristobalite (crs) form will be treated later; all the
other data were analyzed to give the standard enthalpy
of Reaction 4 at 298.15 K by the thirdlaw method:

rr
41/9,.r* ,, : A,G|,., - 

Jrnr,, 
A,C|.^ dT

/ r r \
+ rla.s$.rr8.,, * | (A,q.^/T) dTl

\  J 2 9 8  1 5  I

(6)

using the calorimetric data listed in Table 4. The calcu-
lated values of Aflg,rr,,, have been plotted against the
temperature of the datum in Figure 4. Such a plot should
give a horizontal line (i.e., A"I{g,rr,,, should be indepen-
dent of temperature if both the emf measurements and
all the calorimetric data are correct). For the results ob-
tained with Fe * "FeO" as the reference electrode, which
cover the temperature range 965-1314 K, regression
analysis on A*I1g.rrr,, gives (in J.mol-t)

TneLe 3. Results for the reaction Co"SiOo : 2Co + SiO, + O,

f emf f emf T eml f emf
(K) (mv) (K) (mv) (K) (mv) (K) (mv)

Co-OL 1: CorSiO4 + Co + SiOoo,, vs. Fe + "FeO"
1010 14' t .4 1037 143.1 1167 150.0 1091 146.4
1024 142.2 1051 143.8 1't79 150.6 1065 145.2
1038 143.1 1065 144.6 1 191 151 .2 1 1 04 147 .0
101 0 141 .6 1078 145.2 1202 151 .7 1 130 147 .7
980 139.8 1091 146.0 1214 152.3 1 1s4 148.9
965 138.6 1104 146.8 1226 152.7 '1225 152.6
980 139.5 1117 147.5 1237 153.3 1248 153.4
995 140.5 1130 148.2 1143 148.8 1293 156.1

1 010 141 .4 1 143 148.8 1117 147 .6 1314 157.3
1024 142.2 1154 149.4

Co-OL 2: CorSiOo + Co + SiO2{"o) vs. Fe + "FeO"
1334 158.6 1175 149.8 1180 150.3 1345 159.6
131 5 157 .2 1 1 56 148.4 1'192 151 .0 1 156 148.7
1293 156.1 1105 145.4 1250 154.1 1204 151.2
1272 154.9 1204 151.5 1272 155.1 1227 152.4
1250 153.6 1227 152.8 1294 156.3 1241 153.4
1227 152.5 1239 153.4 1262 154.3 1358 160.0
1204 151.3 1204 151.5

Co-OL 3: CorSiO4 + Co + Sior(c) vs. Ni + NiO
1152 124.5 1061 1 1 9.7 1 269 130.6 1220 127 .3
1 101 121 .7 1074 120.5 1291 131 .5 1 188 126.8
1200 127.1 1088 121.3 1314 132.4 1212 127.3
1224 128.3 1101 122i 1335 133.2 1292 132.0
1005 116.8 1114 122.5 1292 131.2 1314 132.0
1019 117.5 1127 123.3 1248 129.4 1335 139.7
1 033 118.2 1 176 125.9 1223 128.2 1356 134.4
1047 119.0 1247 129.6

-501579  (+ r79 )  +  0 .025  (+0 .160 )  r (+89 )

gr, independent of ?l

- 5 0 1 5 5 1  +  8 8 ,

and, for the results obtained with Ni + NiO as the ref-
erence electrode (1019-1356 K),

-  50r  232 (+ 157) -  0.185 (+0.132) T

or

-50r  452 (+76).

Thus the small discrepancy discernible in Figure 4 be-
tween the two sets of measurements is not statistically
significant. Combination of all measurements gives

-s } r62 r  (+130 )  +  0 .100  (+0 .113 )  T  (+97 )

or, independent of temperature,

-501507  ( t 96 ) .

(The uncertainties given in parentheses are the statistical
uncertainties in the experimental data only and do not
include the uncertainties in the data for the reference elec-
trodes, nor those of the calorimetric data used in the cal-
culation.)

The present results are thus in almost perfect agree-
ment with the calorimetric data. They consequently in-
dicate that the small discrepancy noted in the previous
section between the emf results and the calorimetric data
for the Co + CoO equilibrium is probably not due to
errors in the calorimetric data for Co. The above value
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TABLE 4. Results for the reaction NirSiO4 : 2Ni + SiO, + O,

Cozslq -Co-Slq(q2)

I 100

Fig.4. Standard enthalpy, AH?.2e8ts, for the reaction 2Co +
SiO2(0.) + 02 : CorSiOaur"i"a calculated for each datum using
the calorimetric data listed in Table 5 and plotted against the
temperature of the datum. If the calorimetric data are correct,
such a plot should yield a horizontal line. O, obtained with the
Fe + "FeO" reference electrodel O, with Ni + NiO.

these previous studies and the present results is illustrated
in Figure 5. The agreement with the work of kbedev et
al. (1962) is very good, which is most encouraging as
kbedev et al. used a completely independent method
involving equilibration with CO-CO2 mixtures. The emf
data of Rog et al. (1974) and Kozlowska-Rog and Rog
(1979) are rather more oxidized, which may be due to
polarization of the sample, an ever-present problem in
emf measurements. They are also not in good agreement
with the calorimetric data.

N i , s i o o + N i + s i o ,

Three types of cell, as for the Co system, were studied:

Pt, NirSiO4 + Ni + SiO2(o,)lCSZlFe
+ "FeO," Pt (IX)

Ft, NirSiOo + Ni + SiO2(.,")lCSZlFe
+ "FeO," Pt (X)

Pt, NirSiOo + Ni + SiOr(0,)lCSZlNi
+ Nio, Pt. (xI)

The results are given in Table 5, and those involving
SiO, in the form of quartz were analyzed by the "third-
law" method, using the calorimetric data in Table 4, to
obtain AnFlg.res,5 for each datum. These have been plot-
ted against temperature in Figure 6, where it will be seen
that, unlike for the Co system, there is a considerable
temperature dependence to the calculated A"I1$,rnr.,r.

In order to try to get some insight into why this might
be so, some further investigations were undertaken. First,
NirSiOo has been reported to disproportionate to the ox-
ides NiO + SiO2(...) at 1818 K (Phillips et al., 1963). This
observation was confirmed by a pair of reversal experi-
ments. NirSiO4, NiO, and SiO2(".) were mixed together in
the molar proportions l:2:l and pressed into dense pel-
lets with the aid of about 250lo additional Ni metal. which
not only serves to hold the pellet together, but should
help to provide good grain-to-grain contact. Since the

o
E

; so2

f emf f emf f emf f emf
(K) (mv) (K) (mv) (K) (mv) (K) (mv)

N|-OL 1: NirSiOo + Ni + SiO2(q.) vs. Ni + NiO
1269 14.4 1137 19.0 1246 14.9 1358
1223 15.4 1149 18.3 1291 13.9 1379
1 199 16.2 1162 17 .5 1314 13.4 1400
1175 17 .O 1 1 86 1 6.5 1336 12.9 1326
1149 18.2 1210 15.9

12.2
1  1 . 6
10.7
13.1

Ni-oL 2: NirSiOl + Ni + Sioaq4 vs. Ni + NiO
972 24.1 1069 20.4 1172 17.0 1197 16.2
987 23.5 1083 20.0 1184 16.7 1256 14.7

1 001 23.0 1 096 19.5 1 196 1 6.4 1 289 13.8
1015  22s  1109  19 .0  1208  16 .1  1311  13 .1
1029 22.O 1122 18.5 1220 15.7 1245 14.8
1 043 21 .5 1 135 17.9 1232 15.4 1 1 50 't7 .6
1014 22.3 1147 17 .6 1244 15.1 1 1 1 1 18.9
1 056 20.9 1 159 't7 .3 1267 14.5

N|-OL 3: Ni,SiOl + Ni + Sioa*r vs. Ni + NiO
1071 22.4 1099 20.7 1138 19.5 1259 15.7
1044 23.9 1073 21.8 1 150 19.1 1269 1 5.4
1059 23.2 1045 23j 1162 18.7 1280 15.1
1072 22.4 1016 25.0 1182 17.9 1292 14.8
1085 21 .6 1031 24.3 1 1 99 17 .6 1303 14.5
1099 21 .1 1045 23.4 1211 17.2 1314 14.1
1112 20.6 1059 22.7 1223 16.9 1335 13.4
1't25 20.1 1072 22.2 1 199 17.6 1356 12.8
1 138 19.4 1085 21 .6 1175 18.2 1377 12.1
1 149 19.0 1099 21 .0 't223 16.7 1398 1 1 .3
1162 18.5 1112 20.4 1235 16.4 1418 10.5
1175 18.2 1125 19.9 1247 16.1 1325 13.7
1125 19.8

N|-OL 4: Ni.SiOo + Ni + Sior(q,) vs. Fe + "FeO"
981 230.7 1 088 247 .4 1 163 257 .5 1126 252.8
966 228.7 1 101 249.2 1 175 259.1 1 1 01 249.4
950 226.3 1114 251 0 1188 260.6 1074 245.5
994 232.4 1126 252.7 1200 262.4 1047 241.5

1008 234.6 1139 254.5 1139 254.5 1020 237.1
1022 236.9 1114 251.2 1163 257.5 1033 239.0
1036 239.1 1088 247.7 1175 259.1 1047 241.0
1049 24't.2 1061 244.0 1187 260.6 1060 243.0
1062 243.3 1't26 252.7 1 1 99 262.1 1073 244.8
1075 245.4 1151 256.0 1211 263.6 1087 246.7

I sor.s
o
osv
I

' 
501.0

for Afl$.rrr,, was therefore adopted and was combined
with the calorimetric data to calculate values for the free
energy of reaction at 20-K intervals between 900 and
1400 K which were then used to obtain the following
equation for CorSiOo + Co + SiOr,o",:

po,  (+130) :  -49l l4 l  + 122.8157 + 3.5527TLnT.

This, when combined with the data for the Co + CoO
equilibrium, gives the following values for the free energy
of formation of CorSiOo from the oxides (in J.mol-'):

A€9Lcozsron,o*ia"" (+120): -31 224 + 13.4475i"
(900 < ?"< 1400).

The standard enthalpy of formation of CorSiOo from
the oxides is then calculated to be

ArH$,.o*ia"" : -27.79 kJ.mol-',

which is 8.1 kJ.mol-' more negative than that found by
oxide-melt solution calorimetry at 986 K (Navrotsky et
al., 1979), when the latter is corrected to 298.15 K.

The CorSiOo * Co * SiO, equilibrium has been stud-
ied a number of times before. The difference between



288 O'NEILL: AGF OF NiO, CoO, Ni,SiO4, AND Co'SiOo

1

E
4 c

Q z
0]

E

o
< o

I(r,
\

CorSlOl-Co-Slq(qz)

*-* /

r/ RraS

a

a
a

Fig. 5. Comparison showing the difference between various
experimental determinations of the free energy of the reaction
2Co + SiO, + 02 : 2CorSiOo and that of this work. K-R&R:
Kozlowska-Rog and Rog (1979); RLBS: Rog et al. (1974); O,
kbedev et al. (1962); t), Aukrust and Muan (1963).

temperature range of interest is above the melting point
of Ni, the Ni rapidly oxidizes to NiO during the run,
which is therefore present in excess. The pellets were sus-
pended with Pt wire in one of the furnaces used for the
emf experiments, with a thermocouple that was calibrat-
ed against the melting point of Au positioned directly
over the pellet. Only two runs, each of l6-h duration,
were necessary to bracket the equilibrium: the first, at
1816 K, produced NirSiO4 + NiO only (determined by
X-ray diftaction); the second, at l82l I! produced NiO +
SiO2("..), with a faint trace of NirSiOo. The relative accu-
racy of the temperature measurements (there was no ob-
servable drift in temperature during the runs) is estimated
to be within +2 K, not including any error in extrapo-
lating the calibration of the thermocouple from the melt-
ing point of Au. The breakdown temperature of NirSiOo
may therefore be given as 1820 + 5 K. This is in perfect
agreement with Phillips et al. (1963), although it should
be mentioned that the IPTS-68 temperature scale was
used in this study, whereas Phillips et al. must have used
an earlier scale.

The decomposition point provides a datum on the
thermodynamic properties of NirSiOo that is not only de-
rived from a method completely independent of the emf
measurements, but also at a temperature well removed
from the range these measurements cover. Using the re-
sults obtained for the Ni + NiO equilibrium and the
calorimetric data in Table 5, plus the data given in Holmes
et al. (1986) for NiO, all extrapolated to 1820 K, together
with a reasonable assumption about the thermodynamics
of the cristobalite-to-quartz transition (which will be ex-
plained in detail below), produces a value ofthe enthalpy
of reaction, A.IIS, of -482.42 kJ.mol-l, which has been
drawn in Figure 7 as a straight line independent of the
temperature. The emf data may be seen to tend toward
intersecting this line near the colrect temperature (- 1820
K) and are therefore not inconsistent with the observed

.  o  N h S l O a - N l - S l O r ( q z )
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Fig. 6. Standard enthalpy, AH?.2stts, for the reaction 2Ni +
SiO2(q") + O, : NirSiOn(.rrne calculated for each datum using the
calorimetric data of Table 5. l, run Ni-OL l; O, Ni-OL 2 (both
vs. Ni + NiO); O, Ni-OL 4 (vs. Fe + "FeO'). The dashed line
is the result obtained using the heat-capacity data ofRobie et al.
(1984) together with the observed decomposition temperature
of Ni,SiOn (1820 K).

breakdown temperature. Although the heat capacity of
NirSiO4 has only been measured to 1000 K, the extrap-
olation to 1820 K is not likely to produce much of an
error; to illustrate this, a theoretical curve for the heat
capacity of NirSiOo at high temperatures was calculated
by generating values from the relationship

C"-- C, + a2VT/B Q)

using Cn:3nR, and data listed in Watanabe (1982) for
a, B, and V, and joining these so as to meet smoothly
with the measured values given by Robie et al. (1984).
Using this curve gave a difference in the calculated
Anit/*,,rrr,, of only 0.15 kJ'mol-'.

Secondly, an investigation was made into whether the
NirSiO4 used in either the calorimetric experiments or in
this work might show large enough deviations from stoi-
chiometry, particularly in the Ni to Si ratio, to account
for the discrepancy. Robie et al. (1984) used Ni'SiOo pro-
duced by slowly cooling a mixture of NiO and SiO, dis-
solved in a melt of NarWOo. To investigate any possible
nonstoichiometry in this material, three experiments were
performed on mixtures of NiO, SiO', and NarWOo in
suitable proportions. The results are summarized as fol-
lows: (l) SiO, in excess, 1323 K, 2 d, products-large
(-150 pm), very euhedral crystals of NirSiOo and long
blades (500 x 50 pm) of SiO, (tridymite); (2) SiO' in
excess, 1200 K, 7 d, products-NirSiOo (-20 pm) and
SiO, (-10 pm); (3) NiO in excess, 1200 K, 7 d, prod-
ucts-NirSiOu?20 pm) and NiO.

The NirSiOo from all three runs was analyzed on a
cAMEcA electron microprobe in the wavelength-disper-
sive mode using Ni metal and natural quartz as stan-
dards. Although some of the NirSiOo crystals contained
an occasional minute inclusion of NiO, these could easily
be avoided by using the back-scattered-electron image.



The results showed that there was no detectable Na or W
in the NirSiOo and that the ratio of Ni to Si was identical
in the SiOr-excess and NiO-excess experiments, and in-
distinguishable from the stoichiometric ideal of 2: I , with-
in the analytical error. The product of the NirSiOo break-
down run at 1816 K showed similar results. The two
types of NirSiOn used for the emf experiments were both
too small in grain size for microprobe analysis, but X-ray
diffraction experiments for all samples, including those
grown in NarWOo and some emf run products, gave iden-
tical unit-cell lengths that were in excellent agreement
with those reported in Brown (1980). There is thus no
reason to suspect significant nonstoichiometry in NirSiOo.
Incidentally, analogous pairs of experiments for CorSiOn
and MgrSiOo (MgSiO, in excess rather than SiOr) at 1200
K in NarWOo also showed no evidence of any nonstoi-
chiometry.

The emf results plus the datum obtained from the
breakdown of NirSiOo were used to obtain the following
expression for the NirSiO4 + Ni + SiO2(o,) equilibrium
(in J.mol-'):

po,  ( t180)  :  -516 690 + 362.977 -  22.297TLn T.

The results from previous work are compared to this
equation in Figure 7, together with that obtained using
the calorimetric data of Robie et al. (1984) and the en-
thalpy of reaction determined from the breakdown point.
The emf data of Levitskii et al. (1975) are in fairly good
agreement with the present work, but show rather more
scatter; those of Taylor and Schmalzried (1964) and Rog
and Borchardt (1984) are intermediate between the pres-
ent work and the calorimetrically derived curve; less
weight should be given to the latter work as it employed
(Ni,Mg)-substituted p"-alumina as the electrolyte, the
suitability of which for accurate thermodynamic mea-
surements is not well established. The data of Campbell
and Roeder (1968) are at too high a temperature to dis-
criminate between the emf and calorimetric curves. The
data of kbedev and Levitskii (1961), obtained from
equilibration with circulating CO-CO, mixtures, are ob-
viously highly anomalous and have not been shown. Thus
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rh;,[g *]o,n***'o"tween various

experimental determinations of the free energy of the reaction
2Ni + SiO, + O, : NirSiO4 and that of this work. The free
energy of the reaction determined from the heat-capacity data
of Robie et al. (1984) coupled with the observed decomposition
temperature of NirSiO. (1820 K) is labeled "calorimetric." R&B:
Rog and Borchardt (1984); o, kvitskii et al. (1975); f , Taylor
and Schmalzried (1964). For these three studies, the values for
the Ni + NiO equilibrium found in this work were used to re-
calculate the results. J Campbell and Roeder (1968) (the datum
at 1573 K, indicated by the arrow, actually plots at -2.36 kI'
mol-').

none of the previous work supports the calorimetric data
over the present emf results, and therefore the discrep-
ancy between the two remains unresolved. Having said
all this, it should be noted that the diference between the
two methods, although large compared to the apparent
precision of either, is nevertheless less than 0.2logforat
950 K and becomes less at higher temperatwes.

Combination of the results for the NirSiOo + Ni +
SiO,(o,) equilibrium with those for Ni + NiO gives the
free energy of formation of NirSiOo from the oxides (in

J'mol-'):
A,G9,,,uizsioo,o"ia". (+ 180) : -36 560 + I l8.l0Z

-  l 3 . l 0 8 Z l n  I
( 9 6 0 < Z < 1 8 2 0 ) .
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TABLE 5. Calorimetric data used in calculating A4,*r.,u for 2Ni + SiO, + O, : NizSiOo and 2Co + SiO, + O, : CorSiOo

Ref. 7 S,n
(K) (J'K-l mql-t;

C , : A + B T + C T - 2 + D T - h

B (x 103) 1x 104)
H1n - H6q

J mol-'
Sub- Trange

stance (K)

NT 700-1728
700-1 200

1 200-1 394
847-1676
532-1 834
298-1 300+
298-1 300+
700-1 800

55.578
54.265
73.421

109.045
1 10.929
297.78
321.75
231.463

12342
11718
29769
38 731
37 989
95239

t00182
12498

20.668
-3.524

-141.419
65.277
66.930

289.73
305.83
34.2909

9.9716
36.354

118.022
5.5288
4.8429

- 24.015
-31.952

1.8865

700
700

1 200
900
900
900
900
700

1.5223
4.2758

61.940
1.8463
2.5419
0.131 045 -2779
0.269254 -2865.2

-1.3027

sioqq)"
sio4"*i.
Ni,sioJ
Co,SiOJ
or'

- JANAF, Holmes et al. (1986).
-- Richet et al. (1982).
f Robie et al. (1984).
*The measurements on which these data are based extend only to 1000 K, but owing to the nature of the thirdlaw equation (Eq. 6 in the text),

any errors from extrapolation to higher temperatures are expected to be small.
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Fig. 8. The free energy of the reaction SiOr.o,, : SiOr,.,", ob-
tained by subtracting the data for the reactions 2Co + SiOr,"*, +
Or: CorSiOo (run Co-OL 2) and 2Ni + SiO2(*) * Or: Ni,SiOn
(run Ni-OL 3) from the results already obtained for the analo-
gous reactions involving quartz.

Qulnrz-ro-cRrsroBAlrrE TRANSTTToN

Three polymorphs of SiO, are known at I atm: qtJattz,
tridymite, and cristobalite. The rates of transformation
between the three are too slrrggish to be observed for pure
SiOr; consequently some kind of fluxing agent is neces-
sary as a catalyst. For his classic investigation, Fenner
(1913) used NarWOo and found that quarlz transformed
to tridymite at -1143 K, and tridymite to cristobalite at
-1743 K. However, Holmquist (1961) showed that the
precise temperature of the quartz-to-tridymite transition
varied according to the flux used and also summarized
other evidence showing that the properties of tridymite
vary with the method of preparation. He therefore con-
cluded that tridymite was not stable in the pure SiO,
system and that in the absence of foreign ions, quartz
transforms directly to cristobalite at a temperature he
tentatively put at 1300 + 25 K. That cristobalite formed
as a metastable intermediate phase at temperatures as
low as - 1160 K was thought to be due to the stabilizing
effect of alkali ions on this phase too. Fliirke (1956) in-
vestigated the problem using electrolysis experiments,
which removed alkali ions to the cathode, where tridy-
mite was formed; at the anode, quartz only was produced
at 1323 K, cristobalite only at 1373 K. Therefore, the
transition temperature between quartz and cristobalite is
probably best given as 1350 + 50 K.

In the present work, two nrns, one each on the
CorSiOo * Co + SiO, and NirSiOo + Ni + SiO, equilib-
ria, were done with SiO, in the form of cristobalite rather
than quartz. The form of SiO, present after the run was
confirmed by X-ray diffraction. The results are shown as
the difference from the results of the runs with quartz in
Figure 8 as a function of temperature. This difference is
the free energy (in J.mol-') of the quartz-to-cristobalite

reaction, which, by linear regression ofthe data from the
Co system, is found to be

AG$. (+93;  :2292 -  l '7057"

and from the Ni system

AG$.  (+150 ) :  1724  -  l . l 03 r .

These two equations give apparent equilibrium tem-
peratures of the transition from quartz to cristobalite of
1344 and 1563 K, respectively.

Richet et al. (1982) have reviewed the available calor-
imetric data on quartz and cristobalite. From their se-
lected values, the free €nergy (in J'mol-'; Iin kelvins) of
the transition is given by

AG&_. : Ar/$_c,zes - 637 - 1.988r. (800 < r < 1600).

Thus for the Co system, the present results are in good
agreement not only with the preferred value of the tran-
sition temperature, but also with the selected calorimetric
data pertaining to the free energy vs. temperature slope
ofthe reaction and have therefore been adopted. For the
Ni system, agreement is not quite so good, but neverthe-
less still adequate. Richet et al. (1982) used AI1$-.,rr, :

2836 J.mol ', giving a temperature of transition of I106
K, which, being below the observed quartz-to-tridymite
transition temperature, is obviously too low.

It should be mentioned Ihat at the time these experi-
ments were done, the intention was not so much to obtain
data on the quartz-to-cristobalite transition, but to see
whether using cristobalite, which might possibly be more
reactive than quartz, would enable measurements to be
obtained in the Co system at higher temperatures (al-
though no difference was in fact observed in this regard);
hence the data are concentrated at these higher temper-
atures and not within the optimum range of the method.
Similarly, because of the discrepancy between the present
results and the calorimetric data for the NirSiOo-Ni-SiO,
system, the primary aim of using cristobalite rather than
quartz was to provide another variable so as to try to
check that the discrepancy was not caused by some arti-
fact of the experimental method.

CoNcr,usroNs

The apparent precision achieved in this study is on the
order of +100 J.mol ' of Or, which is approximately
equivalent to +0.005 logforat 1000 K. This is superior
to any previous study of which the author is aware on
any of the equilibria considered here. Furthermore, this
precision compares very favorably to that obtainable from
calorimetric data. Free energies of reaction are normally
determined calorimetrically from three types of measure-
ments: low-temperature heat capacities for the standard
entropy, high-temperature heat capacities or heat con-
tents, and an enthalpy of reaction at one temperature. Of
these, the standard entropies are usually the most pre-
cisely known, but neveftheless using modern methods,
an error of +0.2 J.K '.mol-l may be expected (e.9., Ro-
bie et al., 1982, 1984), which translates to +200 J.mol-'

:,:i-
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at 1000 K. This is of course the contribution from just
one substance in the reaction! Generally the enthalpy of
reaction is the quantity least well known and provides
most of the uncertainty in any determination of the free
energy of a reaction, based solely on calorimetric data.
However, the standard entropy and high-temperature heat
capacities do provide a fairly rigorous constraint on the
temperature dependence of the free energy, which in this
study is satisfied by three of the four reactions. The ex-
ception is that involving Ni2SiOo, and the cause of this
discrepancy remains unknown.

Finally, with this study and those of Holmes et al. (1986)
and O'Neill (in prep.), there now exists a body of highly
precise data with proven internal consistency on the four
metal-metal oxide oxygen buffers Cu * CurO, Ni + NiO,
Co + CoO, and Fe + "FeO," which is also in good agree-
ment with the best available calorimetric data. These
bufers may therefore be used with some confidence.
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