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Metal oxides as solutes in molten electrolytes are important in metal winning as well as intermediates
or reaction products in a number of new energy related technologies. The systematic behaviour of
oxide ions in carbonate melts has received little attention. The results of electroanalytical measure-
ments have shown that the solubilities of alkali metal oxides in the ternary eutectic mixture Li,CO,-
Na,CO;-K,CO; (43.5:31.5:25mol %) in the temperature range 400-700° C are less than 0.5 mol %.
The solubilities X (mole fraction) are given by:

0.0538 exp [— ﬂ]

X RT

oxide

The oxidation reaction of oxide ions on the gold electrode produces peroxide ions. The identification
of this reaction stoichiometry has enabled reliable evaluation of the diffusion coefficients of oxide ions
as a function of temperature from the chronopotentiometric and voltammetric measurements. The

diffusion coeflicients in cm’s™" (x 10°) are expressed by:

15377

Doxide = 00344 eXp {:_ _—:{

RT

where R is expressed in cal (molK)™' and T in degrees Kelvin.

1. Introduction

Molten salts, in particular alkali metal halides, nitrates,
sulphates and carbonates, their respective mixtures, as
well as liquid polymeric electrolytes such as alkali
silicates, phosphates and borates possess unique
properties which make them desirable in the develop-
ment of efficient methods of materials processing and
energy production [1]. Metal oxides are often inti-
mately involved in these processes either directly
as in the electrowinning of aluminium [2] and the
rare earth metals [3] or indirectly, as solution con-
taminants, intermediates, or reaction products, from
the hydrolysis of solvent mixtures during preparation
[4], in the electrode reactions [5] taking place in
the molten carbonate fuel cell, in magnesium pro-
duction [6, 7], and in hot corrosion [8, 9] respectively.
Additionally, their solution chemistry and electrochem-
istry is fundamental to the description of acid-base
behaviour [10, 11] and in the perception of electro-
analytical [12, 13] or auxiliary electrodes [14-16] in a
variety of molten electrolytes. In spite of the tech-
nological and fundamental consequences for the chem-

istry of oxides in fused salt media, relatively little
is known about their solubilities {2, 17], transport
properties [5, 18] and reaction chemistry with com-
monly encountered species such as oxygen, carbon
dioxide, water [19-21] or transition metal ions [17, 22]
in most of the commonly employed electrolytes.
In addition, the electrochemistry of their oxida-
tion reactions encountered at the auxiliary anode
in metal production, in reference and oxide sensitive
electrodes is poorly understood {12, 13, 15-17, 19,
21, 23, 24].

Oxide ions are important species in the chemistry of
molten carbonates because of their relationship to the
acid/base characteristics of these melts and as reaction
intermediates in the cathodic reduction of oxidant in
the molten carbonate fuel cell. Information about the
systematic behaviour of oxide ions in these melts is
rudimentary [4, 19, 25]. This paper presents data
which show that the solubilities of alkali metal oxides
in the ternary eutectic mixture Li,CO;~Na,CO,-K,CO,
(43.5:31.5:25mo0l %) in the temperature range 400
to 700°C are less than 0.5mol%. The oxidation
reaction on gold is shown to produce peroxide ions

* Present address: 220 Harvard Lane, Wrentham, Massachusetts 02093, USA.

0021-891X/89 $03.00 + .12 © 1989 Chapman and Hall Ltd.

301



902

S. H. WHITE AND U. M. TWARDOCH

according to the reaction:
20°" « O + 2e )

The identification of this reaction stoichiometry has
enabled, for the first time, reliable evaluation of
the diffusion coefficients of oxide ions as a function
of temperature from the chronopotentiometric and
voltammetric measurements.

2. Experimental details
2.1. Material and solvent preparation

The ternary alkali metal carbonate mixture composed
of 43.5mol % Li,CO,, 31.5mol % Na,CO,, 25mol %
K,CO, was used. The mixture was prepared from
Fisher ACS certified alkali metal carbonates by the
method described previously [25]. The purified solvent
mixture and the sources of oxide, either Alfa 98%
sodium oxide or Cerac 99.9% lithium oxide were
handled only in the argon filled dry box (Vacuum
Atmospheres). The high purity grade argon, carbon
dioxide and oxygen (Airco gases) which were employed
in these studies were treated additionally with mol-
ecular sieves, Sofnalite, and/or hot copper turnings, to
remove traces of water, carbon dioxide or oxygen as
appropriate. The premixed and analysed reference gas
mixtures (66.7% C0,-33.3% O, and 25% CO,-75%
0,) were of similar high purity grade. Other gas com-
positions were obtained using an Airco gas mixer
and the compositions were determined from the cali-
brated flow rates [25-27].

2.2. Experimental apparatus

The gas lines, vacuum system and electrochemical
cells have been reported earlier [26]. Briefly, the elec-
trochemical cell consisted of a silica tube fitted with a
water cooled brass header that accommodated six Ace
no. 7 threaded adaptor ports through which the various
electrode assemblies and inserts were introduced. The
header assembly made a vacuum tight fit (O ring seal)
onto the silica envelope which was 75 mm in diameter
and 30-35cm long and closed at one end. The elec-
trolyte was contained in either a 99.99% gold crucible
for the sodium oxide containing solutions or an alu-
mina crucible (McDanel 998 grade) for those contain-
ing lithium oxide. The cells were heated in furnaces
with wire wound resistance elements either powered
by two 10 ampere variacs, or a Eurotherm tempera-
ture controller/power supply. Temperature control
was achieved with feedback from Chromel-Alumel
thermocouples mounted close by the furnace elements.
The actual solution temperatures were measured in
the cell with a calibrated Chromel-Alumel thermo-
couple (Omega).

The counter electrode was alarge 2 x 2cm?flag cut
from gold foil (Johnson Matthey 99.99%). The gold
flag was mounted on gold wire which was sealed into
an alumina capillary tube. The sheathed gold wire was
attached to a silver lead wire which was enclosed

in alumina tube (5 mm outside diameter) sealed with
epoxy into a 20cm length of 7mm Pyrex tubing
[26]. The assembly was mounted with a Viton O ring
into an Ace no. 7 port. Working electrodes were
smaller gold flags. These gold electrodes were made
from electropolished foil, 0.005mm thick. The flag,
approximately 0.4 x 0.3cm?, was welded to a gold
wire which had been sealed into alumina capillary
tubing [26]. The electrode was supported in the
manner described for the counter electrode.

A gas reference electrode based upon the design
illustrated previously using the CO,/O, gas mixtures
(indicated accordingly in the subsequent figures) was
employed in the carbonate solutions:

Au/CO,-0,/Li,CO,-Na,C0,-K,CO; || ALO, (2)

The electrode in this form [27] can be dismantled for
cleaning and reused in subsequent experiments. A
number of other inserts which included an addition
tube, a thermocouple sheath and a gas inlet and outlet
system [28] were also employed.

2.3. Electrochemical techniques

Cyclic voltammetry and current reversal chronopoten-
tiometry were adopted to investigate the solution
chemistry of alkali metal oxides in the molten car-
bonate. The electrochemical instrumentation was
based upon an Amel 551 potentiostat modulated by
a PAR 175 wave-form generator. The current or volt-
age transients were recorded on a Bascom Turner
8120 series microprocessor controlled recorder and
stored on floppy disks for further analysis. All open
circuit potentials were measured with a Data Precision
2480 digital voltmeter.

2.4. Procedures

The cell components which came into contact with the
salt solutions were cleaned with a 50% H,SO,-50%
HNO, mixture, soaked in distilled water and rinsed
before drying in an oven. Each electrode assembly was
evacuated on the vacuum line before use to ensure that
the seals were gas tight and all moisture was removed.
The assembled cell, containing the crucible was com-
pletely dried under reduced pressure before transfer
into the dry-box. At this stage, the solvent mixture
(~ 120 g) was introduced into the crucible which was
returned to the main cell. Pellets for the addition of the
alkali oxides (either Na,O or Li,O) were prepared and
loaded into the addition tube assembly at this time.
The cell was removed from the dry box into the fur-
nace, connected on to the vacuum system and the
pressure reduced to a level of about 5 microns under
ambient conditions. The temperature was then raised
to around 450° C before bringing the pressure to one
atmosphere with argon. The melt background was
evaluated using cyclic voltammetry. The appropriate
experimental conditions were established in the cell
and measurements commenced. For the solubility
measurements, iR compensation was found unnecessary
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Fig. 1. Comparison of the
cyclic voltammetric background
responses acquired at 0.1 Vs™', at
a gold electrode in the ternary
alkali metal carbonate eutectic
mixture under different ex-
4 perimental conditions: a) argon
atmosphere, 460°C; b) carbon
dioxide atmosphere, 460°C;
¢) carbon dioxide atmosphere,
670° C. Reference electrode CO,/
O, (67%-33%)/Au.

for scan rates below 1 Vs™'. A background correction
was made for the residual amount of oxide detected in
the melt. The electrode areas were determined after
the experiment using the procedure of Wolfe and
Caton [29].

3. Results and discussion

3.1. Purity and thermal behaviour of the ternary
alkali metal carbonate eutectic mixture

The alkali metal carbonate source materials were of
good quality, the major impurity is associated with
sulphur (as sulphate) in the lithium carbonate which
corresponds to a concentration in the untreated melt
of about 3 millimolar. The preparative treatments
adopted produced melts which had residual current
densities at 0.1 Vs™' lower than 100 x 107° Acm >
at 670°C and less than 50 x 107°* Acm 2 at 460° C
under carbon dioxide containing gases. The electro-
chemical window under these conditions was — 1.4V
at 670°C and — 1.8V at 460°C. Figure | illustrates
some typical residual current density profiles on gold
electrodes. At 460° C, no extrinsic or intrinsic impurities
were detectable under argon. However, at 660°C,
under argon, an oxidation peak was detected close to
the anodic limit, Fig. 2. Previous studies [30, 31] of the
thermodynamic properties of these melts showed that
in the absence of carbon dioxide, alkali metal car-
bonates become unstable as the temperature is raised
above 600° C and slowly decompose to form the alkali
metal oxide

M,CO; = M,0 + CO, (3)
where the activity of metal oxide aw,o 18 given by:

K,[CO,]™! (4)

am,0

The peak observed at 660°C in the anodic scan is
attributed to the oxidation of oxide ions formed by the
thermal decomposition of the solvent at the highest

temperature used. The identity of this peak response
was confirmed by an addition of lithium oxide to the
melt which caused an increase in height of the residual
anodic peak, Fig. 2b. The slow initial! thermal decom-
position of the carbonate mixture, under flowing
argon following stabilization under carbon dioxide,
was observed using voltammetry and the sequence of
curves is illustrated in Fig. 3. At potentials lower than
— 0.9V, the presence of dissolved carbon dioxide is
detected in the cathodic going sweep and its con-
ceniration decreases with time. Concurrently, the
anodic peak at ~ —0.15V increases. After several
hours, changes in the concentration level of oxide are
only detected by leaving the solutions for 12 or more
hours between measurements. The partial pressures of
carbon dioxide calculated from thermodynamic data
for the temperature range 400-700°C over a melt
saturated with alkali metal oxide suggest that traces of
carbon dioxide in the supernatant gas would be suf-
ficient to establish quasi-equilibrium conditions in the
bulk of the melt and slow mass transport of the carbon
dioxide controls the rate of decomposition consistent
with the results in Fig, 3.

When the carbonate solvent was heated to only
460° C, no anodic peak due to thermal decomposition
of the carbonate ion was detected under argom.
Addition of sodium oxide to the melt at this tempera-
ture resulted in the appearance of an anodic peak.
This demonstrates that the absence of the oxide peak
is not due to the insolubility of the alkali metal oxide
at this low temperature. It is concluded from these
results that the thermal decomposition of the melt at
450° C is minimal, although, owing to the anodic shift
of this peak with decreasing concentration, the lower
limit of detection is difficult to assess.

3.2. A study of alkali oxides in the ternary alkali
metal carbonate eutectic mixture

Preliminary studies were made to establish the necessary
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Fig. 2. The detection and identification of oxide formation
0 _ from the thermal decomposition of the Li,CO;-Na,CO;~
K,CO, at 670°C under argon by cyclic voltammetry.
Reference electrode CO,/0,(25%-75%)/Au. a) vol-
tammogram acquired at 1 Vs~' for a gold electrode after

- _ exposing the melt to argon for two h. b) voltammogram
acquired at the same electrode after a pilot addition of
£ lithium oxide (8.3 x 107> molkg™') to the melt. a’) vol-
-1.00 -0.55 -0.10 tammogram a) scaled 10 x to illustrate the existence of an
1 l i 1 | 1 1 ! | adsorption prepeak at the lower concentration of oxide.

| 1.04
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J (ma o2y

— 0
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Fig. 3. The slow thermal decomposition at 670°C of pure
Li,CO,-Na,CO,-K,CO; mixture under a flowing atmos-
phere of argon as delineated by cyclic voltammetry. Refer-

- ence electrode CO,/0,(25%~75%)/Au. Voltammograms

acquired for a gold electrode at 1V s~ ! under the following

conditions: 1) under an atmosphere of CO,-argon (L:1),

0.25 t = 0; 2) 100% argon, ¢ = 20min; 3) 100% argon, ¢ =
1 85min; 4) 100% argon, ¢ = 120 min.
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conditions for the electroanalysis of oxide ions in the
carbonate eutectic melt. The results of these measure-
ments characterized the small thermal decomposition
of the solvent at temperatures above 550°C (see
above). The pilot additions of alkali metal oxides
qualitatively confirmed the electroactivity of oxide, see
Fig. 2. The quantitative interpretation of the measure-
ments, suggested that alkali metal oxides have a limited
solubility in this ternary alkali metal carbonate eutec-
tic mixture.

The solubility of the alkali metal oxide can be deter-
mined voltammetrically or chronopotentiometrically
without recourse to detailed knowledge of the elec-
trode reactions, by calibrating the electrochemical
response functions at concentrations below those
necessary to saturate the solution. This requires that
the response function is linear in concentration and
this will be true in the absence of adsorption and/or
higher order coupled chemical reactions. The measured
it and i,v™'? for the unsaturated solutions used
indicate that in the applied current density and scan
rate ranges employed the processes are controlled by
diffusion. Consequently, the solubilities of the alkali
metal oxide were obtained from the following sequence
of measurements.

Initially, an estimate of the saturation concentration
of lithium oxide was obtained at the lowest tempera-
ture for which solubility data were to be determined,
by adding small increments of alkali oxide until the

electrochemical responses were constant. An amount
less than this estimate was added to pure solvent at
670° C. Cyclic voltammetric and chronopotentiometric
measurements for the oxidation of this known addition
of oxide were made over a wide range of scan rates
and current densities at this and at a series of lower
temperatures. A second set of measurements were
then made in which the additions were in excess of the
expected solubility at the highest temperature. That
the solubility limit indeed had been reached was con-
firmed by adding a further quantity of the alkali metal
oxide at the highest temperature. Saturation con-
ditions were established at each temperature by leav-
ing the solution for at least 12h (overnight) before
making measurements. The constancy and reproduc-
ibility of the cyclic voltammetric and chronopoten-
tiometric responses was evidence that the solutions
were saturated. Data were also obtained for satu-
rating additions of sodium oxide and these were con-
sistent with the data for saturated solutions of lithium
oxide.

Representative chronopotentiograms and cyclic
voltammograms at 475° C and 680° C for unsaturated
and saturated solutions of alkali metal oxide in the
molten alkali metal carbonate are shown in Figs 4 and
5. Chronopotentiometric data and cyclic voltammetric
data in the scan rate range 0.05 to 5.0 Vs™' are pre-
sented in Tables 1 and 2. Plots of 7, versus v'” and "2
versus 1/i are linear for both the unsaturated and

| T I T T T T T
0 0.6 1.2 1.8 2.4
t(s)
7%' ;
.2V
, (@)
RP

fove —f

- Fig. 4. Representative chronopotentiograms acquired at
gold electrodes in the Li,CO;-Na,CO;-K,CO; eutectic
mixture containing added alkali metal oxide as a) Na,O
satuarated solution and b) Li,O 8.78 x 107> molkg™"'.
_ The conditions were: a) 680° C, electrode area 0.48 cm? and
an applied current density of 12.5mA cm™% gold quasi-
reference electrode; and b) 475°C, electrode area 0.52 cm?’
and an applied current density of 2.31 mA cm 2. Reference

electrode CO,/0,(25%-75%)/Au.
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Fig. 5. Representative cyclic voltammograms for oxide ion
oxidation acquired for a gold electrode in Li,CO,-Na,CO;—
K,CO; solutions: a) unsaturated (8.78 x 107*molkg™'
lithium oxide) at three different temperatures and a scan
rate of 0.10Vs~!, b) saturated at 566°C as a function of
scan rate. 1) 670°C; 2) 580°C; 3) 475°C; 4) 0.75Vs™F;

3

5) 0.50Vs~'; 6) 0.30Vs™!: 7) 0.20Vs': 8) 0.15Vs™!;

9) 0.10Vs~!; 10) 0.05Vs~!. Reference electrode CO,/
0,(25%-75%)/Au.

2
L% | |
77

saturated solution data at temperatures between 448
and 675°C, (Figs 6 to 9). A consideration of these
results and the associated potential data shows that
the oxidation of oxide ions under the experimental

Table 1. Chronopotentimetric data for unsaturated solutions of Li,O
dissolved in the ternary alkali metal carbonate solvent

i7'2 (457)

t(°C)  i(4) t(s) i By (V)
670 0.0060 0124  0.00211 0352 —0.315
670 0.0050  0.180  0.00212 0357  —0.310
670 0.0040 0304  0.00221 0333  —0310
670 0.0035 0345  0.00206 0334  —0.305
670 0.0030  0.525  0.00217 0342  —0315
670 0.0025 0.690  0.00208 0355  —0310
670 0.0020  1.050  0.00205 0343  —0315
670 0.0015  1.868  0.00205 0336  —0310
580 0.0040  0.143  0.00155 0320  —0.390
580 0.0035  0.183  0.00150 0360  —0.400
580 0.0030 0308  0.00166 0315 —0.390
580 0.0025 0366  0.00151 0348  —0.400
580 0.0020  0.593  0.00154 - —0.395
580 0.0015  1.038  0.00153 0311 —0.390
475 0.0020 0161  0.000803 0314  —0.490
475 0.0018  0.199  0.000803 0327  —0.490
475 0.0016  0.248  0.000797 0395  —0.495
475 0.0010  0.315  0.000786 0.368  —0.495
475 0.0010 0405  0.000764 0411  —0.450
475 0.0010  0.645  0.000803 0363  —0.490

conditions is controlled primarily by mass transport.
The data are thus suitable for electroanalytical
purposes.

The solubility of the alkali metal oxide was cal-
culated from the data in the following manner. The
peak current (i,) response in voltammetry is given
by

nFmCA{nFDv}'"?y
b = {RT}I/Z 3

and the chronopotentiometric transition time 7 is
given by

n*nFmCADY?
2i

Tl/2 —

(6)
where, A is the electrode area in cm?, v is the scan
rate in Vs™!, C is the depolarizer concentration
in molem™, D is the diffusion coefficient of the
depolarizer in cm’ s/, and { is the current in amperes.
¥, a function of (af), where a = nFv/RT for a fast
charge transfer reaction, and m, a stoichiometric
factor, are dependent on the reaction mechanism. The
difficulty created by the model dependence of y is
avoided by recalling that the diffusion coefficient can
be expressed as a function of temperature in Arrhenius
form for simple liquids [32] by

D = D, exp{#} @)
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Table 2. Cyclic voltammetric data for unsaturated solutions of Li,O dissolved in the ternary alkali metal carbonate solvent

t(°C) v(Vs') i, (4) i, v'? i E/ (V) Ef (V) E. (V)

(AV-'2gh2)

670 0.05 0.00114 0.00511 1.11 —0.260 —0.360 —1{.365
670 0.1 0.00 161 0.00510 1.07 —0.260 —0.365 —0.365
670 0.2 0.00226 0.00 506 [.11 —0.255 —0.365 —0.360
670 0.5 0.00359 0.00 508 [.11 —0.260 —0.370 —0.360
670 1.0 0.00 503 0.00504 [.13 —0.260 —0.375 ~0.365
670 2.0 0.00 694 0.00490 1.14 —0.250 —0.380 —0.365
670 5.0 0.01125 0.00503 1.15 —0.255 —0.385 —10.360
580 0.05 0.00084 0.00377 1.08 —0.350 -0.440 —0.445
580 0.1 0.00121 0.00384 1.07 —0.345 —0.445 —0.450
580 0.2 0.00171 0.00382 1.0% —0.355 —0.455 —1{.445
580 0.5 0.00269 0.00380 1.10 —0.350 —0.450 —0.445
580 1.0 0.00379 0.00379 1.11 —0.350 —0.445 —0.445
580 2.0 0.00 523 0.00370 1.15 —0.340 —0.445 —{.445
475 0.05 0.00047 0.00209 1.07 —0.435 —0.540 —{.530
475 0.1 0.00 065 0.00206 1.06 —0.440 —0.540 —0.535
475 0.2 0.00094 0.00211 1.06 —0.440 —0.535 -.535
475 0.5 0.00 145 0.00205 [.12 —0.440 —0.545 —0.535
475 1.0 0.00202 0.00202 1.16 —0.440 —0.540 —0.535

Combining Equations 5 and 7 and taking logarithms,
the equation
BT B

e = % ®)
is obtained, where j, is the peak current density, 3
depends upon the activation energy for diffusion and
o, 1S a constant containing y and m. Although the
chronopotentiometric analysis does not contain a

(%)
1

670C , saop

43
08 -

0.6

t‘l/Z (51/2)

05

03
02

01 4

bt T 71T T 71T T

0 b 40 500 800 1000
17 (A™Y)

Fig. 6. Plots of 1'% against 1/i for the oxidation of oxide ions in
unsaturated solutions at the three temperatures shown. The solid
lines are the linear regression fits to the points.

model dependent factor such as y, m is unknown,
a priori, and the analysis was performed by the same
method using, in this case

€)
The experimental data are summarized in Tables |

to 3. Plotting the appropriate left hand terms versus
1/T for the voltammetric and chronopotentiometric

0.012

0.01

i

081 A 576¢

0.009

0.808 4

0.007

0.006

Peak Current (A)

0.005
0.004
0.003
0.002 - 475¢C

0.001

0 04 08 12, 6 2 24
Scan Rate (st’f)

Fig. 7. Plots of i, against v'? for the oxidation of oxide ions in
unsaturated solutions at the three temperatures shown. The solid
lines are the linear regression fits to the points.
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Table 3. Voltammetric and chronopotentimetric data for unsaturated
solutions of Li,O in the ternary alkali metal carbonate eutectic
mixture

t 0 ¢ C jT'? A

(°C) (gem™>) (molem™) (Aem™2sP) (Aem™> V™22
670 2.000 17.56 0.00404 0.00967

580 2.048 17.98 0.00302 0.00721

475 2.106 18.49 0.00152 0.00385

data obtained for the unsaturated solutions gave the
following results:

T 54
111%7;1”7 — 14.004 — 3991,— (10)

il 1.5
1nf% = 9.481 — 3—77T— (11)

At each temperature for the solutions which were
saturated, the measured {j,7"?/Cvy'?} and {j'*/C}
were combined with those calculated from the experi-
mental values of T used and Equations 10 and 11,
to determine the saturation concentrations at each
temperature. The experimental data and the derived
solubilities are presented in Table 4.

The two sets of solubility data are plotted as a
function of temperature in Fig. 10. The data, fitted by
a linear regression analysis, are expressed by

2906.7

In C(molal) = —]:(K—)

—0.6207 — (12)

10 - 675C [ 625¢C 566C #5180 4480

V2 (s'/2)

Vi iKY

Fig. 8. Plots of t'? against 1/i for the oxidation of oxide ions in
saturated solutions at the temperatures shown. The solid lines are
the linear regression fits to the points.
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625C
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566¢
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Scan Rate (V* s_%)

Fig. 9. Plots of i, against v'?* for the oxidation of oxide ions in
saturated solutions at the temperatures shown. The solid lines are
the linear regression fits to the points.

or as

(13)

Xowige = 0.0538 exp [— 5775]

RT

The heat of solution for the dissolution of alkali
metal oxide in the ternary carbonate solvent was
obtained from the slope and is 5.8 + 0.5kcalmol™".

3.3. Some results for the electro-oxidation of oxide
ions in the ternary alkali metal carbonate eutectic
solution

The data shown in Tables 1 and 2 are now examined
in more detail to establish the reaction for the anodic
oxidation of oxide ions in the ternary carbonate melt.
The plots of t'? against 1/i and i, against v'”* (Figs 6
and 7) are linear at each temperature, in accord with
the Sand and Randles Sevcik Equations 5 and 6 respect-
ively. The more sensitive tests of plotting jr'/* against
j and j,v'? against v show no deviations within the
range of current densities or scan rates (< 1 Vs™') used,
see Tables 1 and 2. At higher scan rates and shorter
transition times than those discussed here evidence of
surface processes coupled to the oxidation have been
reported [33], (see also Fig. 2a) and these will be
discussed in detail in a forthcoming paper.

The peak potential for the oxidation of oxide
ions shifts anodically with decreasing concentration,
Fig. 2. These results, taken in concert, indicate that the
oxidation reaction is non-unitarian in its stoichiometry
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Table 4. Cyclic voltammetric and chronopotentiometric data and the derived solubilities of Li,O in the ternary alkali metal carbonate eutectic

mixture

t(°C) 0 (gem™3) i vol2 10°%, Solubility jo? 10°, Solubility
(Aem™2 Y125l (molem™2) (Aem™ts'?) (molem™ )

Lithium oxide

675 1.997 0.0302 5.20 0.0135 5.49

664 2.003 0.0314 5.66 0.0133 5.66

625 2.024 0.0156 3.32 0.0070 3.57

566 2.056 0.0098 2.74 0.0039 2.63

518 2.082 0.0074 2.68 0.0029 2.63

465 2.111 0.0050 2.53 0.0021 2.63

448 2.120 0.0037 2.12 0.0015 2.10

Sodium oxide

630 1.994 0.0344 5.82 0.0143 5.70

500 2.092 0.0064 2.60 0.0025 2.55

450 2.119 0.0036 2.00 0.0015 2.15

[34], i.e. [33]. Thus, taking the factor m = 1/2, the diffusion

pRed < gOx + ne (14)

The half peak width, E, — E,,, the peak separ-
ation E; — E; and the Tomes criterion £, — E4
are compared with the theoretical values for n = 2
predicted [34] for Reaction 14 in Table 5. For the
cyclic voltammetric data, the agreement of the results
with those predicted for the potential criteria for the
diffusion controlled reaction:

20% < O + 2¢ (15)

is generally within experimental error. The experi-
mental ratios of i /if, measured by Nicholson’s method
[35], also support this overall reaction. The agreement
for the chronopotentiometric criterion E;,, — E, 4 is
less satisfactory. The coincidence of the reverse cath-
odic peak potential at 660° C with that of the reduction
peak observed under an oxygen containing atmos-
phere (which was interpreted [25] as due to the
reduction of peroxide ions) suggests that the major
product of the oxidation reaction is peroxide ion, and
is thus consistent with Reaction 15.

Since the anodic oxidation of oxide ions takes place
by the Reaction 15 then the value of y is known

coefficient for oxide ions can be calculated from the
cyclic voltammetric and chronopotentiometric data
for the additions of lithium oxide in the unsaturated
solutions. The diffusion coefficients are presented in
Table 6. The temperature dependence of the diffusion
coeflicient is given as the regression line for the two
sets of data by

7739
D = —3369 — ——
n 9~ (16)
or
15377
Doxidc = 0.0344 exp [— W‘jl (17)

where D is in cm®s™' (x 10°). The activation energy
for diffusion of oxide ions is 15.4 + 15kcalmol ..
The good agreement between the diffusion coefficients
measured by cyclic voltammetry with those from
chronopotentiometry suggest that in the range of scan
rates selected the overall reaction is that written in
Equation 15.

The diffusion coefficient measured for the oxide ion
in the ternary carbonate melt at 670° C is of the same
magnitude as that reported by earlier workers {36, 37]
for the carbonate ion in the different carbonate mix-

-3.0
-31 -]
32 -
33 -
34 -
-3.5
-36
-3.7
-3.8
-3.9
-4.0
—4.1
-4.2
-4.3
—4.4
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~4.6
-4.7
~-4.8 -
-4.9 o
~5.0 T . .

In S {molal)

Fig. 10. Solubility of alkali metal
oxides as a function of tempera-
ture in the Li,CO;-Na,CO;-
K,CO;; Symbols: O, from CV

T 7 T
0.00120

17 (K)

0.00100 0.0011Q

0.00130

' 000140 data for Li,O; +, from CV data
) for Na,O; ¢, from CP data for
Li,0; A, from CP data for Na,O.
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Table 5. Comparison of theoretical and experimental potential functions for chronopotentiometric and cycle voltammetric data for the oxidation
of oxide ions in the ternary alkali metal carbonate eutectic mixture

t(°C) Exp. Theory Exp. Theory Exp. Theory
E; — E; (mV) 342RT/2F (mV} E; — Ej, (mV) 31TRT2F (mV) E;, — Ey (mV)  3.18RT/2F (mV)
448 116 + 5 106 106 + 6 98 76 £ 5 99
465 12 + 3 108 104 £+ 4 100 80 + 4 101
475 101 + 4 110 96 + 4 102 76 + 3 102
518 115 + 10 116 105 + 6 108 82 + 8 108
566 102 + 4 123 98 + 6 114 85+ 4 115
581 9% + S 125 9% + 5 116 81 + 4 117
625 116 + 5 132 109 + 7 122 85 + 4 123
669 110 + 7 13§ 105 + 3 128 78 + 5 129
675 154 + 6 139 122 + 9 129 94 + 4 130

Table 6. The solubility of alkali oxide and the diffusion coefficients of
oxide ion at different temperatures in the molten alkali metal car-
bonate ternary eutectic

t(°C) Alkali oxide 10° x D (em*s™")
solubility (moldm™?)
670 0.049 9.4
580 0.036 4.0
- 475 0.023 1.1

tures at 700°C. The earlier diffusion coefficient for
oxide reported by the authors [25] was subject to
considerable errors in view of the estimated con-
centrations and the present result is to be preferred.
The activation energy for diffusion of oxide is some-
what greater than those reported for self diffusion of
alkali metal ions in the carbonates and considerably
greater than those reported for ionic diffusion in alkali
halide and nitrate melts [36-40].

The limited solubility of the alkali metal oxide in the
ternary carbonate eutectic mixture is in contrast to the
solubilities of oxide in the LiC-KCl melt [17]. The
consequences of the low solubility of these oxides and
the alkali hydroxide [26, 27] in the operation of the
molten carbonate fuel cell and corresponding model-
ling studies have yet to be fully recognized.
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