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Determination of standard Gibbs energies
of formation of ternary oxides in the system
Co-Sb-0 by solid electrolyte emf method
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An isothermal section of the phase diagram of the system Co-Sb-O at 873 K was
established by isothermal equilibration and XRD analyses of quenched samples. The
following galvanic cells were designed to measure the Gibbs energies of formation of the
three ternary oxides namely CoSb,0,, Co;Sb,0,, and CoSb,0¢ present in the system.

Chromel, Mo, Sb, CoO, CoSb,0, 15 CSZ NiO, Ni, Mo, Chromel I
Pt, CoO, Co7Sb,01,, CoSb,0, 15 CSZ air (P,,=0.21 atm), Pt ]
Pt, Co;Sb,045, CoSb,0g, CoSb,0, 15 CSZ air (P,, =0.21 atm), Pt Il

where 15 CSZ stands for ZrO, stabilized by 15 mol % CaO. The reversible emfs obtained
could be represented by the following expressions.

Ei+0.5(mV) =120.7 — 0.04924 T(K) (795-954 K)
Ey+£0.5(mV) = 1106.3 — 0.3992 T(K) (790-1040 K)
Ey£0.4(mV) =967.9 —0.4395 T(K) (855-1035 K)

The standard Gibbs energies of formation of CoSb,0,4, Co;Sb,01, and CoSb,0¢ were
computed from the emf expressions:

AG? (CoSb,04) + 4.3 (kJ mol™") = —1006.3 + 0.3549 T(K)
AG? (Co7Sb,013) & 10.5 (kJ mol™") = —2834.5 + 0.9190 T(K)
AG? (CoSb,06) + 4.5 (kJ mol™") = —1379.9 + 0.5115 T(K)

The reasonability of the above data were assessed by computing the entropy change for
the solid-solid reactions leading to the formation of ternary oxides from the respective
pairs of constituent binary oxides. © 2001 Kluwer Academic Publishers

1. Introduction FBRs nor a fission product still the stabilities of inter-
The thermodynamic stabilities of inter-oxide com- oxide compounds in the system Co-Sb-O would be of
pounds in the systems M-Sb-O (where=MFe, Cr or  considerable interest in understanding the systematic
Ni) are of relevance in evaluating the Fission Producttrend ifany among the isomorphous analogs of triad ele-
Clad Chemical Interaction (FPCCI) in Fast Breederments Fe, Co and Ni. To facilitate an investigation of the
Reactors (FBRs) since antimony is one of the delestabilities of ternary compounds Cofh, Co;Sh,012
terious fission products though minor in yield [1]. In and CoSbhOg present in the system Co-Sb-O, no re-
addition, ShOj (in the valentinite form) encapsulated liable phase diagram has so far been reported in the
in stainless steel was found to pose compatibility probditerature. However, three intermetallic phases CoSb,
lem when used in the neutron source which is an in-CoSk and CoSkand four binary oxides CoO, GO,

core component in some FBRs [2]. Hence, a systemSh,03 and ShO,4 are known to be stable in the temper-
atic investigation of the stabilities of ternary oxides in ature range of 800-1100 K [5]. On the basis of these
the systems Cr-Sb-O and Ni-Sb-O were carried out bynformation a systematic study of the phase diagram
Swaminathan and Sreedharan by employing the familef the system Co-Sb-O as well as the thermodynamic
iar solid oxide electrolyte emftechnique [3, 4]. Though stabilities of the ternary oxides in this system were
cobalt is neither a constituent of the structural alloy ofundertaken.
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The present study may also be of relevance to mapartment cell assembly for the galvanic cell configura-
terials science and technology owing to the use otions employing air/Pt as reference electrode. The same
CoSkOg as an oxidation catalyst [6], metal oxide resis- material in the form of cylindrical discs of diameter
tor material [7] as well as in ion exchange [8]. Besides12.5 mm and 1.5 mm thickness (Yamari, Japan) was
CoSk0Og, Co;Sh0,, finds application in ZnO varis- used as the solid electrolyte in the other cell with solid
tors [9]. Incidentally, CoSfOg crystallizes in atrirutile  electrodes arranged in a stacked pellet configuration.
type structure with space group ##nm [10] while
Co;Sh,O4, exists as a spinel (space group Fd 3m) [11]2.2. Procedure
and CoShO, exhibits PRO, structure whichisisomor- - 2,21, Phase equilibrium studies

phous with NiSbO4 with space group PAmbc [12].  Mixtures of various phases as given in Table | were made

by grinding the component phases in an agate mor-
2. Experimental tar. The resulting mixtures were compacted into pel-
2.1. Materials lets as described earlier. Those mixtures which require

Co (Robert Johnson), GO, (Aldrich), Sb and SpO;  vacuum heat treatment were encapsulated in silica am-
(Johnson Matthey) of purity better than 99.99% werepoules. The ampoules were outgassed at temperatures
used as starting materials. 8l was prepared by oxi- up to 473 K prior to sealing under vacuum. Powder
dation of ShOsz in air at 823 K with intermittent grind- mixtures stable in air were heat treated in the ambient
ing of the product to ensure completion of oxidation. atmosphere. All the heat treatments were carried out at
CoO was prepared by heating 40 at 1273 K undera an isothermal temperature of 873 K for a total period
dynamic vacuum of 1 mPa. Co8Dbs was synthesised of 600 h, with at least one intermediate grinding and
by compacting an equimolar mixture of CoOandQfp  recompaction, followed by air quenching. The phase
into cylindrical pellets of 10 mm diameter and 5 mm identification was accomplished using XRD.

thickness in a hydraulic press at a pressure of 100 MPa.

These pellets were heated in ambient air at 873 K an@.2.2. Emf studies

1173 K for a total period of 96 h. This process wasThe following galvanic cells,

repeated at least twice to complete the reaction. For- ) )

mation of ternary oxide was verified by powder X-ray Chromel, Mo, Sb, 15 CSZ  NiO, Ni, Mo, '

Diffraction (XRD) technique withi a5 mass % limitof =~ €00, CoShO4 Chromel

its detection of impurity phasea 6 : 1 mixture of CoO  Pt, CoO, 15CSZ  airR, Il
and CoSbhOg was likewise compacted after thorough  Co7SO1», = 0.21 atm), Pt
mixing for the preparation of G&l»015. The pellets CoSbO,

were encapsulated in evacuated silica ampoules aftért, Co,Sky015, 15CSZ air p,, "
outgassing at 473 K and was subsequently heat treated CoSkOg, = 0.21 atm), Pt

at 873 K for a prolonged period of 600 h. A similar CoSkO,

heat treatment was given to pellets made from 1 : 1 mix- )

ture of CoO and SiD; for the synthesis of CoSB;. were studied over the temperature ranges 795-954 K,
A 15 mol % (15 CSZ) calcia-stabilised zirconia tube 790-1040 K and 855-1035 K respectively.

(Yamari, Japan) with one end closed and closed end flat AN open cell stacked pellet assembly described else-
of dimensions 12.5 mm OD, 9.5 mm ID and 305 mmWhere [13] was used for measurements on cell I. In
long with density better than 98% of the theoreticalorder to prevent th_e attack of electrical Iea_d wires and
value, was used as the solid electrolyte in two com-contact foils by antimony, a molybdenum foil of 12 mm

TABLE | Results of phase equilibrium studies of the Co-Sh-O system at 873 K

Before equilibration

Condition of After equilibration phases
S. no. Phases Co:Sb:0O equilibration found
1. C04, SOy 3:3:10 air C@0y4, CoSbhOg
2. Cx0Oy4, SOy 3:8:20 air CoSh0Os, SOy
3. C04, SOy 3:6:10 air CoShOg
4, Cx0Oy4, SOy 6:3:14 \acuund Co0304, CoShOg, CorS012
5. Co0, ShO,4 9:4:17 \acuunt Co0, CqSh,0;,, CoSh0O4
6. Cx0y4, SOy, 9:6:22 acuunf CoSk04, CoShOg,
Skp03 CorSh012
7. Co0, ShkO3 2:2:5 vacuunf Co0, CoSbkO4
8. Co0, ShO3 1:4:7 vacuunf CoShOy4, ShO3
9. Co0, ShkO3 1:2:4 acuunf CoSh0Oy4
10. Cx0y4, SOy 3:10:24 vacuurh CoShOg, ShO3
11. Co0, SbOg3, Sh 1:3:4 acuunf CoSk0Oq4, Sb
12. CoO0, Sb0O3 3:2:6 vacuunf CoO, Sh
13. Co0O, Co, Sb 2:4:1 vacuunf Co0O, CoSh, Sh
14. CoO, Co, Sh 3:5:1 vacuunf Co0, CoSh, CoSly
15. Co0O, Co, Sb 3:3:1 vacuunf Co0O, CoSbh, CoSbh
16. CoO, Co, Sb 3:1:1 vacuunf CoO, CoSbh, Co

*static vacuum in sealed silica ampoules.
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diameter and 0.1 mm thickness was employed as spac&ABLE 1l Emfof cell|
between the identical chromel leads and the eIectrodg

pellets. For the galvanic cells Il and Ill, a two compart- T Emv)
ment cell assembly with 15 CSZ tube separating the tw@ell A
electrode compartments was employed, the details oft 879.5 76.9
which are described elsewhere [14-17]. Helium gas of?2 868.5 75
spectroscopic purity, dried by passage through columns’ ggi'g ;g'g
of silica gel and outgassed molecular sieve (Linde 4A), 5 815.0 80.4
was used as the common inert gas in cell | and for pro-6 837.0 80.2
tecting the test electrode in cells Il and lll. The cells 7 858.0 78.8
were located in the isothermal zone of a bifilar wound 8 880.0 7.2
furnace with an earthed shield to ground the induce Zgé'g gg';
electrical noise. The absence of spurious contribution { 848.0 78.7
to cell emf was confirmed by nearly null emf values 12 869.0 77.4
(£0.5 mV) obtained with a symmetrical cell employ- 13 892.0 76.8
ing identical Ni/NiO pellet electrodes in cell | together 14 912.0 76.5
with Mo spacers and chromel lead wires in the tem- g;g'g ;gg
perature range 700-1200 K. Similar null emf (within co g ' '
+1 mV) was obtained over the same temperature rangey 816.0 80.1
with a symmetric cell in the two compartment configu- 18 846.0 79.4
ration when both platinum electrodes were exposed td2 879.5 .
ambient air. The temperature measurements were ma gég'g’ ;S";
by atype S thermocouple duly calibrated at the freezing, 954.0 74.6
points of Sn, Zn, Sb and Ag. The performance of cell Icell c
was checked using Ni NiO and Cu+ Cu,O as elec- 23 866.0 7.7
trodes. The emf was close to derived values computeé’ 877.0 775
from the standard Gibbs energies of formation of Niogg 232'2 ;g'g
and CyO assessed by Kellog [18]. In the case of two,; 856.5 791
compartment cell assembly, the emf of the cell, Pt, aips 878.0 77.9
(P, =0.21 atm)|| O, (1 atm), Pt was also tested over 29 866.5 78.1
the above temperature range and was found to dewat“@ 845.0 79.5
by less than 1 mV from the derived value calculated ggg'g gg'g
using the Nernst equation. 33 857.0 78.4
The test electrode for cell | was made from a mix- 34 878.5 77.5
ture of CoQCoShO,|Sb in the weight rati®2:2:1 35 898.5 75.6
and the reference electrode, [NiO was taken in 36 889.5 76.2
the weight ratio 5: 1. These mixtures were separatelz ggg'g ;g'g
ground and compacted into discs of 10 mm d|ametegg 869.0 778
and 1-2 mm thickness as mentioned above. For cell ll40 878.5 77.1
a mixture of CoQCo;Sh,01,|CoSkO4 and forcell Il 41 890.0 76.4
C0;S012/CoSkO0s|CoSkO;, in an equal weight ra- 42 900.5 75.9
tio were ground and similarly compacted. These elecpe" b 295.0 818
trode compositions were nominal. A 10% variation in »44 815.0 812
the weight ratio of all the three test electrodes was mades 836.0 79.7
in order to ascertain the existence of composition inde46 858.0 79.2
pendent emf values. This procedure ensured that thegé 879.5 774
three phases were truly in equilibrium with each other8 ggé'g gg'é
The emfs obtained with different ratios of phases at the, 8475 785
electrode are identified by separate designations suah 868.0 77.2
as A, B & Cin Tables II-IV. Titanium sponge pieces in 52 888.5 76.1
suitable location away from the cell leads were used a§3 909.5 756
‘in situ oxygen getters in both the cell conflguratlons 930.0 1
The reproducibility of the emf values were tested by
thermal cycling and micropolarisation. shown by filled circles in Fig. 1. By combining infor-
mation on the average composition with the phase anal-
3. Results and discussion yses of equilibrated samples tie-lines were constructed.
3.1. Phase equilibrium studies The equilibrium diagram thus established shows three

The results of phase equilibrium studies are sum3-phase regions which are useful to the present study.
marised in Table I. The column one of this table lists These three phase fields, namely CoO/Caiisb,

the compounds/elements taken, together with the comz00/CGSkh012/CoSk0, and CgSh,0;,/CoSkOg/
position expressed in atom ratios. Phase analyses aft@oSkhO, establish an unique oxygen potential at con-
the heat treatment in either air or vacuum are also givestant temperature. The oxygen potential can be mea-
in Table I. The average composition of the samples arsured by solid state cells based on stabilized-zirconia
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TABLE 11l Emfof cellll TABLE IV Emfof celllll

S. no. T(K) E(mV) S. no. T(K) E(mV)
Cell A Cell A
1 807.0 784.0 1 904.0 570.8
2 823.5 777.6 2 920.0 563.6
3 790.0 791.0 3 935.0 557.3
4 823.0 778.4 4 951.0 550.5
5 840.0 770.0 5 966.0 543.2
6 857.0 764.0 6 951.0 549.5
7 873.5 757.8 7 920.0 563.2
8 873.0 758.1 8 905.0 570.5
9 888.0 751.8 9 967.0 542.3
10 904.0 744.8 10 983.0 536.3
11 921.0 739.0 11 904.5 570.5
12 913.0 741.4 12 9215 562.8
13 929.0 736.0 13 937.5 556.0
14 936.5 733.1 14 953.0 548.6
15 944.0 730.0 CellB
16 952.0 727.0 15 938.0 555.7
17 960.0 723.3 16 953.0 548.9
18 967.5 719.7 17 970.0 542.4
19 976.5 716.0 18 985.0 534.7
20 983.5 713.1 19 1001.5 528.1
21 991.5 710.1 20 970.0 541.5
22 1010.0 703.1 21 929.0 559.6
23 1016.0 700.2 22 944.0 553.1
24 1024.0 697.1 23 960.0 545.6
25 1031.0 694.8 24 976.5 538.9
26 921.0 738.0 25 991.5 532.1
27 880.0 754.1 26 1005.0 526.2
28 928.0 735.5 27 1020.0 519.4
29 975.5 716.5 28 1035.0 512.9
30 1024.0 697.3 CellC
CellB 29 855.0 591.5
31 896.0 748.9 30 871.0 584.9
32 911.0 742.6 31 887.5 577.0
33 928.0 736.0 32 888.5 576.9
34 943.0 730.0 33 904.0 571.5
35 958.5 724.2 34 919.5 564.7
36 975.5 717.0 35 936.0 557.5
37 990.0 711.4 36 896.5 574.5
38 981.5 715.0 37 913.0 567.6
39 965.5 721.6 38 929.0 559.2
40 951.0 726.8 39 863.5 587.9
41 936.0 732.2 40 888.0 577.1
42 919.0 739.0 41 920.0 564.3
43 903.0 746.3 42 952.0 549.1
44 887.5 752.5 43 983.5 535.4
45 872.0 758.0 44 1010.5 523.3
46 919.0 739.0
47 847.5 767.8
48 896.5 748.9 1/2 02
49 943.5 729.6
50 990.0 711.3
51 1039.5 691.4

as the electrolyte. Incidentally the intermetallics CoSb
and CoSb are reported to exhibit compositional range
of 48-51% and 64—67% of Sb respectively [5]. These
intermetallics were found to coexist with CoO. In the
absence of quantitative estimates of oxygen solubility
limits in these intermetallics, these phases are repre-
sented only as points in the Co-Sb axis and tie-lines
joining CoO are therefore shown as simple lines in-
stead of as areas.

Co CoSb CoSb, CoSbs Sb

3.2. Emf measurements
The emf results on cells |1_” a:nd Il are ||Steq IN Figure 1 Isothermal section of the phase diagram for the system
Tables II-1V and are plotted in Figs. 2—4 respectivelyCo-Sb-O at 873 K.
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Ep+0.5(mV) = 11063—0.3992T (K) (790-1040K)

(2)
En £0.4 (mV) = 967.9—0.4395T (K) (855-1035K)

3
The overall virtual reaction corresponding to 6F of elec-
tricity for the galvanic cell I is

CoO+ 3NiO 4 2Sb— CoSkO4 + 3Ni  (4)

The standard Gibbs energy change corresponding to
reaction (4) is calculated from the emf using the Nernst
equation, AG% = —6FE)

AGR 4 0.3 (kJmolY) = —69.9+ 0.0285T(K) (5)

By combining Equation 5 with the literature data for
AG? of NiO and CoO [18,15], the standard Gibbs en-
ergy of formation AG? (CoSkO,) could be calculated
and is given below

AG? (CoShOy) + 4.3 (kJ molt)

= —10063 + 0.3549T (K) (6)
The uncertainty limitimAG? (CoSkO,) is obtained by
combining the uncertainty limit of£3 kJ estimated for
3 moles of NiO from itsAG? (NiO) value assessed by
Kellog [18] and uncertainty limit of-1 kJ for CoO [19]
with the uncertainty limit in Equation 5. The tempera-
ture dependent term in the above expression (6) which
is related to the entropy of formation of the compound
appears to be quite reasonable as it is comparable with
twice the value of the relative partial molar entropy of
oxygen.

The overall virtual reaction corresponding to 4F of
electricity for the galvanic cell 1l is,

6Co0O+ CoSbO,4 + O, — Co;Sh,0;, (7

The standard Gibbs energy change corresponding to re-
action (7) was calculated from the emf expression (2)
after correcting for standard state of oxygen in the ref-
erence air/Pt electrode of cell Il using Nernst equation

AGRzy % 0.2 (kJ mol?) = —427.0 + 0.1411T(K)
8)

By combining Equation 8 with the literature data on

Co0 [15] andAG? (CoSkO,) derived above, tha G?
(Co7Sh,012) could be calculated and is given below:

AG$ (Co;Shy01,) + 10.5 (kJ mol )
—28345 + 0.9190T (K)

(9)

The uncertainty limit inAG? (Co;Sky01>) is obtained

as a function of temperature. The emf appears to vargy combining the uncertainty limitin Equations 6 and 8
linearly with temperature. The least-square regressioith an uncertainty limit of 6 kJ estimated for 6 moles
analyses give the following expressions valid over theof CoO [19]. The temperature dependent term in the

respective temperature ranges listed in parenthesis.

E, £ 0.5 (mV)= 1207 — 0.0492T (K) (795-954 K)

(1)

above expression (9) which is related to the entropy of
formation of the compound appears to be quite reason-
able as it compares well with six times the value of the
relative partial molar entropy of oxygen.
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The overall virtual reaction for the galvanic cell Ill TABLE V AG?,, of inter-oxide compounds in the system Co-Sb-O
corresponding to 4F of electricity could be given as

Standard

AG?, (k3 mol?) deviation

CoSkO, + O, — CoShOs (10) Compound = A?i- B T(K) kJ mol1
The third phase CG&k01, being an inert component cosiko, —86.4+0.0385T +4.1
was included mainly to unequivocally fix the oxygen CorSk01, —2055—0.0547T +5.8
potential by phase rule consideration. Th€$ for the ~ CoSkOs —152.1-0.0391T +5.8

Equation 10 was calculated by combining expression
(3) with Nernst equation after correcting for standard
state of oxygen in the reference air/Pt electrode of cel
Il and is given by

or computing the numerical expressions for the above
quations one requiresGy¢ of SbOs whichis unstable
in the temperature range of our consideration and is

AGS ;£ 0.2 (kd mol'Y) = —3736 + 0.1566T (K) reported to dissociate into 8D, and G at 798 K in air.
R(10) . . - . .
(11) However, for the computation &£G? , of inter-oxide

f,
o . ~ compounds the following expressioorf
By combining the Equations 6 and 11, an expression
for AGP (CoSkOg) was obtained and is given as AG? (Shy05) £ 9.0 (kJ molY) =—-994.24 0.4802T (K)

AG? (CoShOg) + 4.5 (kJ mol ) o _ (19)
which is computed from the Gibbs energy data for
= —13799 4 0.5115T (K) (12)  sSpOs tabulated up to 798K in the literature [21] is

made use of. In making use of this expression its valid-
The uncertainty limit inAG? is obtained by combining ity over a range extrapolated up to the temperature of
those for Equations 6 and 11. the present measurement was assumed. These results
The expressions (6), (9) and (12) for theGP of  are listed in Table V. The entropy change for the solid-
the inter-oxide compounds included the uncertaintiesolid reactions (13), (15) and (18) are not objectionably
in the AG? of the constituent binary oxides. However, |arge as seen from the expressions listed in Table V and
the standard Gibbs energies of formatimGROX ofthe hence can be considered as reasonable.
ternary oxides fromthe constituent binary oxideswould  No reliable calorimetric data are available to facili-
be of greater relevance from the solid state chemistryate calculation of the standard enthalpies of forma-
point of view. TheAG? , (CoSkO4) corresponding to  tion, A HP,qq for these ternary oxides. Hence, values of
the reaction —10064 15, —2835+ 20 and—13804 15 kJ mot*
CoO(s)+ ShOs(s) — CoShO4(s) (13) could pe taken as.reasonable es.timates'of standard
enthalpies of formation) HP,gg 0f the inter-oxide com-
was calculated by combining G} for the cell | with  pounds CoSjD,, Co;Sk,O12 and CoSkOg respec-

AG? of NiO [18] and ShOs [20]. tively by second law.
o o o The consistency of the Gibbs energy data on the
AGy ox (CoSBO4) = AGR() — AG (SROs, 5) inter-oxides determined from emf measurements with
+3AG? (NIO) (14) the phase diagram studies reported here was assessed

_ _ as follows. For instance, in the region defined by the
ForcomputmgAGﬁox of CorSkyO12 the reaction con-  phases CoSiDs, S04, SkhOs and CoShO, at the

sidered was four vertices of a quadrilateral in Fig. 1, two diagonal
tie-lines are possible namely the one linking CeSb
7C00+ Sh,0Os — Co7Sh0s2 (15)  with Sh,O3 and CoShO, with Sh,O4. By making use

i o of the AG? of the ternary phases from the expressions
The Gibbs energy changaGy, (Co;Sb012) corre- () and (12) and those for binary oxides from literature
sponding to the above reaction was computed from theyg 227, theA G2 for the balanced reaction
following expressions by an appropriate combination R

of AGR; with AGY of necessary binary oxides. CoShO4 + 2S04 — CoShOs 4 2Sk03  (20)
AGf o (CorS012) = AGR(7) — AGY (Sh0s) was computed and at 873 K it was found to yield a
— AG? (CoO)+ AG? (CoShOy) (16) value of —57.7 kJ. This upholds the fact that the pair

of phases on the right hand side would form the tie-
line. This inference is consistent with the experimental
phase equilibrium studies (as shown in Fig. 1). A sim-
ilar check was conducted for the region defined by the
phases C#5,012, CoShOg, SkhO3; and CoShO, in

Fig. 1, by making use of the balanced reaction

Likewise, AGEOX (CoSkOg) was calculated from

AGg(lo) by employing the expression

AGY (COSBOs) = AGR10 — AGP (CoO)

—AG? (ShOs) + AG? (CoSkOy) a7
Co;Skp01, + 6Skk0O3; — CoShOg + 6CoSbO,  (21)
for the following reaction
This yielded a value of~250 kJ at 873 K for the
CoO+ Sh,0Os — CoShOg (18) Equation 21, confirming the tie-line between CeSp
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reciprocal of absolute temperature for condensed phase mixtures in the
system Co-Sb-O.

and CoShkO, in agreement with experimental phase
analysis.

After establishing the reliability of Gibbs energy data 1

it would be worthwhile to compare the relative stabil-

ities of the different oxygen buffer mixtures of phases1!.

with a logP,, - reciprocal absolute temperature dia-
gram as shown in Fig. 5. This diagram shows not only

the buffer mixtures employed in the emf studies on the3.

three cells I, 1l and 11l but also the plots corresponding
to the constituent binary oxides. There is nointersection

of lines, signalling that the phase equilibria are invari-1*

ant with temperature within the temperature range of;
measurements.

16.

4. Conclusion

Anisothermal section of the phase diagram for the sysi7.

tem Co-Sh-O at 873 K was established in the study re-
ported here. The standard Gibbs energies of formation

here for the first time. The data were essentially de-

rived from oxygen potential measurements from solid2o.

oxide electrolyte galvanic cells I, Il and Il whose equi-

librium oxygen pressures could be represented by thé

following expressions.

log[ Po,/(0.1013 MPa], = 9.90— 26908 T(K)  (22)

log[ Po, /(0.1013 MPa}, =7.37— 2230}/ T(K)
(23)

log[P,,/(0.1013 MPa)j =8.18—1951Y T(K)
(24)

12.

22.

Department of Metallurgy, Indian Institute of Science,
Bangalore for his useful suggestions.
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