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[57] ABSTRACT

A stable reference electrode for use in monitoring and
controlling the process of electrolytic reduction of a
metal. In the case of Hall cell reduction of aluminum,
the reference electrode comprises a pool of molten
aluminum and a solution of molten cryolite, Na3AlFs,
wherein the electrical connection to the molten alumi-
num does not contact the highly corrosive molten salt
solution. This is accomplished by altering the density of
either the aluminum (decreasing the density) or the
electrolyte (increasing the density) so that the aluminum
floats on top of the molten salt solution.

18 Claims, 1 Drawing Sheet
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1
ALUMINUM REFERENCE ELECTRODE

The Government has certain rights in this invention
by virtue of U.S. Department of Energy Grant No.
DE-FG07-83-1D12380.

BACKGROUND OF THE INVENTION

This invention is generally in the field of reference
electrodes and in particular the area of electrodes for
use as sensors for monitoring and controlling the pro-
cess of electrolytic reduction of aluminum.

All primary aluminum extraction is done by electrol-
ysis. In the Hall-Heroult process which predominates in
the industry, aluminum oxide is dissolved in molten
cryolite, Na3AlIFg, which serves as the electrolyte. Alu-
minum oxide is decomposed into molten aluminum and
carbon dioxide gas by the passage of electric current
through the melt. A second electrolytic process in-
volves the electrolysis of aluminum chloride dissolved
in a solution of alkali chlorides, typically sodium chlo-
ride and lithium chloride. Aluminum chloride is decom-
posed into molten aluminum and chlorine gas by the
passage of electric current through the melt.

Control of the electrochemical process requires the
use of a reference electrode, a device in which a con-
stant electrical potential (voltage) is established through
the maintenance of thermodynamic equilibrium be-
tween chemically reacting species. A reference elec-
trode can be thought of as an electrochemical probe or
sensor. The reference electrode facilitates measurement
of the concentration of aluminum in the bath and over-
voltages at either the anode or cathode.

Prior art aluminum reference electrodes have not
been able to provide a stable, drift-free output voltage.
Prior art reference electrodes include gas electrodes;
oxide electrodes (Fe;O3; Fe3Os; Cr03; SnOs); metal
electrodes (aluminum; Fe-Al, Pt-Al, or Pb-Na alloys;
Pt, W); and liquid junction electrodes.

As described by K. Grjotheim et al. in Aluminium
Electrolysis, 2nd ed., 195-206 (Aluminum-Verlag Dus-
seldorf FRG 1982), gas electrodes have problems with
wear and lack of stability. Oxide electrodes are also
unstable, possibly due to corrosion or the semiconduct-
ing nature of the oxides. Liquid junction electrodes
require connection of the two half-cells by a diaphragm
or salt bridge. Difficulties in finding a suitable dia-
phragm or salt bridge have restricted their use in cryo-
lite melts. Further, mixing of the two melts continues to
be a problem regardless of the material used to separate
the half-cells.

An electrode comprising a molten salt and aluminum
was first introduced by P. Drossbach in Z. Elektro-
chem., Vol. 42, 65 (1936). A common type consists of a
thin-walled tube of sintered alumina or boron nitride
(BN) containing a molten aluminum pool covered with
molten salt (cryolite). Another type provides access to
the electrode through a small hole in the tube. Electri-
cal contact with the electrode is by means of a platinum,
tantalum or tungsten wire. As with the other prior art
reference electrodes, reaction between the wire and the
salt causes instability. Attempts to make electrical
contact with the molten aluminum without also making
contact with the molten salt have failed. Since the salt
melt is not only highly corrosive but has great capillar-
ity, the choice of materials for insulating the lead wire
to the aluminum pool is limited. The salt melt eventu-
ally penetrates the lead insulator and shorts the lead
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wire to the salt. After shorting occurs, a mixed potential
is established, and the voltage of the reference electrode
becomes unstable.

It is therefore an object of the present invention to
provide a reference electrode that generates a stable,
drift-free output voltage and is thus useful for process
control of aluminum extraction.

It is another object of the invention to provide a
reference electrode useful in highly corrosive melts for
advanced electrochemical analysis techniques, such as
cyclic voltammetry.

It is a further object of the invention to provide an
aluminum reference electrode that is useful in the analy-
sis of refractory solids.

It is a still further object of the invention to provide a
reference electrode useful in the conduction of corro-
sion tests in molten fluorides.

SUMMARY OF THE INVENTION

The present invention is a stable reference electrode
for sensing the concentrations of metals in the electro-
chemical processing of metals including aluminum, the
alkali metals, the alkaline earth metals, the rare earths,
germanium, silicon, tin, zinc, antimony, gallium, in-
dium, and thallium. An example is an aluminum refer-
ence electrode comprising: (1) an electrode consisting
of a molten pool of aluminum or aluminum alloy; (2) an
electrolyte consisting of a molten salt solution contain-
ing aluminum ions which equilibrate with aluminum
metal to establish the potential or emf of Al=Al3+-
+3e—; 3) a solid lead wire to make electrical contact
with the metal pool; and (4) a container for separation of
the electrode, electrolyte and lead wire from the cryo-
lite bath that is being “probed”.

The electrolyte of the reference electrode or “refer-
ence solution” preferably makes electrical contact with
the electrolyte of the cell through a capillary, either a
single small hole running through the container wall or,
more preferably, by means of a porous plug e.g. sintered
boron nitride (non-pyrolytic). At a minimum, the elec-
trolytes must make contact. In the case where the elec-
trolyte solution in the cell is different from the reference
solution, the path must be very tortuous so that the two
melts do not mix but instead establish a stable liquid
junction.

In the preferred embodiment of the Hall cell alumi-
num reference electrode, the reference solution com-
prises cryolite, Na3AlFs, which has been diluted with a
compound such as strontium fluoride or barium fluoride
to increase the density of the reference solution to a
value exceeding that of the aluminum. This change in
density of the reference solution causes the aluminum to
float on the surface of the molten salt. As a result, the
electrically connecting means, such as a wire of tanta-
lum, tungsten, titanium boride, or graphite, is not ex-
posed to the corrosive sait. The same effect may be
achieved by diluting the aluminum pool with a sub-
stance that is less electrochemically active and of a
lower density than the aluminum whereby the density
of the molten metal solution so formed is decreased to a
value lower than that of the molten salt.

The same principle may be used to manufacture refer-
ence electrodes for sensing the concentrations of other
metals in aluminum cells and for use in electrochemical
processing of the same metals. Examples are the alkali
metals, alkaline earth metals, the rare earths, germa-
nium, silicon, tin, zinc, antimony, gallium, indium, and
thallium. The choice of metal is governed by the fol-
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lowing criteria: (1) the metal or metal alloy must be
molten at the operating temperature of the cell or at the
temperature of the electrolyte to be studied; and (2) the
electrochemical activity must be such that the electrical
potential established is for the equilibrium of the metal
with its ions.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a perspective view of laboratory-scale Hall
cell containing a reference electrode according to the
present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is a stable reference electrode
exemplified by a Hall cell aluminum reference electrode
wherein the molten aluminum pool “floats” on top of
the reference solution. The density of the reference
solution is altered by the addition of substances, such as
SrF; or BaF;, that increase the density of the electro-
lyte, usually Na3AlFs. The same effect may be achieved
by diluting the aluminum with substances that decrease
the density of the aluminum to below that of the refer-
ence solution. The stability of the electrode is increased
by inverting the naturally encountered positions of the
aluminum and reference solution to thereby eliminate
mixed potentials.

Increased stability is derived from the lack of contact
between the electrolyte and the lead wire. The problem
with contact between the lead wire and the electrolyte
is that the lead wire establishes an equilibrium of its own
with the electrolyte. For example, tungsten will par-
tially dissolve in cryolite and produce a tungsten/tung-
sten ion equilibrium, which in turn produces a voltage
which is superimposed on the voltage of the aluminum-
/aluminum ion equilibrium. The result is called a
“mixed potential”. The present reference electrode
completely eliminates the problem of mixed potentials.

The reference electrode can be used in the electro-
chemical processing of metals other than aluminum.
The choice of metal is governed by: (1) the metal or
alloy must be molten at the cell operating temperature
or at “the temperature of the electrolyte to be studied”
and (2) electrochemical activity must be such that the
electrical potential or emf established is for the equilib-
rium of the metal with its ions. It is not necessary that
the melting point of the pure metal be less than the
temperature of the electrolyte to be studied so long as
the melting point of the alloy is lower than the tempera-
ture of the electrolyte. Using these criteria, the refer-
ence electrode can be used not only in aluminum elec-
trolysis cells but also in ielts in which oxides or other
compounds or both are dissolved for chemical analysis.
The reference electrode can also be used to sense the
concentration of a specific metal ion during the electro-
chemical processing of metals such as alkali metals,
alkaline earth metals, rare earths, germanium, silicon,
tin, zinc, antimony, gallium, indium, and thallium.

The reference electrode is particularly useful in Hall-
Heroult cells, where process control is improved
through the use of the electrode in on-line determina-
tions of the chemical composition of the bath and mea-
surement of overvoltages at the anode or cathode.

The composition of the reference solution is deter-
mined both by the electrochemistry of the metal whose
activity is to be measured and by the composition of the
electrolyte under study. For example, aluminum oxide
dissolved in cryolite, Na3AlFs, is used as the electrolyte
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in the Hall cell reduction of aluminum. Thus, the melt in
an aluminum reference electrode for use in Hall cells is
based on cryolite, Na3AlFs. In contrast, aluminum chlo-
ride dissolved in a supporting electrolyte such as a solu-
tion of sodium chloride and lithium chloride is used as
the electrolyte in a second electrolytic reduction pro-
cess for aluminum. Thus, the melt in an aluminum refer-
ence electrode for use in the second system is based on
aluminum chloride dissolved in the same supporting
electrolyte.

The lead wire must be a solid, constructed of 2 mate-
rial that is (1) chemically stable in the molten metal pool
and (2) an electronic conductor, for example, a metal or
a conductive ceramic such as titanium diboride. Other
materials will also serve this purpose.

The outer wall of the electrode must be constructed
of a material that is (1) solid, (2) chemically stable in
contact with the cryolite of the electrolysis cell, the
electrolyte of the reference elecirode, and the molten
aluminum or aluminum alloy pool, and (3) dielectric, i.e.
not an electronic conductor such as the noble metals,
graphite, or titanium diboride. The reference solution
and molten metal are contained by the outer wall
formed of a material selected on the basis of the operat-
ing temperature of the process and the chemical reactiv-
ities of the species that it contacts. The material should
be an electrical insulator, resistant to corrosion in the
elecirolyte solution, and sufficiently porous to allow
ionic conductance between the electrolyte solution and
reference solution. Sintered boron nitride, magnesium
oxide, zirconium nitride, silicon nitride, silicon oxyni-
tride, alumina, aluminum oxide, silica, aluminum silicate
minerals, and fused quartz glass with a capillary tube
are acceptable materials for chloride melts. Sintered
boron nitride is the preferred material for fluorides,
including cryolite. Other acceptable materials include
magnesium oxide, zirconjum oxide, silicon nitride and
silicon oxynitride, although these materials may be at-
tacked by the fluoride.

In one embodiment of a Hall cell aluminum reference
electrode according to the present invention, the den-
sity of the aluminum is decreased to a value below the
density of the reference solution. Selection of the dilu-
ent must take into consideration not only density but
melting point of the alloy and relative electrochemical
activity of the aluminum and diluent. Examples of use-
ful diluents include the alkali metals, which are all less
dense than aluminum: lithium (0.525 g/cm? at 181° C.),
sodium (0.927 g/cm?3 at 97° C.), potassium (0.827 g/cm3
at 64° C.), rubidium (1.437 g/cm3 at 39° C.), cesium
(1.854 g/cm3 at 29° C.), and francium (2.35 g/cm3at 18°
C.); alkaline earth metals: magnesium (1.59 g/cm3 at
651° C.) and calcium (1.365 g/cm3 at 865° C.); and ber-
yllium (1.69 g/cm3 at 1283° C.). Binary or multicompo-
nent solutions of these metals, or combinations thereof,
with aluminum can be selected to produce a molten
aluminum alloy that is less dense than cryolite wherein
only the aluminum is electrochemically active. Since
the alkali metals may be volatile or may react with the
gas atmosphere above the metal pool under the elec-
trode operating conditions, it may be necessary to re-
duce their vapor pressure or minimize the concentration
of the alkali metal.

It is not necessary to alter the density to the point at
which the aluminum completely covers the reference
solution. A wire of molybdenum or tungsten can be
used when the aluminum pool does not float quite all
the way to the top of the salt solution. The aluminum
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will wet the wire and protect it from the surrounding
salt solution.

In a second embodiment of a Hall cell aluminum
reference electrode according to the present invention,
the density of the reference solution is increased to a
value greater than the density of the aluminum. Addi-
tives to the reference solution in the Hall cell aluminum
reference electrode that increase the density at 960° C.
include alkaline earth fluorides including CaF», BaF,
SrF, MgF3, and RaF; and lanthanide fluorides includ-
ing LaF3; and CeF3, and actinide fluorides including
ThF4. Solutions of 25 to 30 weight percent SrF; and
BaF; are preferred to increase the density of Na3AlFsto
the point at which molten aluminum floats on it. MgF>
has the least effect on the density and may interfere with
measurements due to the electrochemical activity of the
Mg. Empirically, aluminum floats on 30 weight % SrF
or BaF; in Na3AlFg at 960° C.

In an embodiment of an aluminum reference elec-

—

0

trode for use in aluminum chloride cells, the density of 20

the reference electrode is increased to a value greater
than the density of aluminum. Examples of additives to
the reference solution in the aluminum reference elec-
trode that increase the density at 960° C. include the
alkaline earth chlorides with the exception of MgCla,
the lanthanide chloridesand the actinide chlorides.

An example of a bench scale aluminum Hall-Heroult
Cell using an aluminum reference electrode according
to the present invention is shown in FIG. 1. The labora-
tory scale cell can pass current to make aluminum metal
at temperatures and current densities similar to those
encountered in industry. However, the intense electro-
magnetic fields encountered in industrial cells are not
duplicated in the laboratory scale cell. The cell 10 con-
sists of an AlO3 crucible 12 filled with electrolyte 14
and aluminum 15 into which a cathode current lead 16
and anode 18 and anode specimen holder 19 are in-
serted. The crucible 12 could also be formed of graph-
ite. The electrolyte 14, Na3AlFg, becomes molten when
the crucible 12 is heated to approximately 960° C. The
length of the electrodes 16, 18 can be varied.

The cathode wire 16 is surrounded by a boron nitride
insulator 20. The wire 16 and Al pool 15 together act as
the cathode. The cell 10 contains a boron nitride spacer
21 and is covered by a cap 22.

The reference electrode 24 consists of a tungsten wire
26, a pool 28 of molten aluminum, and a reference solu-
tion 30. The reference solution 30, consisting of the cell
electrolyte with 30% BaF3, is separated from the cell
electrolyte 14 by a hot pressed BN container 32. The
reference electrode 24 is covered by a gas tight seal 34.

In another embodiment of the Hall cell aluminum
reference electrode, the reference solution comprises 30
weight % SrF; in Na3AlFs. The electrolyte 14 com-
prises 72.52 weight % Na3AlFs, 16.48 weight % AlF3,
7.00 weight % Al;O3 and 4.00 weight % CaF,. AlF;is
added to adjust the starting bath ratio of AlF3:NaF to
1.5:1. The electrolyte temperature is maintained at 960°
C. in a resistance heated furnace. Temperature is mea-
sured with a Pt-13% Rh versus Pt thermocouple.

The disclosed reference electrode, alone or in con-
junction with another electrode, is useful in determining
the relative concentrations of the various components
of the electrolyte. For example, aluminum oxide con-
centration can be determined by measuring voltage
between a Hall cell aluminum reference electrode and
an electrode consisting of oxygen gas at a fixed known
pressure flushing over a platinum wire. Sodium fluoride
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concentration can be determined by measuring voltage
between a sodium reference electrode constructed ac-
cording to the present invention and an electrode con-
sisting of F gas at a fixed known pressure flushing over
a platinum wire. Lithium fluoride may be measured
using the same method as for sodium fluoride.

Method for determination of alumina (aluminum oxide)
concentration in the Hall cell electrolyte or any molten
salt containing alumina

The aluminum reference electrode is immersed in the
Hall cell electrolyte, consisting of the molten salt under
study. An oxygen electrode is immersed in the same
Hall cell electrolyte. A simple oxygen electrode is a
platinum wire flushed with oxygen gas at a controlled
pressure.

The difference in electrical potential (voltage) be-
tween the aluminum and oxygen electrodes is measured
at open circuit. The result is the voltage associated with
the formation of alumina in the melt at that temperature.
Using the Nernst equation, the chemical potential and
the concentration of alumina are calculated.

Nernst Equation E=F

: I @403
for this case:

R
6F

wherein:

E is the measured open circuit potential between Al
and O3 electrodes

E° is the standard potential calculated from tabulated
thermochemical data

R is the gas constant

T is the bath temperature

F is the Faraday constant

a4n03is the activity or chemical potential of Al;03in
the bath under the conditions of measurement, i.e.
composition and temperature

Method for the determination of the bath ratio for a
Hall cell electrolyte or any other molten salt electrolyte

The bath ratio is defined as the mass ratio of sodium
fluoride to aluminum fluoride. Industrial Hall cells op-
erate at bath ratios of 1 to 1.5. The performance of the
cell is strongly dependent upon the bath ratio.

The aluminum reference electrode is immersed in the
melt under study. A fluorine electrode and a sodium
electrode are immersed in the same melt. The difference
in electrical potential between the aluminum and fluo-
rine electrodes can be converted using the Nernst equa-
tion into a measure of the concentration of aluminum
fluoride in the melt.

RT
3F

E =FE — In aqim

The difference in electrical potential between the so-
dium and fluorine electrodes can be converted using the
Nernst equation into a measure of the concentration of
sodium fluoride in the melt.

RT

Ey,=FE — F

In angF

With these two data, the ratio of sodium fluoride to
aluminum fluoride can be calculated. It is possible to
ratio the voltages and determine bath ratio electroni-
cally in real time.
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EXAMPLE 1

Long term stability of the Hall cell aluminum reference
electrode of the present invention

A Hall cell aluminum reference electrode, similar to
the one shown in FIG. 1, was used in the following
example to demonstrate the stability of the reference
electrode against short term fluctuations.

Oxygen evolution on a platinum anode in a Hall cell
tested. The cell voltage was fixed at 2.65 volis. The
variation in cell current was followed while measuring
the potential between the anode and the reference elec-
trode. After 40 minutes, the cell current had decreased
from 770 mA to 720 mA, while the anode versus refer-
ence voltage had increased only 25 millivolts from 2.415
volis to 2.440 volts. Current fluctuations were typically
on the order of =10 milliamps or =-1.5% while fluctua-
tions in anode versus reference voltage were below the
limit of detection of the chart recorder at the scale
settings, in this case =5 millivolts or +0.2%.

The resuits demonstrate that the reference electrode
is stable against short term fluctuations. The observed
long term drift is consistent with cell performance as a
whole over the same time period. Some change in
anode to reference potential is expected in view of the
change in cell current which is attributed to composi-
tional changes in the cell bath. In this example, the
Al;O3 concentration decreased over time.

EXAMPLE 2

Polarization test of the aluminum reference electrode of
the present invention

An aluminum reference electrode, similar to the one
shown in FIG. 1, with an aluminum pool floating on 30
weight % BaF; in cryolite as the reference solution and
a solid tungsien lead wire, was placed in a cryolite bath
at a temperature of 960° C. The cell test was conducted
on a graphite anode. Results are shown in Table L

TABLE I
Anode Versus Reference
Time (Minutes) Electrode (Volts)

0 0.663

17 0.657

85 0.656

200 0.648

204 0.653

208 0.643

240 0.639

Time is measured from the instant at which the tung-
sten lead wire i§ immersed in the floating aluminum
pool. After 200 minutes, the reference electrode is po-
larized by passing a current of 50 milliamps, which is
very high for such a test, between the reference elec-
trode and a counterelectrode in the cell for a period of
3 seconds. After only 4 minutes, the reference electrode
returned to its rest potential. The reference electrode
was then polarized again. A current of 50 milliamps is
made to pass in the opposite direction from the previous

_polarization. After only 4 minutes, the reference elec-
trode again returned to its rest potential.

After 4 hours of cell exposure, the change in anode
versus reference potential was 24 millivolts. The fact
that the reference potential returned to its rest potential
after each polarization demonstrates that the potential is
the result of a stable electrochemical equilibrium. The
kinetics of approach to equilibrium in this reference
electrode are very favorable, as evidenced by the rapid
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return to the rest potential. A small deviation can be
attributed to compositional changes in the cell and ref-
erence electrolytes caused by the polarization itself.

The reference electrode according to the present
invention also facilitates the adaptation of advanced
electrochemical analysis techniques, such as cyclic vol-
tammetry, for use in highly corrosive melts such as
molten fluorides. These melis are useful not only for
aluminum reduction but also for dissolving refractory
materials which can then be analyzed for their chemical
composition. For example, a multi-component oxide,
such as a complex mineral, which is sparingly soluble in
water or aqueous acid solution may be readily soluble in
a molten fluoride solution. With the aid of the reference
electrode described herein it is possible to conduct elec-
tro-analytical studies of the composition of the mineral.
Further, the reference electrode allows proper scientific
corrosion tests to be performed in molten fluorides.
These tests are impossible to conduct without a refer-
ence electrode.

Fused salts are a technologically important class of
liquids because they do not have some of the limitations
of aqueous solutions. Specifically, the range of decom-
position potentials for solutes is greater in molten salts
than in aqueous solutions. This allows the electrodepo-
sition of highly electropositive metals, the preparation
of very electronegative elements such as fluorine, high-
temperature electrochemistry (200° C. to 1500° C.), and
electrochemical synthesis of many inorganic com-
pounds such as oxides, nitrides, carbides and other ma-
terials. Up until now, the degree of electrochemical
characterization, particularly in molten fluorides, has
been limited by the lack of a stable reference electrode.

Although this invention has been described with
reference to specific embodiments, it is understood that
modifications and variations of the compositions and
methods of processing may occur to those skilled in the
art. It is intended that all such modifications and varia-
tions be included within the scope of the appended
claims.

We claim:

1. A reference electrode for measuring or controlling
the electrical potential of an electrochemical reaction in
a cell comprising:

an electrochemically active molten metal pool,

wherein the electrical potential is established by
the equilibrium of the metal with ions of said metal
produced by the electrochemical reaction,

a barrier permeable to the metal ions produced in the

cell,

a reference solution comprising a molten salt solution

and the metal ions, and
conductive means electrically connecting the metal
pool to means for measuring electrical potential,

wherein the permeable barrier surrounds and con-
tains the reference solution and metal pool, and

wherein the density of the reference solution is more
than the density of the metal so as to lie below the
molten metal pool at the operating temperature of
the cell and the metal pool contacts the electrically
conductive means from above to the exclusion of
the reference solution.

2. The reference electrode of claim 1 wherein the
reference solution further comprises one or more com-
ponents to increase the density of said reference solu-
tion to a value greater than the density of said metal.
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3. The reference electrode of claim 2 wherein said
reference solution comprises components whose rela-
tive electrochemical activities are such that the electri-
cal potential is determined by the equilibrium of said
metal and metal ions to be measured.

4. The reference electrode of claim 3 wherein said
reference solution is Na3AlF¢ diluted with one or more
compounds selected from the group consisting of alka-
line earth fluorides, lanthanide fluorides, and actinide
fluorides.

5. The reference electrode of claim 3 wherein said
reference solution is aluminum chloride-alkali chloride
diluted with one or more compounds selected from the
group consisting of calcium chloride, strontium chlo-
ride, barium chloride, radium chloride, lanthanide chlo-
rides, and actinide chlorides.

6. The reference electrode of claim 1 wherein said
metal is aluminum.

7. The reference electrode of claim 6 wherein said
metal pool is diluted with a second metal to decrease the
density of said metal pool to a density less than the
density of said reference solution, wherein the electro-
chemical activity of said diluted metal pool is such that
the electrical potential is for the equilibrium of the first
metal with ions of the first metal.

8. The reference electrode of claim 7 wherein the
metal pool is diluted with one or more compounds
selected from the group consisting of the alkali metals,
magnesium, calcium, and beryllium.

9. The reference electrode of claim 1 wherein said
metal is selected from the group consisting of the alkali
metals, the alkaline earth metals, the rare earths, germa-
nium, silicon, tin, zinc, antimony, gallium, indium and
thallium.

10. The reference electrode of claim 9 wherein said
metal pool is diluted with a second metal pool to de-
crease the density of said metal pool to a density less
than the density of said reference solution, wherein the
electrochemical activity of said diluted metal pool is
such that the electrical potential is for the equilibrium of
said first metal with ions of the first metal.

11. The reference electrode of claim 1 wherein the
electrically conductive means comprises a solid lead
wire consisting of a material chemically and electro-
chemically stable in said metal pool.

material is a metal.

13. The reference electrode of claim 11 wherein said
material is an electronically conducting ceramic.

14. The reference electrode of claim 1 wherein said
permeable barrier comprises a solid dielectric material
chemically stable when immersed in the electrolyte of
the electrochemical cell.

15. A method for measuring or controlling the elec-
trical potential of an electrochemical cell or reaction
comprising:

(a) constructing a reference electrode comprising

an electrochemically active metal, wherein the elec-

trical potential is established by the equilibrium of
the metal with ions of the metal produced by the
electrochemical reaction and wherein the metal

10
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forms a molten pool at the operating temperature
of the electrochemical reaction,

a barrier permeable to the metal ions produced in the
cell,

a reference solution comprising a molten salt solution
and the metal ions,

electrically conductive means connecting the metal
pool to means for measuring electrical potential,

wherein the barrier surrounds and contains the refer-
ence solution and metal pool;

(b) altering the relative density of the metal pool and
the reference solution so that the metal pool is less
dense at the operating temperature of the cell than
the reference solution and contacts the electrically
conductive means from above to the exclusion of
the reference solution;

(c) connecting the conductive means to a means for
measuring electrical potential; and

(d) placing the reference electrode in an electrolyte of
the electrochemical cell.

16. The method of claim 15 further comprising select-

ing the components of the metal pool from the group

" consisting of aluminum, the alkali metals, the alkaline
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12. The reference electrode of claim 11 wherein said-
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earth metals, the rare earths, germanium, silicon, tin,
zinc, antimony, indium, gallium and thallium.

17. The method of claim 16 comprising: _

(a) constructing a reference electrode comprising an
aluminum pool,

a barrier permeable to aluminum ions,

a reference solution comprising NazAlFg,

solid, electrically conductive means connecting the
metal pool to a means for measuring electrical
potential,

wherein the barrier surrounds and contains the Na-
3AlFg reference solution and aluminum pool; and,

(b) altering the relative density of the aluminum pool
and the Na3zAlFg reference solution so the alumi-
num contacts the electrically conductive means to
the exclusion of the reference solution.

18. The method of claim 16 comprising:

(a) constructing a reference electrode comprising
an aluminum pool

a barrier permeable to aluminum ions,

a reference solution comprising aluminum chlo-
ride,

solid, electrically conductive means connecting the
metal pool to a means for measuring electrical
potential,

wherein the barrier surrounds and contains the
aluminum chloride reference solution and alumi-
num pool;

(b) altering the relative density of the aluminum pool
and the aluminum chloride reference solution so
the aluminum contacts the electrically conductive
means to the exclusion of the reference solution;

(c) connecting the conductive means to a means for
measuring electrical potential; and

(d) placing the reference electrode in the electrolyte

of the electrochemical cell.
* * * * *
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