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lon-exchange equilibria between (Mn, Co)O
solid solution and (Mn, Co) Cr,0,

and (Mn, Co) Al, O, spinel solid

solutions at 1100°C
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The compositions of the (Mn,Co)0O solid solution with rock salt structure in equilibrium
with (Mn,Co)Cr, O, and {(Mn,Co}Al, O, spinel solid solutions have been determined by
X-ray diffraction measurements at 1100° C and an oxygen partial pressure of 1071% atm.
The ion exchange equilibria are quantitatively analysed, using values for activities in the
{Mn,Co)O solid solution available in the literature, in order to obtain activities in the
spinel solid solutions. The MnAl, O, —CoAl, O, solid solution exhibits negative deviations
from Raoult’s law, consistent with the estimated cation disorder in the solid solution,
while the MnCr, 0, —CoCr, Q, solid solution shows slightly positive deviations. The dif-
ference in the Gibbs free energy of formation of the two pure chromites and aluminates
derived from the results of this study are in good agreement with recent results obtained

from solid oxide galvanic cells and gas-equilibrium techniques.

1. Introduction

Electronically conducting cobalt chromite is a
potentially useful material for interconnecting the
cells of the high temperature, zirconia electrolyte,
fuel cell battery. Its conductivity can be increased
by doping with manganese. The high conductivity
is probably caused by 3d electron interchange be-
tween chromium ions in adjacent octahedral pos-
itions because of their collinearity and small
separation.

High temperature oxidation-resistant cobalt-
base alloys contain chromium and aluminium for
corrosion resistance. The growth rate of the
chromite spinel is approximately 1000 times
slower than that of Cr,0;. The addition of
manganese to the alloy usually enhances the oxi-
dation resistance, the inner protective layer of the
oxide being a spinel solid solution. As a part of a
larger programme of study of phase equilibria and
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thermodynamic properties of spinel solid solutions,
with the dual object of exploring the possibility of
using conducting oxide electrodes in fuel cells and
understanding the formation of protective spinel
solid solutions on cobalt alloys, the compositions
of the conjugate phases in the ternary systems
MnO-Co0-Al, O5(e) and MnO—CoO—Cr, 04 have
been determined at 1100° C and an oxygen partial
pressure of 1071 affn by X-ray diffraction.
Activities in the binary CoO—MnO solid sol-
utions have been determined by Aukrust and
Muan [1] (1200°C) and Biggers and Muan [2]
(1250° C) using gas-equilibrium techniques. Their
results indicate ideal mixing in the solid solution.
More recently, Seetharaman and Abraham [3] have
re-examined the system using solid oxide galvanic
cells and suggest small positive deviations from
Raoult’s law. They have confirmed the finding by
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acid-solution calorimetry [4]. An evaluation of all
reported measurements on the system suggests
that the thermodynamic properties of mixing at
1100° C can be expressed as,

AGY, = WXco0Xamo Jmol™ (N

where W = 3375 (* 1000) Jmol™, and X¢,0 and
Xwmno tepresent the mole fractions of the con-
stituent oxides. The selected value for W is the
average of the mean values obtained from the
three independent techniques, and agrees with our
repetition of the emf measurement for Xgyq =
0.5. No previous thermodynamic or phase equi-
librium measurements of the spinel solid solutions
Mn(Co)Cr; 04 and Mn(Co)Al, 0, have been
reported in literature. The results obtained in this
study on the compositions of the conjugate phases
of the spinel and rock-salt solid solutions can be
analysed quantitatively, using information on the
rock-salt phase given by Equation 1, and a method
recently developed by Jacob and Jeffes [5], in
order to yield the activities in the spinel solid
solutions, and the differences in the standard free
energies of formation of the chromites and alu-
minates of cobalt and manganese.

2. Experimental methods

2.1. Materials

Fine powders of a-Al; 03, Cry O3 and CoO, each
99.99% pure, were supplied by Alfa Inorganics.
Manganese oxide, MnO, were prepared by decom-
posing Analar MnSQ, at 1000° C in air to a mix-
ture of Mn3; 0,4 and Mn, O;; the oxides were then
reduced in hydrogen for 2h to yield bright green
MnO. The chromites and aluminates of cobalt and
manganese were prepared by prolonged heating at
1100° C of pressed pellets containing an intimate,
equimolar mixture of the component oxides at an
oxygen partial pressure of 107° atm. The pellets
for the synthesis of the aluminates were supported
on alumina crucibles and the pellets for the syn-
thesis of chromites were held in Cr,Oj-lined
alumina supports. The formation of the ternary
compounds was confirmed by X-ray diffraction
analysis.

2.2. Synthesis of solid solutions

The CoO—MnO solid solutions with rock-salt
structure were synthesized by heating pressed
pellets made of intimate mixtures of component
oxides at an oxygen partial pressure of 107! atm
and a temperature of 1100° C for 3 to 4 days. The
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compositions of the pellets were obtained from
the weights of the component oxides in the mix-
ture. The solid solution was cooled to room tem-
perature, ground under acetone, repelletized and
heat-treated again for 3 days to ensure the com-
plete formation of the solid solution. Spinel solid
solutions, with atomic ratios of cobalt to man-
ganese the same as in the rock-salt phases, were
also prepared in a similar manner. Volatilization of
manganese from the samples under the CO + CO,
gas mixture corresponding to an oxygen partial
pressure of 107'% atm at 1100° C was insignificant,
since the pellets showed no change in weight
during the heat-treatment. An X-ray powder dif-
fractometer was used for d-spacing measurements.
Vegard’s law was obeyed in the spinel solid
solutions, while a small negative deviation similar
to that reported by Biggers and Muan [2] was
found in the rock salt solid solution with the maxi-
mum deviation occurring at 0.8 > X, >0.7.
The synthetic solid solutions were used as stan-
dards for the determination of the composition of
oxide phases after equilibration.

2.3. Procedure

Weighed quantities of the spinel and rock-salt solid
solutions with identical ratios of cobalt to man-
ganese in each phase, were intimately mixed and
the pelletized. The pellets were heated at 1100° C
in a three-zone kanthal wound, horizontal furnace,
with an even temperature (+2° C) zone of 6cm,
under a flowing stream of CO + CO, gas mixture
for 230 h. The ratio of CO to CO, in the mixture
was 0.06, the flow rate of the mixture was
400cm® min™!, and the linear velocity was ap-
proximately 65cmmin™'. Darken and Gurry [6]
have experimentally demonstrated that at this
linear gas velocity thermal segregation in the
CO + CO, mixture can be avoided. Preliminary
experiments indicated that equilibrium is attained
in approximately 150h, larger periods of equili-
bration causing no further change in the lattice
parameter of the oxide solid solutions. At the end
of equilibration, the samples were quenched by
dropping into liquid nitrogen. The pellets were
ground under acetone. Fine powders (50 um or
less) so obtained were used for measurement of
the d-spacing of indexed high-0 lines by diffrac-
tometry using CuKoa radiation. The compositions
of the solid solutions were obtained from the
measured d-spacings corresponding to the 440
and 22 0 peaks of the spinel phases and the 200
peak of the rock salt phase. The precision was im-



proved by admixture with pure silicon, which
served as an internal standard of § on the diffrac-
tometer trace. The unit cell dimensions of silicon
are very precisely known., The 111 and 220
peaks of silicon with d =3.138 and 4 =1.920
were used for internal standardization. The
amount of silicon in the diffractometer sample was
adjusted by trial and error until the peaks from
silicon and the solid solutions were of comparable
height, so that uncertainties in scanning and chart
speeds have minimal effect. The diffractometer
was run at least six times over the peaks at a scan-
ning speed of 0.2° 26 per min and the average
separations between the peaks of the oxide phases
and silicon were measured. The uncertainiy in the
composition of the rock-salt phase obtained by
this method was less than 1%. Because of the small
difference in the lattice parameters of the pure
spinel phases, the accuracy in the analysis of spinel
composition was only = 3%. A more accurate value
for the compositions of the spinel solid solution
was obtained by extending the line joining the
points representing the total composition of the
pellet and the composition of the rock-salt phase
on the ternary diagram,

3. Results

The compositions of the conjugate phases at
1100° C and an oxygen partial pressure of 1071°
atm are summarized in Table I (see also Figs. S and
6). The activity coefficients () in the spinel solid
solution are calculated using the following
equations [S5], which are based on fundamental
thermodynamic principles;

. _ [ *Mnalp,
g YMnaLo, = |, Xcoal0, dlog
YMnALO,
YcoAlLo,
XMnALO
= [ Koo, dlog

Amnaro, Xcoo 1\Yco0

The quantity in the first bracket is obtained from
the results of this study, while the quantity in the
second bracket is obtained from Equation 1 as,

log 'YMnO):
7CoOl

since AGEq0 =W(1—Xcoo)? = 19.14Tl0g YCo0»

etc. The modified Gibbs—Duhem integration plots

[X CoALO, XMnO ] (’)’ MnO)

0.128 (Xcoo — Xmmo)

TABLE I Composition of conjugate phases of the rock
salt and spinel solid solutions at 1100° C

(Mn,Co)0 ={Mn,Co)Al,0, (Mn,Co)O= (Mn,Co)Cr,0,

at.%MnO at.%MnAlQ, at.%MnO at.%MnCrQ,
in rock- in spinel phase in rock salt in spinel
salt phase phase phase
10.0 172 9.0 18.7
23.8 315 240 439
41.8 434 40.0 62.6
56.0 53.3 52.0 73.6
69.8 62.1 63.8 82.5
82.5 74.0 79.7 90.9
93.0 86.1
1o ]
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Figure 1 Integration plot for MnAl, O, -CoAl, O, solid
solution at 1100° C.

1-0

o-8r

o6t

X
CoCrp04 T
o4t

—r

O4——

05 -oa

Log XcoCra0, XMnO YMno
XMnCra04 X Co0 YCo0

Figure 2 Integration piot for MnCr, 0, —-CoCr, 0, solid
solution at 1100° C.

for the aluminate and chromite solutions are
shown in Figs. 1 and 2. The plot of

¥ versus log Xcoar0, XMnoYmno
CoAlLQ 3
T XnnaLo, Xco0YCoo
is a straight line with a negative slope, which indi-
cates that the aluminate spinel solid solution is
“regular”, and is characterized by negative excess
483



free energy of mixing which is a symmetric func-
tion of composition. A vertical line on the inte-
gration plot would characterize an ideal solution.
From the area under the curve or the slope of the
line in Fig. I, the following parameters are calcu-
lated:

log YmnaLo, = —0.285 X&, 410, (4)
10g Yeoaro, = —0.285 X}nal0, (5)

AGy = —7490 X¢oal0,
XMnavo, Jmol™. 6)

For the chromite solid solution, the integration
plot (Fig. 2) has a positive slope, indicating posi-
tive deviations from Raoult’s law, The data can be
represented by two straight lines. The logarithm of
the activity coefficients can, therefore, be repre-
sented by two quadratic equations, the coefficients
of which are obtained from the slopes of the lines
or the areas under them;

log YMnCr,0, = 0.213 X%’JoCer1

0.33> Xcocr,0, >0
(7)
0.127 X30cr,0, + 0.009
1> Xcocr0, > 033
= 0.213 X}puor,0, —0.039

033> Xcocr,0, >0

log YCoCr,0,

(®
= 0.127 X3moro,

1> Xgocr0, >0.33.

The composition dependence of the activity of the
component spinels in the aluminate and chromite
solid solutions and their excess free energies of
mixing at 1100° C are shown in Figs. 3 and 4.

4. Discussion

Since Equation 2 is not based on thermodynamic
models or other assumptions, the derived activities
may be used to calculate the equilibrium constants
and the standard free energy changes at 1100° C
for the reactions;

MnAl, O, + CoO ~ CoAl, 0, +MnO  (9)

Ko = Xcoal0,YcoaL0, XMn0 YMno
y = .

XMnaLo, YMnaLo, Xco0 Ycoo
1.037 (+0.035)
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Figure 3 Activities and excess free energy of mixing in the

system CoAl,0,-MnAL,O, at 1100°C: —— experi-
mental; — — — — calculated from cations distribution.
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Figure 4 Activities and excess free energy of mixing in the

AGq
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. system CoCr, O, —MnCr, O, at 1100° C.

—RTInK, = —415 (+400) J mol™!
MnCr, 04 + CoO - CoCr, 0, +MnO  (10)

Xcocr,0, Ycocr,0,

XMno YMno

XMncCr,0, TMnCr,0,

0.444 (£0.01)

XCoO YCoO

AG3= —RTInK;, = 9275(+400) J mol!.



The standard free energy changes for the above
reactions represent the differences in the standard
free energies of formation of the two pure alu-
minates or chromites from component oxides.
Recent measurements by Jacob and Alcock [7] on
the stability of pure spinel phases using solid oxide
galvanic cells and gas equilibrium techniques
suggest values of —8 Jmol™! and 8400J mol™* for
AGjg and AGY, in good agreement with the values
calculated in this study. The manganese and cobalt
aluminates have approximately the same stability,
so that the conjugate lines between (Mn, Co)O and
(Mn, Co)Al, 04 phases are roughly symmetrical
(Fig. 5). Perfect symmetry of the conjugate lines is
realised when AGy equals zero and

YCoALO, « TMnO _. 1
YMnALO, « YCoO

Manganese chromite is substantially more stable
than cobalt chromite and this causes the conjugate
lines between the (Mn, Co)O and (Mn, Co)Cr, O4
phases to be directed towards the MnCr, O4 corner
(Fig. 6).

A normal spinel structure (MX,04) can be
described as a close-packed cubic arrangement of
anions with one-eighth of the tetrahedral holes
filled with M** cations and one-half of the octa-
hedral holes filled with X3* cations. A high tem-
peratures, cations can exchange positions, the
magnitude of cation mixing being determined by
the difference in “site preference energies”. In the
aluminate solid solution there are three different
cations, Co?*, Mn?*, and AI**, competing for the
occupancy of the two interstitial positions. The
cation distribution can be represented as,

(Coxtx Mn s Al, }\) [Cox( 1-a) M1y (1-g)

Al H)] 0,

where ( ) denotes tetrahedral and [ ] denotes
octahedral positions, x = Xcoano, (mole frac-
tion), and

2A0 = 1—xa—(1 —x)p. (11)

Dunitz and Orgel [8] have tabulated the crystal
field stabilization energies of transitional metal

a-Al1,0,
1100°C
/Q) ¥ - w
8/ ol & o
'53; N Tl =
\ 8 Bl =
g o <

L39xyp-1

1

Co0Q 04

06 os MnO

Figure 5 Compositions of conjugate phases in the system CoO—MnO—Al, O, () at 1100° C. Filled circles correspond to
the total average compositions of the pellets containing the rock salt and spinel phases. The oxygen partial pressures
below which metallic cobalt will appear are also indicated on the diagram.
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TABLE II Cation distribution in Co,Mn, _,Al, O, system at 1100° C.

X or Estimated Measured

Xcoal,0, N s N N s N

1 0.84 - 0.08 0.83 - 0.085(+0.01) {10]
0.95 - 0.025(£0.02) [11]

0.8 0.825 0.986 0.071

0.6 0.804 0.984 0.062

0.4 0.77 0.98 0.052

0.2 0.715 0.974 0.039

0 - 0.955 0.022 - 0.92 0.04(+0.02) [11]

ions in the octahedral and tetrahedral sites. The
difference in energy of an ion between these two
sites is termed “octahedral site preference energy”.
The values for Co?*, Mn®* and Cr*' ions are —31,
0, and — 158 kJ respectively [8]; the negative signs
indicating octahedral preference. A value of —78 kJ
for the octahedral site preference energy of the
AI** ion was derived [9] from a number of direct
high temperature cation distribution measure-
ments on NiAl, O, based on the value of —86kJ
for Ni** ion suggested by Dunitz and Orgel [8].

Cr, 0,

The differences in the octahedral site preference
energies of Co®* and AI** is equal to the enthalpy
change for the exchange reaction,

(Co™) + [AI¥"] > [Co™] + (AI™)

where () denotes tetrahedral and [ ] denotes
octahedral sites. Assuming that the activities of the
ions on each site are equal to their ionic fractions
(Temkin ideal mixing [12]) on that site, the
cation distribution can be related to differences in
the octahedral site preference energies [9] ;

100°C

(1]

MnO

Figure 6 Composition of conjugate phases in the system CoO—MnO—Cr, O, at 1100° C. Filled circles correspond to the
total average compositions of the pellets containing the rock salt and spinel phases. The oxygen partial pressures below
which metallic cobalt will appear are also indicated on the diagram.
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(1 —a)
rroct t I . S 4
HO, — HO%, = 470007 = RTln—a(lﬂ)\)]

(12)

M1 —8)
H2,, —H°%, = 78000] = —RTIn|——2|
Mn AP n _B(l N

(13)

The values of «, § and X, which define the cation
distribution, for different compositions (i.e. values
of x) of the spinel solid solution obtained by
solving the three simultaneous Equations 11, 12,
and 13 are summarized in Table II. This table also
contains the measured cation distributions in pure
CoAl, O, and MnAl, 04 for comparison. It has
been shown earlier [9] that the cation distribution
estimated from the site preference energies for a
number of aluminate spinels is in good agreement
with X-ray and neutron diffraction measurements.

The Temkin ideal cation mixing contribution to
the total entropy of the spinel solid solution is
given by,

ASM = —R [z(zvi) In (V) + 22 [MV] ln[Ni]]
(14)

where (/V;) represents the ionic fraction of the
cation i among all the ions on the tetrahedral site,
ie. (Ngo2+) =xa etc, and [N;] represents the
ionic fraction on the octahedral site, i.e. Ngg2+ =
x(1 —«)/2, etc. The above equation can also be
written in terms of a, § and A as,

—R [{xa lnxa + (1 —x)B1n(1 —x)B +
2 In2A}

+ {x(l —a)ln [@}4—(1 —Xx)
1= [(1 —x)2(1 *6)}

ln(l——h}}.

The entropy of mixing of the spinel solid solution
may be obtained by subtracting from the cation
mixing entropy of the solid solution the mole frac-
tion weighted sum of the cation mixing entropy of
the two pure component spinels;

ASCM =

+2(1 —%)

(15)

ASy = Sgg_xs%oMqu —(1—x) AS%’{MZO‘,'

(16)

Similarly, the heat of mixing of the spinel solid
solution due to cation rearrangement can be calcu-
lated from the octahedral site preference energies:

AHy = (ags —%goal0, )X- 31000 +
2{ss —XAcoAL0, —

(1 = X)\mnaLo,} -78000J. (17)

Since the octahedral site preference energy of
Mn?** ion is zero, there is no heat effect associated
with the redistribution of the Mn?" ions in the
solid solution. The excess free energy of mixing of
the spinel solid solution is then given by

AGy = AH—TAS —RT {xlnx + (1 —x)In(1 —x)}.
(18)

The calculated values for AG &; are shown in Fig.
3. Similar calculations for the chromite solid sol-
ution suggests an almost ideal behaviour. This may
be expected from the high octahedral stability of
Cr** ion and the negligible cation mixing in the
pure chromites. The measured excess free energy
of mixing in aluminate solid solution is approxi-
mately 1400J more negative than the estimated
values, while in the chromite solid solution the
measured excess free energy is approximately
900J more positive than the estimated value at
equimolar composition. Formation of an ideal
solution would require that the ionic radii of the
cations be the same on structurally equivalent sites.
Since the ionic radius of Mn?* ion is approxi-
mately 12% higher than that of Co®" iom, it is
reasonable to anticipate a positive strain energy
contribution to the excess free energy of mixing.
If the Madelung energy of the solid solution does
not vary linearly with composition, there would
be an additional electrostatic contribution to the
heat of mixing, which is difficult to evaluate in the
absence of accurate values for the oxygen par-
ameter, u, for the spinel solid solutions.

Another factor to be considered is the presence
of Mn** and Co®" ions in the spinel phase. From
the standard free energy change for the reaction,

3MnO + %02 - Mn3 04

it can be shown that the activity of Mn3 O, in the
spinel phase at an oxygen partial pressure of 107°
atm is:

ﬂMnsoa <8.8x 10-4
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Similarly it can be shown that Co*" ion is unstable
in the presence of Mn?* ion.

Phase equilibria in the ternary systems MnO-
Co0—-Al,05(¢) and MnO-CoO—Cr,0; at
1100° C are shown in Figs. 5 and 6. The oxygen
partial pressures below which metallic cobalt
would precipitate by the reduction of the spinel or
rock salt solid solutions are calculated from the
standard free energy changes [7] for the reactions,

Co + 10, » CoO

AG® = —234620+71.02 T Jmol™
Co + 30, + a-Al, 03 = CoAl, 0,4
AG® = —166295 Jmol™ (1100°C) (20)
Co + 40, + Cr; 03 » CoCr, 04

AG® = —186900 Jmol™ (1100°C), (21)

(19)

and activities in the rock salt and spinel solid
solutions. Owing to the large difference in the
stabilities of MnO and CoO, the metallic phase
that precipitates on reduction is essentially pure
cobalt.
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