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SUMMARY

This document summarizes activities in the molten carbonate fuel
cell program at ORNL during the period March 1977 to August 1977, funded
by ERDA's Division of Conservation Research and Technology. These
activities include qhe extension of theoretical and modeling studies of
mass transport in molten Li2CO3—K2CO3 mixtures for the prediction of
possible composition gradients. A parametic representation has been
developed that incorporates the effects of current density, electrode
separation, initial composition, effective Li/K mobility ratio and
effective interdiffusion coefficient. Electrolysis experiments designed
to test the model and simulate mass transport in an operating fuel cell
are being qarried out by analysis of emf-time relaxation curves measured
after electrolysis. Direct analysis of composition profiies in electro-
lyte tiles is being developgd by means of scanning electron microscopy
with energy dispersive x-ray fluorescence. Differential scanning
calorimetry has been applied to the thermochemistry of the carbonate

electrolyte and lithium aluminate matrix.






I. THEORETICAL AND MODELING STUDIES APPLIED TO TRANSPORT BEHAVIOR

Simulation of Concentration Gradients in Analogs of Molten Salt Fuel
Cells (C. E. Vallet, D. E. Heatherly and J. Braunstein)

From considerations of mobility differences between the major cation
constituents in a molten salt mixture, of the electrode reactions and of
the interdiffusioﬁ, it was predicted that composition gradients, e.g;,
partial separation of L12C03 from K2CO3 would be expected to divelop at
the electrodes of a fuel cell operated at high current density .

Equations have been derived for the prediction of steady-state composition
gradientsvin molten salt battery or fuel cell electrolytes, for the
development of a chronopotentiometric transition (for the battery case),
and for the rate of approach to the steady state (or transition). These
equations have been combined with phase diagram data. Generalized para-
metric plots have been developed to predict compositions and phases at

the electrode surfaces at different times as functions of the operating
variables and physical properties which constitute the parameter: current
density, electrode separation, temperature, ion mobility ratio, molar
volume and diffusion coefficient.

Figure 1 is a plot showing the contribution of diffusion and migration

to the development of composition change at an electrode surface in terms
bIV E
FD +
for the transference number of Li in an L12C03—K2C03 mixture, tLi=
2
(1 +b) XLi - b XLi (b = 0.67 corresponds to a Li/K mobility ratio at

of the parameter bQ = , where b is the coefficient in the expression

XLi = Q.S OfluLi/UK = 2; b = -0.67 corresponds to a Li/K mobility ratio

of 0.5 at XLi = 0.5). I is the.current density, V the average equivalent
volume of the molten salt mixture, E the electrode separation, D the
interdiffusion coefficient and F the Faraday. The plot shown is for
anolyte composition as a function of time for an initial composition

X = 0.5. We have shown that the initial time dependence (slope) is
proportional'to bI/D and the final steady state composition depends only
on bQ. Compositions for other values of the physical properties, e.g.,
b', V', D', etc., can therefore be read from this parametric plot, which

was calculated with b = 0.67, V.= 25 cm3, D = 10__5 by reading along the
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Fig. 1. Simulated time dependence of composition at anode for
different current densities (I) and electrode separations (Z).




steady state lines for the appropriate Q values, corresponding to
b'I'VE _ bIVE

FD' ~ FD
of b half that used in Fig. 1 (b = 0.67), at a current density of

E.g., if new. experimental results indicated a value

400 mA cm_2 and electrode separation of 0.2 cm, the appropriate value

of Q should be 1 instead of 2., Similarly, the appropriate slope line
would be that drawn for 200 rather than 400 mA cm_z, corresponding to

b' I//D' = b I//D. Figure 1 refers to a single initial composition,

the equimolar Li2CO3—K2Cd3 mixture. -Similar parametric plots for other
compositions can be readily generated; the predicted relative composition
changes do not change greatly, but the crossing of a liquidus line on
the phase diagram will of course be affected by changed initial compo-
sitions. Thus, Fig. 1 indicates that with a current density of

400 mA cm-z, and an electrode separation of 0.2 cm, at a temperature of
650°C there should be no phase separation, but that at 550°C there could
be K2CO3 precipitation at the anode.

Figgre 2 shows the time development of the steady state at different
current densities, and the near symmetry of composition changes at anode
and cathode, at several current densities. The right hand curves in
this figure indicate the predicted decay of the compdsition gradient
back to the initial composition by diffusion after cessation of current
flow. The rapid decay may explain why this effect is difficult to
detect experimentally by postoperative examination.

Experimental testé of the model, and measurements of the transport
éoefficients, are underway by means of potential-time relaxation measure-

ments following electrolysis, and by direct measurement of composition

profiles.

II. ELECTROLYSIS OF L12C03—K2C03—L1A102 TILES

- (H. R. Bronstein and J. Braunstein)

Constant current electrolysis experiments aimed at analysis of
possible composition gradients in fuel cell electrolytes, testing the
predictions described in the previous section and evaluation of trans-

port coefficients, were carried out with a (Li,K)CO3—LiAlO2 tile whose
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Fig. 2. Growth and decay of composition changes at anode and cathode

in simulated molten carbonate fuel cell.



faces had been ground to eliminate previously observed K/Al inhomogene-
ities at the surfaces. In an dinitial experiment lead to lead resistances
of the order of 10 ohms were observed, suggesting high contact resistances
between tile and Ni/NiO electrodes, contributing to the observed high
joule heating. Thermocouples placed at the collector plates registered
temperature increases upon passage of current greater than expected for
IzR heating. The cathode temperature showed the larger increase,
approximately 15°, compared to 7° at the anode, at a constant current

of 140 mA/cmZ. Upon current interruption, the temperature decreased
sharply and eventually returned to the furnace temperature. After
termination of the experiments it was found that both electrodes and
current collectors had been oxidized and had disintegrated, possibly
because maintaining a constant current density during cooling forced

the cathode potential to reach such values that reduction of the alkali
ions or CO2 occurred, the products of the reduction subsequently being
reoxidized by the oxygen present producing the larger temperature rise
at the cathode. Observation through the furnace viewing window indi-
cated flame at the cathode attributed to the combustion of the reduction
products with oxygen. The effects may be due in part to the fact that
the tile-electrode sandwich in the cell could not be pressurized.

A new cell has been designed, constructed and is now in operation,
in which the cell sandwich can be clamped. A more noble (2 C02/02) gas
mixture is now being employed rather than the 1 C02/O2 used previously.
Lower cell resistances, of the order of 2 ohms have been observed, and
the temperature effects at the electrode show cooling at the cathode
and heating at the anode, in accord with the estimates of Broers.
Electrolyzed tiles will be cooled while maintaining a polarizing
potential and analyzed for possible composition gradients, i.e., Li/K
ratio gradients between the electrode surfaces. A systematic study has
been initiated of the relaxation with time of the potential differences
between the electrodes, after electrolysis, as a function of current
and of electrolysis time. Experiments to date show an initial rapid
drop of potential from the polarizing potential of ~ 400 mV to below

10 mV, on termination of electrolysis, in a time of the order of several



seconds, probably corresponding in large part to double layer dis-
charge. The relaxation back to the initial open circuit potential takes
place over a period of the order of an hour. The decay is of a magni-
tude and on a time scale expected for mass transport, but additional
experiments, data analysis witﬁ the model discussed in Section I and
specific analysis of composition profiles, now under way, are needed

for a conclusive test.

ITI. THERMOCHEMISTRY OF L12C03, K2C03, LiAlO2

(S. Cantor and G. Watts®)

The enthalpy of fusion of the -eutectic, Li2C03—K2CO3 (62-38 m/o),
melting temperature - 760 K, was measured by differential scanning
calorimetry and found to be 7.7 * 0.2 kcal/mole. This value agrees
closely with the value of 7.5 kcal/mole which may be obtained by com~

bining the mole-fraction averaged heat of fusion of L12C032 and

LiKCO3 3 with the heat of mixing of molten Li2CO3 and K2CO3.4 The
equimolar mixture, LiKCOB, was also examined, in the temperature range .
340-830K, by DSC. Two peaks were detected; the minor peak could not be
resolved. From the leading edge of the major peak, a melting point of
780 K was obtained. The enthglpy of fusion was found to be 8.2 + 0.5
kcal/mole, in reasonable agreement with the 8.7 * 0.1 kcal/mole obtained
by Janz and Perano3

Thermal spectra of two samples of tile material supplied by Argonne
National Laboratory were also obtained by DSC. Their compositions
45 w/o; Li rich eutectic (Li/K)2C03, 55 w/o,

60 w/o. TFor both

were given as: a-LiAlO

and B-LiAl0

29 40 w/o; Li rich eutectic (Li/K)2C03,
samples the most prominent thermal peak begins at 756 K and this is
identified with the melting of the eutectic composition although this
temperature is 4° lower than that reported for the carbonate mixture

in the absence of LiAlO2 (see above). The enthalpy of fusion derived
from these DSC data is 6.1 + 0.6 kcal/mole, substantially less than the
enthalpy of fusion, 7.7 kcal/mole, obtained for the salt itself. For

both tile samples a less energetic transition occurred at 744 K and this

%*0RAU Summer Student.
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was detected as a 'shoulder" on the melting peak; the cause of this
transition is at present unknown. Cooling scans for both samples
occasionally showed supercooling of as much as 32°.

For the sample with a—LiAlOz, a transition also occurred at 950K
but only on first heating; it could not be reproduced by subsequent
heating and cooling scans. If one éssumes, very tentatiﬁely, that

this transition corresponds to the o to y-LiAlO, solid-state transition,

then AH = 150 cal/mole based on 45 w/o LiAlO2 ii the sample. The other
tile sample, with B—LiAlOz, showed no transitions other than those at
756 K and 744 K noted above.

Gamma—LiAlO2 (Veﬁtron Corporation) was also studied by DSC. No
transitions were detected in the range, 320-1000 K.

A preliminary investigation was made to assess the applicability
of DSC for detecting changes in nickel electrodes for molten-salt fuel
cells. A porous nickel electrode specimen (marketed by UCC) was com—
pared with nickel wire with the following results: for the wire the
DSC peak representing the curie point (appearing as a "lambda") was at
622 K while for the electrode material the peak maximum was at 616 K; the
thermal spectrum for the wire was characterized by a single, well-
defined peak; the spectrum of the fuel-cell material exhibited a distinct

shoulder beyond the "lambda". ~

IV. ELECTRON MICROSCOPY OF TILES

SEM Analysis of Concentration Profiles of Al and K at Surfaces of Tile
Specimen PM 2178A (L. D. Hulett and R. L. Sherman)

Prior to analysis of composition profiles of electrolyzed tile
sampies, an as-received tile was subjected to SEM analysis as a test of
the method. A specimen of tile, with the following composition was sub-

* .
mitted for SEM-EDX examination: 507% by wt. L12A1204, remainder 1:1

mole ratio Li,CO, and K,CO This specimen was mounted and polished

2773 27737
under special low-humidity conditions at the Y-12 plant and transferred,

*Scanning electron'microscope SEM with the associated energy
dispersive x-ray fluorescence.



SOME THERMOCHEMICAL PROPERTIES OF ALKALI CARBONATE MIXTURES
OBTAINED BY DIFFERENTIAL SCANNING CALORIMETRY

Li CO, - K,CO

2773 2773
Composition AHF, Kcali*‘[ol-l Derived Data
a
DSC Other
LiK CO3 %.2 8.7 AHComb. (at 778 K) = -2.17
Li-rich Eutectic 7.66 —_— AHMix (at 760 K) = -1.39
62 m/o Li,CO :
2773 r
[Direct MeaSurementb = -1.87]

3Janz et ai. - Drop Calorimetry.

bAndersen and Kleppa. -

under argon atmosphere, to the ORNL Analytical Chemistry SEM in 4500N,
E-13. The polishing procedure was somewhat difficult to develop. For
that reason we are documenting it. Paul Petreski and Henry East were

the workers involved. A low-humidity (10%) foom was required. Sili-

cone oil instead of water was used as a lubricant. The polishing schedule

was as follows:

1. Hand polishing by 240, 320, 400, 600 grit.
2. Mechanical polishing using nylon cloth,
3 pym diamond paste, silicone oil, "automat"
wheel.
3. Final hand polish on microcloth using 1/4 um
diamond polish.
The silicone oil caused a slight problem in the SEM-EDX work because
of interference from the silicon peak. This was removed by stripping.

In future work we will use octoil or some other totally organic fluid.

7]



The SEM-EDX work was done by coating the sample with carbon only.
Profiles were measured from the surfaces by scanning the electron beam
in straight linesvparallel to the surface. A spot scan gave very poor
results. Photographs S-6339 and S-6340 in Fig. 3 illustrate the pro-
cedure. The parallel streaks are the lines along which the electron
beam was scanned.

We have found that the tile wafer has gradients'in its concentration
in those regions near surfaces that were presumably in contact with the
die used in pressing the wafer. The aluminum concentration was much
higher at die surfaces than in the bulk. The die used was presumably
a cylindrical type with flat plungers on top and bottdm of the wafer.
The periphery of the wafer that was in contact with the cylinder showed
the smallest K/Al ratio. Over a 25 um distance the K/Al raéio changed
by a factor of 10. Near the plunger contact surfaces the ratio changed
only by factors of two or less. ‘

In Fig. 4 a general view is shown, in S-6337 and S-6338, of the
mounted tile specimen. Region A was that part of the tile surface in
contact with the die cylinder. Regions B and C were in contact with the
plunger'surfaces. The spectré shown in Fig. 5 show the very large
differences iﬁ the XRF intensity ratios of K:Al for. the die surface,
region A, and the tile interior. Régions D, E, and F, indicated in
S-6338, .are points at a fracture surface of.fhe tile specimen.

The K:Al intensity ratios for regions A, B, and C change, over a
distance of 25 um, by as much as 10:1 for surface A éhd 2:1 for B and
C. The gradient at the fracture surface is mucﬁ‘smallér than that at
the die surfaces. A ,

In principle, there should be no gradients in thg K:Al ratio at
the fracture surface if the oil polishing did not cause any artifacts
in the tile composition. The fracture surface represents the interior
of the tile specimen, remote from any die contacts. The fact that a
slight gradient (10%) exists suggeéts a small amount of alteration of

the surface, due either to air contact or to polishing artifacts.
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Fig. 5a. SEM-EDX peaks for K and Al near die surface.



Fig. 5b. SEM-EDX peaks for K and Al at interior of the tile.
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