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ELECTROCHEMICAL STUDIES OF THE SODIUM-BISMUTH SYSTEM

M, S. Foster, G. H. McCloud, and E. J. Cairns

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois
60439

Introduction

Studies of various thermally regenerative galvanic cell systems have been
underway at Argonne National Laboratory for some time. In these systems, thermal
energy, as from a nuclear reactor, is used to decompose the products of a power-
producing galvanic cell to form into the original reactants for re-use in the cell.
‘Since the cell generally operates at a lower temperature than the decomposition
temperature of the cell products, the system is a two-temperature system and is
limited to Carnot cycle efficiency.

The search for materials which combine with a large negative Gibbs free energy
change at the cell temperature, and vet may be thermally decomposed at a tempera-
ture obtainable in a reactor using today's technology, has led to an examination
of various alkali metal-containing binary allovs. Many of these alloys have a
large negative free energy of formation, as indicated qualitatively by the high
melting points of the compounds formed between the lighter alkali metals, and, for
example, bismuth.

In order to predict the ideal behavior of a thermally regenerative galvanic
cell system, it is necessary to know the thermodynamic properties of the alloy used
in the cell. For instance, the chemical potential of the alkali metal in the bi-
nary alloy is used to calculate the open~circuit potential of the cell in the sys-—
tem if the cell is a concentration cell without transference. Likewise, the tem-
perature variation of the chemical potential of the alkali metal in the alloy may
be used to calculate the partial pressure of the alkali metal over the alloy for
various postulated regeneration conditions. The particular alloy which is the sub-
ject of this report is the sodium-bismuth alloy.

In a study of the thermodynamic properties of the binary sodium-bismuth alloy,
the most obvious method would appear to be an emf technique. This technique corre-
sponds directly to the cell in a regenerative system

In using the emf technlque, one may choose to operate cells which by design
are not capable of producing significant electrical currents. For example, several
workers in the past have operated cells with sodium anodes in which the electrolyte
consisted of a sodium ion-containing glass. Other electrolytes which might be used
include mixtures of molten sodium salts or a solid sodium salt. The cell-potential
data reported here were taken using electrolytes of solid NaCl.

Although power-producing cells may well use molten salt electrolyte, the solu-
bilities of sodium metal from the anode and of sodium-bismuth intermetallic species
from the cathode alloy are sufficiently high to introduce complications when at-
tempting to make thermodynamic measurementsl. These complications take several
forms. First, the sodium metal dissolved in the electrolyte near the anode tends
to diffuse toward the cathode. At the cathode, the sodium is extracted from the
electrolyte by the cathode alloy. The result is a transfer of sodium from the
anode to the cathode without producing any current in the external circuit,
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causing a constant change in the cathode composition of the cell. Second, the
solution of sodium in the electrolyte is a "mixed" electrical conductor, that is,
it has both ionic and electronic conductivity. This results in a lowering of the
open-circuit potential by causing an internal short circuit in the cell. Third,
there exists the possibility of back-diffusion of bismuth from the cathode alloy
to the anode through the solubility of intermetallic species in the electrolyte.
For these reasons, solid NaCl electrolytes were used in the cells'reported here.

Experimental Studies

Since the sodium metal itself and the sodium-bismuth alloys are subject to
attack by water vapor and oxygen, all of the cells were operated in furnace wells
attached to an inert atmosphere enclosure containing helium. The helium was con-
tinuously recirculated through a purification system and contained as impurities
less than 1.5 ppm water vapor, and less than 5 ppm each of oxygen and nitrogen.

Electrolytes were obtained from Harshaw Chemical Company in the form of cups
with 1/8-in. thick walls and bottoms. These were machined from single crystals of
NaCl. The sodium anode was contained inside the cup electrolyte, which was in turn
lowered into the liquid sodium-bismuth alloy. Tantalum rods were used as electrode
contacts. Cell potentials were measured with a potentiometric electrometer having
an ,input impedance of 1013 ohms. Forward and reverse cufrent—voltage curves were
measured by passing small currents through the cell. The current-voltage relation-
ship so obtained was linear for cell temperatures between 810 and 1050°K. At a cell
temperature of 523°K, the internal cell impedance was approximately 2.2 x 107 ohms,
indicating the requirement of an electrometer or similar device for measuring the
cell potential. At higher temperatures, approaching 1050°C, the internal cell re-
sistance dropped to ~ 300 ohms.

Results

It was found necessary to add a small correction to the raw cell potential-
temperature-composition data in order to compensate for the 'mixed" ionic and
electronic conductivity in the electrolyte. Sodium may dissolve in the sol™d elec-
trolyte in contact with the sodium anode. These dissolved atoms may dissociate. in-
to sodium ions (which may be located in cation vacancies) and electrons, at least
some of which are located in F-centers (or anion vacancies). The electronic con-
ductivity could arise from the thermal excitation of electrons -in F-centers into
conduction bands.

The correction terms was found by comparing the voltage of the experimental
cell: Na(2)NaCl(s)/40 a/o Na in Pb(R)
as a function of temperature with both emf data from the literature and with the emf
calculated for 700°C from vapor pressure measurements. Previous concentration cell
studies using the Na-Pb system have been reported by Hauffe and Vierk? (in 1949)
and by Lantratov> (in 1959). These investigators used glass electrolytes contain-
ing sodium oxide. Their results are in agreement with those reported in 1956 by
Porter and Feinleib4, who used an electrolyte of alumina impregnated with sodium
carbonate.  A. K. Fischerd of Argonne determined the vapor pressure of Na over a
40 a/o Na in Pb alloy held at 700°C. From his measurement, the cell emf was cal-
culated to be v 8 mv higher than that reported by Feinleib and Porter. The cor-
rection term for the cell potentials observed using solid NaCl as the electrolyte
ranged from 4 mv at 400°C to 36 mv at 700°C. The corrected cell potential-temper-
ature-composition data for the sodium-bismuth cells are shown in Figure 1.

Discussion

The data in Figure 1 clearly reflect that when a cell with a cathode alloy
containing 30 to 40 a/o Na in Bi is cooled, a solid starts to precipitate from the
liquid alloy as evidenced by the change in slope of the emf vs temperature curves.
This is predicted, of course, from the phase diagram. Using the data of Figure 1,
the corresponding excess chemical potentials of sodium have been calculated for
the liquid Na-Bi alloys. These data were then treated by a least-squares technique
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to find an’ expression for the excess chemical potential of sodium in liquid sodlum—
bismuth alloys as a function of temperature and composition. The best fit was ob-
tained by assuming a quadratic dependence of excess chemical potential on both
temperature and composition -~ a subtle way of saving that nine coefficients are
necessary to describe the excess chemical potential surface (see Equation 1 and

Table 1).
% % gt . 1
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Other thermodynamic quantities for sodium-bismuth alloys may be calculated from the
equation for the excess chemical potential of sodium, using the standard thermody-
namic relationships.

Using the cell potentlal surface calculated from the equatlon

-1 1 S S S |
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one mayv celculate the composition, XE , at a given temperature, for which E is the
same as that observed for cells in which the cathode alloy was saturated with a
solid intermetallic compound -- either NaBi or Na,Bi. This composition-tempera-
ture relationship is the usual phase diagram, and the points calculated are shown
in Figure 2, compared with the phase diagram published in Hansen and Anderko®. The
compositions and cell potentials calculated were used, along with the equation for /|
the excess chemical potential, to calculate the standard free energy of formation
of solid NaBi and Na,Bi, assuming pure liquid Na and Bi as the standard states.
These are compared in Table 2 with those reported previously’ for solid Li.Bi. It
is to be noted that the sodium-bismuth interaction is significantly lower in energy
than the interaction between lithium and bismuth.

Table 1.
g%l Coefficients Used in Evaluatlng__gN from Equation 1.
1=1 i=2 i=3
ji=1 -7454.10 -14928.3 6227.26
j=2 -17.7422 25.5126 37.9301
j=3 .0113414 ~.000940211 ~.0435859
Table 2.

Standard Free Energies of Formation of Li;Bi, NaBi, and Na3§i

* R
Standard Free Energy of Formation (kcal/mole) of:

{
T CKR) Li,Bi _NaBi_ _NagBi ]
550 -15.4 - 41
600 ' -15.0 - :
650 ) -14.7 - AN
700 -14.4 - {
750 - -36.1 f
800 -50.5 - -34.6 )
850 -49.7 - -33.4 /
900 -48.8 - -32.6 ,
*Standard states were chosen to be the pure liquid elements and the solid compounds )
in the cell environment. : -
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COMPARISON OF CALCULATED SATURATION CONCENTRATIONS
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CORRECTED POTENTIALS FOR THE CELL:
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' o MEMBERSHIP IN THE DIVISION OF FUEL CHEMISTRY

}e Fuel Chemistry Division of the Amerlcan Chemlcal Society is an internationally
cognized forum for scientists; englneers ‘and technical econcmists concerned with
le conversion of fuels to energy, chemicals, or other forms of fuel. Its interests
nter on the chemical problems but deflnltely include the engineerlng and economic
lpects as well, AR . LG . . R i :

by chemist, chemical engineer, geologist, technical economist,,or other scientists
oncerned with either the conventional fossil fuels, or the new high-energy fuels--
hether he be in government, industry or independent professional organizations--
ouldibenefit greatly from partlclpation in the progress of the Fuel Chemistry
FV1S on, .

he Fuel Chemistry Division- offers at least two annual programs of symposia and gen-
ral papers, extending over several days, ususlly at National Meetings of.the American
hemical Society. These include the results of research, development, and analysis in
he many fields_:élating to fuels which are so vital in today's. energy-dependent
conomy. Members of the Division have the opportunity to present papers of their own,
r participate in-discussions'with experts in their field. Most important, the Fuel
hemlstry Division provides a permanent record of all of this material in the form of
cmplete preprints. i

Starting in September 1959, the biennial Fuel Cell Symp051a of the Division have been
Jhe most important technical meetings for chemists and chemical engineers active in
this field. These symposia have all been published in book form, The recent land-
mark symposium on Advanced Propellant Chemistry has been published in book form also.
further, the Division is strengthening its coverage of areas of air and water pollu-
‘tion, gasification, and related areas. : . -

In addition to receiving several volumes of preprlnts each year, as well .as regular
news of Division activities, benefits of membership include: - (1) Reduced subserip-
tion rates for "Fuel" and "Combustion and Flame," (2) Reduced rates for volumes in
the "Advances in Chemistry Series" based on Division symposia, and (3) The receipt
card sent in acknowledgment of Division dues is good for $1.00 toward a complete set
of abstracts of all papers presented at each of the National Meetings.

To join the Fuel Chemistry Division as a regulsr member, one must also be or beccme a
ymember of the American Chemical Society. Those not eligible for ACS membership
. because they are not practicing scientists, engineers or technical economists in areas
related to chemistry, can become Division Affiliates., They receive all benefits of'a
regular member except that they cannot vote, hold office or present other than invited
papers. Affiliate membership is of particular velue to those in the informational and
ylibrary sciences who must maintain awareness of the fuel area. Non-ACS scientists
active in the fuel area and living out51de of the United States are invited also to

become Division Affiliates.

Membership in the Fuel Chemistry Division costs only $L4.00 per year, or $11.00 for
. three years, in addition to ACS membership. The cost for a Division Affiliate, with-
‘out Joinlng ACS, 1s $10 00 per year, For further information, write to:

3

‘Dr. Frank Rusinko, Jr.

A ’ S Secretary-Treasurer
. ACS Division of Fuel Chemistry
\ c/o Speer Carbon Company

St. Marys, Pennsylvania 15857
Telephone: 81k - 834-2801




TRACERLAB

A DIVISION OF LABORATORY FOR ELECTRONICS, INC. (

EXCITED GAS RESEARCH AND TECHNOLOGY

Tracerlab has pioneered in programs involving generation and utilization

of low temperature plasmas employing electrodeless discharges at radio
frequencies, This field of research and development is defined as

Excited Gas Research and Technology, The programs at Tracerlab have (
been based on research investigations, and have resulted in many tech-
nological applications and the development of specialized instrumenta-
tion, The electrodeless method is free of contamination by consumable
electrodes, provides a uniform volume of excited reactive gas, and re-
quires only "soft" vacuum engineering design,

Systems studled to date have mcluded both organic and inorganic systems
in the followmg areas:

- Homogeneous gas reactions at discharge conditions.

+ Gas-~solid reactions, ' Vi
- Reactions involving solids of different physical dispos1t10n -
such as ultrafine sub-micron powders, 7

. Treatment of solid sheets of metals or polymers,

- Reactions producing products in the gas phase,

+ Reactions for effecting synthesis,

+ Reactions for reducing organic media to residual inorganic ash,
- Flow discharge configurations for spectrographic studies,

IN ADDITION TO RESEARCH AND DEVELOPMENT SERVICES, THE FOLLOWING
EQUIPMENT* IS AVAILABLE:

« RF Generators - 300, 2,000 and 5,000 RMS Watts ~ Variable Output !
- Plasma Activators - Inductive and Capacitive Coupling N
- Plasma Research System - 300 RMS Watts - Variable Output

+« Low Temperature Asher - LTA-600

*All equipment operates at FCC - approved frequency - 13, 56 megacycles, /

For Additional Information, Please Call or Write:

Mr,. James.Robinson

Product Manager, Plasma Technology/
TRACERLAB/WEST ,
2030 Wright Avenue "
Richmond, California 94804
Telephone: 415-235-2633 ’
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RECENT FUEL DIVISION SYMPOSIA

Title

Presented At

Vol. 8, No. 1

Y

"Vol. 8, No. 2

tvol. 8,

[y
1

1 Vol, 9,

]

No. 3

No. 1

Vol. 9,

1

No, 2

Vol. 9, No. 3
Parts 1 & 2

Vol. 9, No., L

\Wol. 10, No. 1

Vol. 10, No. 2

Vol. 10, No. 3

Vol., 10, No. &

Vol., 11, No. 1

‘Vol. 11, No. 2
Parts 1 and 2

Symposium on Gas Generation
General Papers

Symposium on Chemical Phenomena in Plasmas
Symposium on Kinetics and Mechanisms of
High Temperature Reactions

Symposium on Pyrolysis and Carbonization of Coal
Symposium on Mineral Matter in Coal

Symposium on Advanced Propellant Chemistry*

Symposium on Fuel and Energy Economics
General Papers :

Symposium on Hydrocarbon-Air Fuel Cells*¥*

Symposium on Coatings Based on Bituminous
Materials
General Papers

Symposium on Fossil Fuels and Environmental
Pollution

Joint with the Division of Water, Air, and
Waste Chemistry

Symposium on Pyrolysis Reactions of Fossil Fuels
Joint with the Division of Petroleum Chemistry

Symposium on Current Analytical Methods for
Fuels

Symposium on Combustion Reactions of Fossil
Fuels

General Papers

Symposium on Gasification#*

Symposium on Electrochemical Processes

Symposium on Chemical Reactions in
Electrical Discharges
General Papers

"* To be published by Advances in Chemistry

**  Published by Academic Press Inc.

Philadelphia, Pa.
April, 1964

Philadelphia, Pa.
April, 1964

Chicago, Illinois
Auvgust, 196,4

Detroit, Michigan
April, 1965

Detroit, Michigan
April, 1965

Atlantic City, N.
_September, 1965

Atlantic City, N.
September, 1965

Pittsburgh, Pa.
March, 1966

Pittsburgh, Pa.
March, 1966

New York, N. Y.
September, 1966

New York, N. Y.
September, 1966

Miami, Florida
April, 1967

Miami, Florida
April, 1967
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PROJECTED PROGRAMS -

Symposium on Detonations and Reactions in.Shock Waves
Joint with the Division of Physical Chemistry
R. W. Van Dolah, Chairman

FifthlBiannué.l‘ f‘uel Cell Sympdsium
B, S. Ba.ker, Chairman

Symposium on Advances in Spectrometry of Fuels and Rela.ted
Materials
Joint with the Division of Analytical Chemistry
R. A. Friedel, Chairman

General Papers
- Irving Wender, Chairman

Symposium on Advanced Propellant Chemistry
R. T Holzmann, Chalrman -

Symposi\m on 0il Shale and Tar Sands
Joint with the Division of Petroleum Chemistry, Inc.
J. H. Gary, Chairman

General Epers
R. T. Struck Cha.iman

Symposium on Industrial C&rbon end Graphite
Frank Rusinko, Jr., Chairman :

Symposium on Synthetic Fuels from Coal
E. Gorin, Chairman

General Papers
R. T. Struck, Chairman

Chicago, Illinoi
September, 196

Chicago, Illinoi:
September, 196

Chicago, Illinoi~
September, 196,

Chicago, Illinoi-
September, 196,

San Francisco
April, 1968

San Francisco

April, 1968

San Francisco
April, 1968

_ Atlantic C:lty, N,

September,

Atlantic City, N.
September, 1

Atlantic City, N.
September, 1968



