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ABSTRACT

A new back-enf method for measuring the thermodynamic emf of
molten salt cells of the type M/MCl, in molten salt solvent/Cly is
presented. Decomposition potentials are measured in the course of
the thermodynamic emf determination. The systems PbClp -- ZrCly,

LiC1 - KCl eutectic, LiCl ~ KCL - NdCl,, MgClp in L4C1 - KC1 and

NaCl, SnClp, KCl, and PbCly and ZnCl, in LiCl - KC). eutectic. The
thermodynamic enf’s obtained by the back-emf methoé are in good agree-
ment with values calculated from independent thermochemical data,

Thus Raoult'’s law is thought to appiy in these simple systems to within
a factor of two in the activity coefficient.
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HISTORICAL INTRODUCTION

In recent jyears there has been much interest in molien oalt
electrolysis as a method for wirning metals from there ccmnomunds, Pere
haps the two best known examples are the producticn of Al from fluoride
melts containing Al;03 and the electrowinning of Mg from molien MgCly.

Prior to the early 1790%s the only source of curreni. fcr experimental
investigation was the electrophorcus machine which delivered small
currents -at large poteﬁtialso Of course, such a source of current is not
useful in electrolytic measurements. In 1791 Galvani infrocuced a betier
source of current, and this was the beginning of the sciconce of electre~
chemistry, Volta (1792) showed that an electric current flcwed betwcen
.two different metals when placed in an electrolytic solutior. \Electrolytic
cells of this type are termed-galvanic cells, Volta also irtroduced an
electromotive series of the metals, where the metal higher in the series
woula cause a positive current to flow in the electrolyte when coupled to
a metal lower in the series. Ritter (1798) showed experimentally that
Volta's series was the same as that of the ability of one metal to displace
another from solution, ‘

Prior to 1806 the potentials of the cells used were limited to
approximately 1 volt and polarization effects prevented the deposition of
many metals from aqueous solutions. At this time Volta’s pile was intro-
duced and higher potentials were now available to the experimenter.
Nicholson and Carlisle {1800), for the first time, decomposed water inte
Hp and 05, Ritter recognized that at one electrode an oxidizing reaction
was proceeding and a reduction’at the other. In 1208 Davy prepared }Na by

electrolysis of molten NaOH,
Ohm’s law and Faraday's law resulted from the stucdy of the physical
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lawa governing the flow of carrent in the electiclyte and-the cmefm\
metallic circuit . nd the relation between tho ¢lcctric @ 3nd chem o
phenomena. Faradhy's laws (183L) state trat the cuambit 4 of naterpa| de-
posited is proportional tc the current passed, anc, fc~- constan® ancuat
of current passed, the quantity of naterial deposrted a's roaportionzi %e
the equivalent weighis of the mctal deposited. A‘ thiz SQAue time it was
shown that oxidatior occurs at ihe anode and reduction &t~ the catnode

The galvanic cells used up to this time were very i t.table {pcteniial
was not constant), and in 1836 the Daniali cel was irt:>h ced which gave
a much more constart potential Poggendorf {1841) antrc hiced a com-
parison method {the fore-runner of the modern potentiomet:r) for accurate
potential measvremmnts, and in 1843 the Wheatst:ne b,ic'g2 for resistance
measurements ceme. upon the scene

Both Bunsen and Faraday produced Mg Lhrough the siccirolysis ef
molten MgCl, Bunsen and St. Claire Deville in 1354 yp..pared Al by
electrolysie of molten NaCl—~AlClB mixtures. In 1355 lia.thiessen prepared
Ca electrolytically and Bunsen and Matthiessen elesctrol rzed molten LiCl.
in order to prepsre Li metal, Matthiessen (188%) prepa-ed Na by the
electrolysis of molten NaCl. Kohlrzusch (1876) chowe:d that sa)t condue~
tivity is entirely ionic, and in 1387 the dissociation theory for salts
in solution was iniroduced. Lebeay (1898) jrepared Bo oy the electrolysis
of Be salts of the alkali halides.

In recent years the list of metals produced by molien salt electrolysis
has expanded r-pidly In the atomic energy field, urzrum, zirconi.m, and
hafnium have been produced electrolytically In ether " elds beron,

beryllium, titanium and many others have been produced oy the electrolysis

of molten salis,

3y2 11
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Kortim and Bockris(l)D and Drossbach(z) have written excellent
reviews on molten salt electrolysis. The electrolysis of molten salic
differs markedly fror that in aqueous solutions. The main differences
lie in the high reactivity of the constituents; large solubilities of
the metals in some of their molten salts and the high temperatures at
which the reactions are occurring. The current ylield is always low
because the amount of m=tal deposited on the electrode is decreased
due to the solubility of the metal in the molten salt phase and diffusion
of this metal (in solution) to the anode where it combines with the
evolved gas to reform the metal salt.

The current yleld can be increased by preventing the solution and
backadifquion of the deposited metal. Cubicciotti(13) has shown that
the metal solubility in the molten salt phase can be decreased by de-
creasing the temperature and by the addition of a second salt in which
the metal is sparingly soluble, The back diffusion can be minimized by
dividing the cell inte electrode compartments by a porous diaphragm.

Single electrode potentials cannot be measured experimentally, enly
tof;al cell potentials. The reversibls single pbt.entials in aqueous
solutions have been evaluated by referring them to an arbitrary zero of
potential for one of the electrodes {e.g., the hydrogen electrode, and
the calomel electrode). This same approach has been attempted in molten
salt cells and proven unsuccessful. In a Daniell cell of the type
M, /M) Clo//MpCL,/ Mg, single electrode potentials can be approximated by
giving to one of the electrodes an emf value of zero {e.g., MgCly/Mp).
However, the diffusion pgtential between solutions A and/B cannot be
readily evaluated and the resulting single electrode potentials measured
in this way are not exactly additive.

342 12
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The decomposition potential is defined as the miniw:i 2pplied
potential necescary for continuous electrodeposition and "¢ svaluated
by extrapolating the current-voltage relationships to zs=r: cirrent.

The decomposition pctential gives the actual applied pote .fial necessary
to make an electrolyiic separation.

According to Kortim and Boclris{l) for each value ot clectrolyzing
current the applied voltage is comprised of the followlng potentlials: =

E=Ey-Eg+ig+ IR
where E4 and Eg are the two respective reversible singlc electrode
potentials for the ions deposited, 3 '{ is defined as the¢ summation of
the overpotentials, and IR is the potential drop through the soluticn
due to the ohmic resistance. Thus it can be seen that thLe decomposition
potential is dependent upon irreversible reactions and because of this
has no very simple physical significance,

The term Zf contains three types of over-potentials which are
activation over-potentials, concentration over=potontial, and ohmic
over-potential. The activation over-potential is relatec to the rate
controlling reaction at the electrode and has the form Ty~ a + b log i
(the Taf-l equation). The concemtration over-potontial .s ;'elated to
the concentration gradient of the reacting ionz from the tulk of the
solution to the electrode surface, The ohmic over-potential is caused by
the potential drop through the electrolytic bath and any resistive films
on the electrodes. The activation over-potential decays 2xponentially with
time upon the removal of electrolysis current, ohmic over .potential
disappears instantly, and the concentration over-potential decays slowly

but follews no simple law(l) o
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If the over-potentials are zsro, then the deccmposition poteniial
is the same as the thormodynamic potential, but in zenerei, "his is nct
the case, For aqueous solutions, the overvoltage decreas¢s(l) rapidly
with increasing temperature. In molten salts, the e¢lectrcde reactions
proceed rapidly at the elevated temperatures and the relaied over-voltages
are usﬁally small, The data on decomposition potentials and emf's of
Daniell cells and cells of the type M/MCl3/Cly haxs been summarized by
Kortil and Bockris(1), Dressbach(2), and Conway(3).

The more promising electrolysis baths are mixtures of chlorides,
fluorides containing the oxide of the metal to be deposited, or in some .
cases mixtures of the halides {e.g., chlorides and fluorices). The

decomposition potentials of the alkali chlorides anc fluorides are the
largdst known and these salts are very sultable for use at molten salt

solvents in electrolysis cells.
Purpose of Present Work

Both the decomposition potential and the thermodynamic emf are of
interest in planning an electrolytic separation or extraction operation
It has been shown that the decomposition potential is the ndnimum applied
potential necessary for continuous electrodeposition: The thermody: mie
emf is a measure of revorsible work and is given by the Gibbs free
energy function AF, Therefore the difference between the decomposition
potential and the reversible cell potential measures the irreversible
electrode phenomena, which is designated as over-potential.

The classical, reversible cell method has been used for measuring
the thermodynamic emf for a number of molten salt cells of the typs
H/N012/012(1)o This method has also been applied (unsuccessfully) to a

nmumber of other salis, chiafly salts of the more electropocitive metsls
(results summarized in Kortilm and Bockris(1l), and Corway(3)}, In this

Ju2 1k
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method it is difficult to ensure reversible electrodes, the measuring
of potentials is time-conmuming and tedious, and careful purification
of the salt is necessary.

This study was designed to present a method by which the decomposition
potential and the thermodynamic emf could be evaluated in one series of
measurements. This new method, the back-emf method, has the advantages
that the metal and gas electrodes are produced by electrodeposition, the
molten salt is given a preliminary electrolytic purification step, and
the experimental procedure is shorter in duration and experimentally less
exacting., Also the decomposition potential is obtained in the course of
the thermodynamic emf determination. Actually, it will be shown that in
the present systems the decomposition potential should equal the
thermodynamicosll emf. Howsver, it will appear that the thermodynamic
cell emf as obtained by the new back-emf method is a much more reliable
value,

342 15
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DISCUSSION OF MEASURING METHODS

Thermodynamic emf's for cells of the type M/MCly in solution/Cls
can be measured by two methods, the classical reversible cell method and
the present back-emf method, Decomposition potentials are obtained in
the course of the over-potential decay measurements. It will be shown that
in the present systems the decomposition potential should equal the
thermodynamic cell emf, However, it will appear that the back-emf method
is more reliable for determination of thermodynamic cell emf,

The apparatus for the classical, reversible cell method consists of
two reversible electrodes, a metal electrode and a gas (e.g., chlorine)
electrode, immersed in the molten metal chloride, The scheme can be
represented by the cell M/MCL, in solution/Cl, (graphite), where the
cathode is the pure metal and the anode is a graphite rod with the gas
bubbling ever it. The resulting cell emf is measured by means of &
potentiometer and, if the criteria of reversibility are met, gives the
thermodynamic value,

The new back-emf method is closely related to the standard procedurs
for determmining decomposition potential, Figure 1L is a schematic repre-
sentation of the current-voltage relationship and the value for applied
potential at zero electrolyzing current represents the experimental value
for the decomposition potential., The significance of the decomposition
potential has been discussed in the Introduction. '{'hg initial portien
of the curve is due to the electrolysis of minor impuritiss and/er redox
reactions., The linear steeply ascending portion is due to the electrolysis
of the most readily electrolyzable solute, The slope of this portion ef
the curve is equal to the reciprocal of the cell resistance. E:trapolaéion
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to zero current eliminates the 1R drop and gives the appliel potential

that is just sufficient for electrolysis to begin, e.g.. the decomposition
potential, In the present systems, where it is demonstrated that the
activation over-potential is linearly dependent on electrolyzing current,
the decomposition potential should approximate to the therrodynamic

cell emf,

During electrolyais, as material, metal on the cathode and chlorine
on the anode, is deposited a cell of ths type M/MCl3/Clz is produced.
This cell exhibits a potential which opposes the applied voltage. As
indicated in Figure 2, a schematic sketch of the electrolysis cell, the
cell is comprised of three main portions:-

1) the anode compartment where the C1™ ion is consumed as chlorine

is svwolved,

2) the cathode compartment where the M'* ion is depleted as the

metal is deposited,
and 3) the commecting reservoir or middle compartment where the con-
centration of the solute remains essentially constant.
The electrode compartments are separated from the reservoir by a porous
diaphragm or capillary. The entire system is blanketed with purified
'argon to prevent contamination of the melt by air or water vapor, The
concentration of the solute salt in the electrode compartments is less
than that in the reservoir, which remains at the initial concentration,
due to ionic depletion during electrolysis.

First let us consider the relationship between cell potential and
solute concentration in the electrode compartments. The cell potential
is a function of the concentration of the solute in the electrode compart-
ments which is related directly to the electrolyzing current or the

3y2 18
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current density. For any point on the applied veltage-electrolyzing
current curve (fizure 1), the concentration of the solute in the elccirode
compartments is a steady-state value determined by the rate of depletion
due to electrodeposition and rate of replenishment of the solute by
diffusion from the reservoir inf.o the electrode compartmonts,
The cell potential is related to the solute concentration by means

of the equation:-

2
(l) “““““ ~ = E=E® w&%lnaﬁ**ac:Lw
aM  acl,

n

where for the cell M/MCl, in solution/Cl, the electrode rcoctions are:-
=M 2 2
and
Cly + 28 = 2C17
and the overall reaction is
M+ Clp = M* « 2C1~ .
ay = agy, 1 becauss both the metal and the chlorine are in their
standard states of pure metal and pure chlorine gas at one atmosphere
pressure. Also in the present systems where the anion is entirely chloride,
it is convenlient to take the'standard state of the solute as the purc
molten condition where the mole fraction of the anion that is chloride
Ccy~ = 1 and the mole fraction of the cation that is sclute metal Cye+ = 1,
In this standard state of both M** and Cl-, ey++ = 1 and agy- » 1 and the
individual activity coefficients ‘{HH = XCln = 1, In these gystemsa
Cop-= 1 always, and the activity ratio in equation (1) beccmes
Q= ],M?* . aréim > Cyss = J’cu¢+ in the instance of a bivalent solute
cation,
Equation (1) can be written to give
(2) m e = === = -~ E=EO ~§.§ Ing =

ek
3u2 20
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At each electrolysis choracterized by a specifi: valuc Tor the
electrolyzing current I the solute concentratiom in ! el:¢t dde compnrte
ment can be written, neglecting transfersnce of colvie, <3

(3)::,:.@--9-:-0 ++=~C-=’*C ‘-NVI?)
% b ° nFVC

!
¥ material @ maberial Y.ffused’

deposited ianto ccnpartment

from resorvoir

ol

where C, = initial or ressrvoir concentration, mole fracticn of catien
that is solute cation, mole fraction of soluic c2lb.
+ = time of electrolysis.
Ve = volume of compartment, cc.
V = volume in cc containing 1 mole of cations, molar volume of
salt mixture.
A = cross-sectional area of connecting capillary.
and J = solute diffusion current through connecting capililary,
Actually, in the present systems where the anion is entirely chlor%éeg
there is no impoverishment of the anode compartment with respect to chloride
ion concentration, Accordingly, the concentration in equation (13) refers
to solute cation concentrations., Evaluating the diffusion term by applying
Fick?s law of diffusion,
() == ~-eewe J=-ande

to the electrolysis scheme pictured in figure 2, where x is the length
of the comnecting capillary,

x
Accordingly equation (3) becomes -
R AP - N

anO ‘{T-E

3

Mo
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For steady state conditions, the concentration is invar’.ut with time

and

> am_me w> T @ o .‘.1.2 - ulu-'!lx—— "‘ADCO mAD

or
xV
(8 ~=-=--~ C=Co- 355

Letting ﬁ - —n% squation (8) becomes

(9) ~mmmmme G =C- BI

and placing this result into equation (2)

£y - RY RT

{10) ~ = m==== B =E - In¢ -% In(C, - 81
Applying Taylors expansion sbout I = O for the tcrm ln (g = @I)
it can be shown that

cmm e C,~ BI) =1ncC, . LI . 2
(11) in (C, 6) ° c. \éézlra

o
and neglecting terms having powers greater than 1 equation (10) becomes

Letting ® = RT@ /nFC, and a, = ¥ C,
ematjon (12) may be expressed as .
(13) == = = = = = Ea-mo,.%hao+qx

BEquation (13), which expresses the effect of cation depletion in
the cathode compartment on cell emf, says that for values of current near
zero the cell potential defined as the value Ez is a linear function of
the electrolyzing current I. At zero current, equation (13) is the same
as equation (1) which is the definition for thermodynaric emf, Thus,
neglecting activation over-potentials for the moment, E,,, the value for
cell potential at mero current is the thermodynamic emf for the cell

¥/MC1l, (in molten salt solvent)/T12 at the initial conzentration Cq.
The term %I in equation (13) arises entirely from depl:tior <f solute
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cations in the ecathode compartment. Assuming no activahion over-
potentials, it 1s possible to compute the diffusion coelficient D of the
solute cation from the slope of the plot Eg versus I, and the caleculated
Dis are equal to 10™° - 103 em?/sec. The D values are high, probably
due to convection in the capillary.

The effect of activation over-potential (usually no mcre than
20 millivolts) is best considered in connection with analysis of the
back-emf data, However, in anticipation of the resulis, we may poin®
out that the activation over-potential is essentially linear with
electrolyzing current I, Accordingly, eguation (13) may be modified
to take this factor into account by replacing e by c'(.’ where °<I= e+ A’
Here o{relates to diffusion of solute cation through the cepillary as
previously derived, and O(”ia a factor expressing the dependency of
activation over-potential on I, Therefore, extrapolation of Eg to I = O
gives the thermodyneamic cell emf,

The determination of thermodynsmic emfs from the back-emf method
consista of a three-step analysis of the electrolysis date and is
shown schematically in figure 3, In part A the decay of the cell
potential as a function of time is given, At 1) steady-state lectrolysis
is occurring, and it is characterized by specific values for voltage and
electrolyzing current. At 2) the applied potential is reroved, and 3)
is the decay curve for the cell potential,

In part B, the values of cell potential from part A are plotted
as a function of the square root of the time, giving a linear relation-

Bhipo
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The decay of cell potential arises f{rom thre« sources: 1) decay -7
activation over-potontial at the chlorine anode, -) further decay of
cell potential due to diffusion of chlorine ocut of the anod: compart-
ment, and 3) diffusion of solute cation fxom che reservoir through the
capillary and back inte the cathcde compartment. Local concentration
polarization at the cathode is thought to decay tco rapidly to be
identified in the present decay curves, Also, it is believed that there
is no appreciable activation over-potential at the cathode. This ex-
planation of the decay curve is supported by the following evidence:

1) The early portion (first 30 seconds) of the decay curves, while
dependent on electrolyzing current and temperature of the chloride
systems; e 2lmost independent of solute or soluite soncentration.

2) If chlorine is bubbled through the anode compartment in measurements
on pure salts (e.g, PbClp), the decay will stop within several minutes
and the observed cell emf is the thermodynamic equilibrium emf,

3) As will be indicated in the following, the slope of apparent cell emf
Ea versus electrolyzing current I is affected by capillary dimensions
approximately as predicted by eguation (13).

L) Inasmuch as the plot of E, versus I is linear; the dependence of
activation over-potential on electrolyzing current must be linear,

The value E,; for time equal to zero is the potential of the cell
M/MC1,/Cly at the instant that the applied potential is removed and is
a function of the electrolyzing current as previously shown. This value
(Ea) is not the true themmodynamic emf but rather an apparent emf which
differs from the thermodynamic emf due to the depletion of the solute
cation in the cathode compartment and presence of over-potentials, The

apparent emf (Eg) versus electrolyzing current relationship is shown
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in part C. The value for E, at zero electrolyzing curreut {Eay) has
been shown te be the true thermedynamic emf for the cell M/HCl, in
molten salt solvent/Cl, at the initial concentration of She solute cation
Co-

When thermodynamic cell emf's are being measured, it is necessary
that the condition of reversibility be met, A value may be reproducible
and still not represent a reversible value, A practical test for
reveruibility is to displace the cell conditione from equilibrium in
one direction and then in the other. If the emf returns to the same
value :fter each displacemant, the emf is considered to represent
reversible conditions.

In the present study, the displacements from equilibrium were
obtained by manually changing the setting of the recorder such that the
potential of the -rmbined potemtiometer was either greaier than or less
than the cell potential., This methed was used for twe different casea:

1) Where the rate of decay of cell emf was zerc (using a pure
molten salt, e.g. PbClp and bubbling chlorine cver the anode).
and 2) Where the cell emf was still decreasing with time, e.g. for
PbCl, ~ LiCl - KC1 and LiCl - KC1 - NdClB., In the first case, for
PbCl,, the emf returned to the thermodynamic value (e.g., the same as
measured by Wachter and Kildebrand(zo)) after the potential of the
measuring potentiometers had been displaced about 2 to 3 mv. In the
second case after the potential of the measuring potentiometers had
been displaced about 2 to 3 mv fromthe trace value, the cell potential
always returned to the value of the emf expscted if the rate of decay
of cell emf were not changed by the e;light flow of current through the

cell. The conclusion to be drawn from the above sty is that the
chlorine and the metal electrodes behave reversibly* at least within
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BEXPLHIMENTAL PROCERIJRL

In measuring potentials associated with eleectrolysis ~f molten

salts it is necessary that:-

1) The molten zalt be frec of water.

2) The melt be blanketed with an inert zas teo prevon: contamination
from the atmosphere.

3) There be no back-diffusion of th2 electrolysis procucts (e.gz.,
diffusion of the metal to the anode; there e reoact with the
chlorine %o reform the metal chloride).

L) The cell materials be inert with respect to the molten salts
and the sleoctrolysis products.

5) No thermal emf's be present.
The salts used were C.P. grades which contained watar of erystal-

lization, and it was therefore necessary to pre-dry thess salte, HMamy
of the metal chlorides are hygroscopic and this retained moisture (upon
heating the wet salt in air) reacts with the oxyzen precent to form

elther oxide‘s or oxychlorides, Water-free chlorides car be cbtained by
several different methods. One is to start with a water frse oxide which
is converted to the chloride by reacting the oxide with cxy HCl gas at
an elevated temperature(7).

The hydrated salts can be vacuum dried, In this tre:iment the
hydrated salt is heated in a vacuum of the order of 104 rm of Hg pressure
at a temperature below the melting point of the salt, The drying time
depends upon the salt to be dried and the water content of the salt and
must be determined for each individual salt. It is necessary in this
treatment that the drying chamber be flushed with a dry gas prior te
heating and evacuation to eliminate the residual cxygen present at the
small pressures and prevent. oxide or oxychloride format'on. %The waler
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vapor is conder\xsed in the liquid nitrogen freeze-out trap, thus main-
taining a concentration gradient and ensuring almost complete removal
of water from the hydrated salt (see figure 4).

In addition, the salts are subjected te a pre-~electrolysis
purification stage. The molten salts contain small amounts of minor
impurities which are deposited in the initial electrolysis peried.

At the start of electroly’eis, for a given small electrolyzing current

of the order of 10-20 ma, the applied voltage is in the range of 1 to 2
volts below the decomposition potential, and rises contimuously until

the applied voltage reaches a steady value. At this point, the applied
potentlial is usually greater than the decomposition potential ef the
major aolt.xte salt, This pre-electrolysis step eliminates the miner
impurities and any residual water from the drying stage and alse saturates
the electrode compartments with metal and chlorine respectively, !

Figure 5 is a schematic sketch of the experimental electrolysis cell.
The cell is comprised of three main parts, the cell container which holds
the molten salt, the cooling head assembly, and the electrode compartment
assembly. The cell is a closed-end 45 mm pyrex, McDanel, vycor, or
alumina tube 15 inches long. The main requirement of the container
material is that it will not react with the molten salt. Molten mixtures
of the alkali halides melted in the above containers have been analyzed
and show neglig!ble amounts of dissolved oxides (as either S102 or A1203).
Molten fluorides exhibit no pickup of Alz03 er SiO; when melted in
alumina and McDanel tubes up to temperatures of 800°C,

The cooling head usembly is of stainless steel and is a "tapered
ground joint® type. The lower part is water cooled and sealed to the
cell container by means of apiezon wax. The upper portion, which is
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tapered to fit into the lower part, has openings for thse ‘urertion o
the two electrode compartments and the thermocouple tube  There is
alse an opening for admittance of the argon atmospiere. : 1acuum
tight seal between the two parts is made by means ol silicone stop-
cock grease on the tapered joint. A vacuum s2al i3 made botween the
cooling head assembly and the electrode compariments and thermocouple
tube with rubber tubing (see figure 5),

The electrode assembly is made from 13 mm closed-end pyrex, porcelin,
or alumina tubes 19 inches long. In order to prevent back-diffusion of
the electrolysis products, the electi-ode compartments are seperated from
the reservoir by a short length of capillary (sec Figure 5). The
capillary must be long enough to prevent back-diffusion and yet short
enough that the cell resistance is not too large. The water-cooled
electrode head is used for making electrical contact with tha electrode
and alse as a means of admitting an inert atmosphere to the clectrode
compartments,

Each graphite electrode is made from a 3/8" graphite rod 12 inches
in length, tapped with 6-32 thread at both ends. Into ore end is screwed
a 1/8" graphite elsctrode which extends inte the mclten calt  The other
end screws onte the electrode head. The eatire unit is pleced in the
electrode compartment tube and a gas-tight seal is made by means of rubber
tubing (see figure 5).

This type of gas seal permits an easy and rapid method for chang-
ing compartments if necessary and also for raising and lowering the
electrode compartments into and out of the molten sgzlt bath without
removing the inert atmosphere. It alse allowWws any gas to be bubbled

through the melt and permita the purging of the cell with an inert gas fer
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melting under an inert atmosphere, With the external manifold crrange-
ment, a vacuum can be applied for a vacuum degassing trcatmant cn the

moiten salt.

In order to prevent contamination from the air a dry insrt
atmosphere must be provided, In the present study dry purified argon
is used. The drying and purification train is skeiched in figure 6,
Seybolt and Burke(és) describe several methods for removing hydrogen,
oxygen, and nitrogen from helium and argon. The impure gas is passed
over calcium turnings at 600-650°C in one tube furnace and then through
another at 350°C., The first furnace removes all gaseous irpurities but
hydrogen, and the sscond furnace (at 350°C) removes the hydrogen, since
Ca hydride is stabls at this temperature, Oxygen and nitrogen can be
removed by passing the gas over Ti chips or powder at 850°C Zr chips
can be used to remove the oxygen and hydrogen. In this work the argon
was passed over Ti chips at 850°C to remove the oxyzen and ritrogen,
after the gas had first passed through a P304 drying t;ube ¢ remove theo
water vapor.

The vapor preecsure of many of the molten salts &t electrolysis
temperatures 1s great enough that if the inert atmosphers were to be
circulated through the cell the salt vapor would be swept ocut along with
the inert gas, For this reason a static cell atmosphere was maintained.
The pas train is showm in fisure 6 where the cell manifold is pictured.
The stopcock arrangement permits the flushing of the cell with inert gas,
the bubbling of any gas through the molten salt, and the spplication of
a vacuum, This by-pass system also prevents the back-diffusiorn of the
chlorine gas into the cathode compartment.
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In analyzing the back-emf decay curve it is necesscry that a
potentiometric measuring circult be used and that an accurate curve of
cell emf versus time be recorded for a time interval of 20 to 40 seconds
after the applied voltage is removed., Since the decomposition poteriials
of the molten halides vary from O to 6 volts and the elccitralysis should
be carried out over a range of applied voltages up to 10 volts, a
potentiometric instrument with a 10 volt range was consiructed. The
overall instrument is a combination of three potentiometers:-

1) a 010 volt potentiometer in steps of 1 volt,

2) a Leeds and Northrup type K-2 potentiometer which can be

continuously varied over its full range of 1.5 volts,
and 3) a modified Brown Electronik Potentiometer with full scale spans
of =
a; 0=-10mv or 0,01 wilts
b, 0-100 mv or 0,10 volts
¢, 0=200 mv or 0.20 volts
d. 0-500 mv o 0,50 volts
e, 0-1000 mv or 1,00 volts
The wiring diagram of the instrument is shown in figure 7.

This instrument is quite flexible in operation. Any applied
potential from zero to 11,5 volts can be read to X 0,0C01 volts and
recorded versus time. The 0-10 volt potentiometer and the Leeds and
Northrup type X-2 potentiometer are adjusted until the difference be-
tween the potential to be measured and the sum of the two above potentic-
meters is less than the range of the Brown Recorder. The applied potential
is then the sum of the wvalues read from the three potertiometers. The

Brown Recorder actually functions as a recording galvanometer, If the
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Figure 7
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emf being measurad it changing with time, thie change with .ime is
recorded. In measuring the dezay curve (figmre %, part B) the X2 rud
the 0=10 volt potentiometer ares adjusted such that the sntire decay curve
can be recorded with just one setting of the potentiomctors. If the
0-100 mv range is nol, large enough to record the dacay curve; one of Lhe
larger ranges can be used,

Using the (=10 nv rangs on the Brown Flectronik, O setting on the
0=10 volt potentiometer, and adjusting the K-2 untii the Srown Electronik
reading is on scale, the instrument can be ussd teo record ithermocouple
emf's and thereby cell temparatures, If switch A is in the down position
the potential drop across a known standard resistor car be recorded; and
with proper calibration, the electrolyzing current recorded.

The Brown Electronik nas twe chart speeds; 2/ inches por minute and
2}, inches per hour, vthich can be changed by a switch mounted on the panel
board which activates a selenoid in the drive mechenism The 24 inches
per minute chart specd is used only when recording the decay curve
(fipure 3, part B)., The total elapsed time for the cell exf decay curve
1s 37.5 seconds; or .15 inches of chart.

Due to the fact that this circuit is a true psatentiomctric one, there
is ne current drain on the cell when potentials are being measured, Tho
Brown Blectroni* needs 10~8 amp to drive the pen' full scale in one
second, Thue 10”5 amp is the maximum current drain possible, and this
only for very small intervais of time,

The heating furnace is a 3 inch diameter by 2/ inch leng alundum
tube wound with nichrome wire. Surrounding this tube iz 6 inches of
silocel powder insulation. The upper temperaturs limit of the nichrome
winding is 1060°3, The temperature is controlled by a Celect-Ray controller
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to within & 0.5°C 2t 500°C.

The free energy of formztion of CC1; is given by fubdsthowski a:ld
Evans(5) to be

AF = _ 26,500 = 5,16 T Yog T + 49. 39T
At the temperaturoc corresponding te AFO= (: the carbon ar- cilorine will
no longer rsact Go form CCl, and graphite will serve as arn 'nert electrode
with respect to chlorine. The temperature at which AFS- 0O is L97°C;
such that above “his temperature graphite can be utilizcd as eleetrode
material. In the present study, 1/8% diameter by 12" lenz "spectographic”
grade graphite rods served as electrodes for the alectroilysis of molten
chlorides.

For electrolysls studies ol fused selt mixtures, the x-e-dried s3alts
were carefully weighed to give the desircd composition and then imtroducesd
into the elsctrolysis cell. The entire cell is thien as.oubled, but the
electrods compartments are not iowered into the gsalt. Thre astopcocks on
the gas manifold are turned such that the dried argon is Zoced down the
electrode compartments, through the capillsry inte the ¢71l container,
and thence out through the gas cutlet in the cooling head asnsembly through
bubbling bottles into the atmogphere. In this manner trz ~0ll is purged
of air, When the cell is purged, the stopcocisin the menifold are
‘turned such that the inert gas flow bypasses the cell zrd <.ectrode
compartuents ensuring a static stmosphere in the olectrclys.s cell,

The salt mixture is then fused under the Jry inert gas klenket. After
the salt iz molten, the electrode ccmpartmenie are lowered into the
bath and the elecirolyzing current turned on and adjustcd wntil 5 to
10 milliamps of current are flowing through the celi. The applied

voltage, however, does not correspond Lo the valu: ¢ “he steady state
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B versus I curve but exhibits a value tco low by i te 2 volis for a sal
with a decomposition potential of about 3 volts. This corresponds to the
decomposition of minor impurities that are present in tha bath. A4s the
minor impurities are removed by electrolyeis, the appliel potential increases
steadily tp the steady-state value characterised by a particular
applied voltage and electrolyzing current, and this steady-state electrolysis
corresponds to the decomposition of the most readily eleztrolyzable salt
in the melt. This initial perioed when the applied potential is steadily
increasing to the steady-state value constitutes the pre-elecetrolysis
purification stage.

After the applied potential has reached the steady-state electrolysis
conditions., the thermodynamic emf for the cell M/MCly (in solutien)/Cl,
is measured by the back-emf method. Alse, the decomposition potential
is measured, For each steady-state electrolysis level of applied potential
and electrolyzing current the tollowiné information is recorded:-

1) Applied potential,

2) Electrolyzing current I.

3) Decay curve of cell emf (E; versus time),

L) Apparent emf (Ey), the value at t = O for the plot of Ey versus

&

5) The temperature and initial concentration of the molten salt.
From these data, two separate sets of information 2an be derived:

1) The decomposition potential from the plot of applied potential
versus electrolyzing current (see figure 1) extrapolated to the intercept
at I =0,
and 2) The thermodynamic emf (Egy)of the cell ¥/MCl, (in solution)/Cly
at the initial concentration Cp, which is evaluated by the back-en;f method

as pictured in figure 3.
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CALCULATION OF THEORETICAL CELL EMF

The free energies of formation and the heats of fusion of many
of the metal chlorides have been compiled by Quill(h), Kubauchewskxi and
Evana(5), and Kellogg(lz)o These three sources of thermedynanic date
are used here for t\he calculation of the theoretical cell emf’s,

Using these data for the free energy of formation .and free energy
of fusion, and assuming ideal solution behavior, the theoretical cell
emf can bes calculated by the following method.

The free energy of formation as a function of temperature is given
in two ways:-

1) Qui11{4) tabulates the quantity AFO - AH:?_Q_Q as a function of
T

the temperature together with the value of AH® |
298
where AFO = standard free en.rgy of formation

T = °K
AH;9 g = gtandard heat of reaction at 298°g.

2) Kubachewski and Evans(5) £it the free energy versus temperature
data to an empirical egquation of the type
AF% » A + BT log T + CT
where A, B, and C are empirical constants, This is not the only
empirical equation which could be used but is reprssentative of the
empirical approach (Kellogg(lz), for instance uses a different equation).
These equations are only valid over the temperature renge of the
empirical fit,
The first reaction to be considered is the formtior; of the com-
pound from its elements where the reaction is written:-
M+ Clp = MClo
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In the above rcaction,the preducts and reeoctants are in thoels standsd
states of pure metsl and metal chloride, either in the solid or liguid
state, and Clp gas at ome ztmosghere pressurc. The value for the fros
energy of formation must be such that ali of the compon:nts, metal,
chlorine, and metal chloride are in their equilibrium statc at ;he
corresponding temperatures. For example,the previous ecuation could
have been written as:-

M(2) + Cla(s) = MClz(a)

=t
]

where liquid or molten
g = gas at 1 atmosphere pressurs

solid

i

8
for temperatures above the melting point of the metal and below the
melting point of the chloride. In the present study, sclute electroly-
scs wgs conducted on the molten salts at temperatures below the melting
points of the solute salts. Thus the salts are in the liquid state, and
therefore the free energy of superceoling must be taken into account in
the calculation of emf's from thermodynamic data, This superceoling
effect 1s corrected for by taking into account the free energy of melting
at the actual electrolysis temperature. The reaction te¢ be considered
here is then that of the solid to liquid transition:-

MCl,(s) = MC1o(1)
where the free energy of fusion is given by
AFp = AHp = TASe
Making the basic assumption that AH, and ASg are independent, of temperature
over the range of temperature between the melting point and the electroly-
sis temperature, AS; can be evaluated by setting AP=0 at the equilibrium

melting temperature. Assuming AHg to be independent of temperature,
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‘the free energy f fusion, at temperatures belew the ae ting poin®, orn
be estimated by ths equation
AFg = Mp (1 - 9e-)

With the excevotion of pure substances,the mchal. chiciides re-
present, a mixture of salts in a single phase and the corponent salts are
therefore not at unit activity. In any calculation e¢f ihe emf for
molten salt systems the free energy of mixing must be taken inte account,
It would »e best te calculate the free energy of mixing f{rom the
activities of the salt constituents. Since the information is not known
except for a few simple systems, the free energy of mixing must there-
fore be estimated. The simplest method is te assume idwal solution
behavior (i.e., the solute obeys Racult's Law). The relationship for
thle computation is

0Ffy = F-FOwRT Ina
and for ideal solution behavior assumption
BFy = RT 1n A= 4.576 T log N
vhere F o= partial molar Iree cnergy
F° = free energy at standard stats of N = 3
a = activity of metal chloride n solution
N = mol fraction of metal chloride in sclulion
The units for all the free energyr -alues are caleries per mole.

In summary, for calculating the theoretical =mf's the following

reactions are considered to have taken plaée:—

1) M(g) + Cla@g) ™= HMCla(s)

and AF®a A + BT log T + CT= APy
(1)
or AFQ- AHogn = tabulated vaiue,
T

s
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2) MCIQ(S) bad 2{612(1)

and 4Fp = AHp - TaSp = Alg (} S
Twp

3) Assuming ideal solution behavior for
MClz(lsﬂcl) © Mclz(l ,N)
'EF; = 4,576 T log N.
In the above reaction, the standard states are the pure meicl and metal
chlorides in either the solid or liquid phase and chlorine gas at 1
atmosphere pressure, The total free energy change is eguel Lo
APp = (AFq) + (AFp) + (6?3) which corresponds to the cell }/%C012/Cls
and the cell reactions,
M= M+ 2e
and Cly + 20 = 201~ where the oversll reaction is
M+ Cly = M7+ 201 |
For reversible cells:-

AFp = = n FB
= . Afp

nf
Since AFp is actually negative in value B is positive, which is in
agreement with equation 13, page 13.

Two sample caleculations will be given to show the use of the free
energy of formatlon data. The two examples will be those for LiCl and
KCl at 500°C in LiCl. = KCl eutectic where the eutectic composition is
0,48 mol fraction of KC1 and 0,52 mol fraction of LiCl.

The first calculation will be based on data taken from "Metallurgical

Thermochemistry” by Kubaschewskl and Evans(5)_
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vhera

At

and

or

and thus

Therefore,

1)

2)

K1) » % Cla(g) = ¥Ci(s)

LFy a . 104,500 + 24,0 T & 1000 cal.
A?l is valid for the range 298 - 1043°K.

KCl(g) = KClpp)

&F, = 6,700 - TAS
A, = 6,700 L 200 cal/mol,

T = 104,3%K, the melting point of KC1
LFp = Q

0 = 6700 = 1043 AS

LS = 6.4 cal/mol deg.

AFz - 6700 = 6J@.Tg

KCI(N,l) = KCI(N)

AFé = 4,576 Tlog N, and for N = 0.42 mol fracticn

-3¢-

&F3 = = 1,725 T s vhere the overall recaction ig novw

RCi(y) = K() + 1/2 Cl2(g) -

= L‘w(AF1+AF2+§3)

~AFD = + 104,900 = 24,07 = 6700 + 64T + 1.72T

~AFp = 98,200 = 15.9 (773)
“"AF‘E = 859909 o

For a galvanic cell,

or

where

and

AFT = - nFE

™

E = - AP

nf
ne=l}

T = 23,020 cal./volt,
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28
giving E = ¢+ 85,909/23,020 = + 2,735 volis

As an estimate of the limits of accuracy of the calculated -ralue

AR = 3;1000-5-;';200”;@;‘1200
23020
nfF 3

AE = X 0,052 volts.
For the calculation of the theoretical cell emf of 1i(1l, the
thermochemical data is taken frem "Chemistry and Motallurgy of
Miscellaneous Materials: Thermodynamics® by Quillih)o

1) Li(y) + 1/2 Clz(g) = LiCl(g)

AF) - Aﬁ;% = 18,37 at 500°C.

T
AH® = - 97,700 % 2000 cal.
298

or AFl - 973700 + 18037To
2) LiCl(s) zz LiCl(l)

AF5 = 3200 ~ 3.6T
3) LiCl(gay) = LiCl(y)
BFy = 1,.576 T log N
where N = 0,52,

KB’B = 4,576 T log 0.52

iFy = -~ 1.30 T

~0Fp = . (AF; + AFp + AF3)
= §7,700 ~ 18,37 T - 3200 + 3,6 T+ 1.3 T
= + 94,500 = 13,47 T
= 94,500 ~ 13,47 (773)

~AFp = 84,088 cal.

and =Lt 342
n%

4y



81,088
E =+ 33%550

E = + 3,655 volts
and AE = % 2000/23020 = 2 0,087 volts.
The activity of'the solute is defined by the equati-o:

AF = Al mAFOnRTlnfl '&:576T1&g.§.".
a® 3%
where AF; = = nFE

and AFO = -~ nFE® |,

EC can be calculated from thermochemical dat: by %a' ing inte
account only the free energy of formation and the super-rcoling effect.
(Steps 1 and 2 of the previous calculations for theoretircal cell emf's).
Thus the activity ratio may be ohtained from:-

OF = —uF (E - E°) = RT 1n 222 ,

a® = 1, #therefore

-nF(E»EO)-R‘I'lnaHCJ‘a

and aCy, = OFP [".313.2.0_3.! (B - E")]
RT
Since Y" §' the activity coefficient is also known.

Values of theoretical thermodynamic emf’s, experimertal decom-
position potentials, and experimental thermodynamic emf’: are tabulated
in Table I through IV,
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DISCUSSION OF RESULTS

In this section the experimental resulis of the electrolysis studies
on some molten salt systems are givem., The data are reporied as the
decomposition potential and the thermodynamic cell emf obtained by the
back-emf method, Where possible, the experimental values are comparod
with thermodynamic emf’s measured by the classical methed ard with the
theoretical cell emf calculated from thermochemical data. In most cases,
where the activities of the components of the molten salt mixtures are
not known, the free energy of mixing is approximated by assuming the
solutes obey Racult’s law and AFfy = - RT In K,

The systems studied were:-

1) PbCly - ZnCly for mols fractions of FbClp equal to 1, 0.855, and
0.688 for temperatures between 500°C and 600°C. The thermodynamic cell
enf values are compared with the experimental results of Wachter and |
Hildebrand(?0) (messured by the classical method) and with caleulated
theoretical cell emf.

2) 1iCl - KC1 eutectic compositions (45 wt. % LiCl, 55 wt, £ KC1)
for temperatures betweem 500°C and 600°C, The results of this study aid
in the interpretation of ternary mixtures (e.g., solute chicrides in the
14C1 - KC1 eutectic solvent), J

3) 14iCl - EC1 = PbCl, .

L) LiCl - KCl - ZnCl3 -

5) 1iC1 - KC1 - MgCly o

6) RaCl - MgCly .

7) 1iCl - KCl - NdClj o

8) RaF - KF - LiF eutectic.
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The Electrolysis of the PbCly - ZnClpy System

Electrolysis measurements were made for a series of comnositions
of PbCly at various temperatures as listed below:-

1) 1.0 mole fraction of PbCl, av 518°C, 5359C, 550°C,

2) 0.855 mole fraction of PbClz at 5199C, 533°C, 567°C.

3) 0,688 mole fraction of PbCly at 516°9C, 5359C.

The measured emf represents the valus for the cell Pb/PbClp in
ZnClz/Clg (graphite), This system was studied extensively by Wachter
and Hildebrand(20) and their results are summarized in figure 8.
FElectrolysis data are presented for the decomposition potential and for
thermodynamic emf measured by the back-emf method. Figures 9 to 24
are the experimental curves of cell emf versus electrolyzing current
for the back-emf method and electrolyzing current versus applied potential

for the deccmposition potential determination. The results are tabuls®ed

in Table I along with the corresponding values from Wachter end Hildebrand':

determination at the same compositions and temperatures. The two sets of
data, Wachter and Hildebrand®’s and the values for thermodynamic emf's
from this study, are compared in figure 8 .

The values for the thermodynamic cell emf measured by the "backeerf®
method are in excellent agreement with those of Wachter and Hildebrand,
while the values for the decomposition potential are quite erratic. Tho
experimental data for the back-emf method (E, vs. I) for PbCly - ZnClp
are presented in figures 9, 11, 13, 15, 17, 19, 21, 23. The curves for
pure PbCly (N = 1) show only a single line which is characteristic of the
decomposition of PbClp. However, the curves for the PbClz ~ ZnClp mix-
tures exhibit two distinct horizontal lines., The lower curve correspontds

to the decomposition of PbCly and the higher curve represents the
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decomposition of the ZnCl,. The liquid metal phase is an allay for the
higher curve, This value for the decomposzition of ZnClp does not represent
the thermodynamic value for the cell Zn/Z‘ncIl.;_;/m.g9 for there is a
depolarization due to the alloying of 2Zn with the Pb,

The decomposition potential plotas are given in figures 10,12, 14,
16, 18, 20,22, 24 These curves show that there is only a single "break"
which corresponds to the decompositlon potential of PbCly. Only in
cases where the limiting current density has been reached will the
decomposition potential curve (V vs. I) exhibit more than one "break".

For electrolysis, it is necessary that the current be carried by
ions and that ions be deposited at the electrodes. It is not necessary,
however, that the current carrying ion be deposited., Using the conductivi-
ty of molten salts as a qualitative measure of the degree of ionization
of the salt, it is seen that ZnCly has few ions in the molten state,
Attempts to electrolyze pure zinc chloride failed because of inability to
attain s sufficiently high current density to sustain depositioen.

The electrolysis study of the PbCl, - ZnClj studied by the decomposition
potential method and by the back-emf method has shown:~

1) The cell emf, as measured by the new back-emf method, is the
thermodynamic revérsible potentisl of cells of the type Pb/PbCl,/Cla.

2) The decomposition potential, which theoretically should be the
same as the equilibrium cell emf in the present aystems, shows no agree-
ment with the equilibrium cell emf., This indicates that the back-emf
method is much more acourate than the decomposition potential technique

for determining thermodynamic cell emf,
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TABLE I

Summary of the Electrolysis Data For the PbCly-ZrnCly System

Mole Temp, Theo.
Solute | Fractioni ©C Solvent Eao emf® D.P.
PbCl, | 1,000 518 1,261 | 1 2616 | 1.289
PbClz | 1.000 535 1.253 | 1.2518 | 1.279
PbCl, | 1,000 550 1.242 | 1.2420 | 1.258
PoCl, | 00855 519 | PbCly~ZnCly 1<,:zg;;’L 1.2685 | 1.289
1.2
PoCl; | 0.855 533 | PbCl,~ZnCl2 1.259 | 1.2596 | 1.250
B 1.271
PbCl, | 0.855 567 | PbCly-2nCly igzg 1.2380 | 1,200
Pbclz 0o688 516 PbClg-ZnClz i-oggg 1 o 2810 10 309
PoCi, | 0,688 535 | PbCly-ZnCly 1,271 | 1.2698| 1.311
1.282

# From the best curve through Wachter and Hildebrand data,
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3) In order that measurements be made by the new backeomf methed,
the ionic conductivity must be great enough to ensure a sufficient
current density to give a rate of deposition greater than the rate of
loss through solution, wvaporization, etc.

4) There is a characteristic "break” in the cell emf versus electro-
lyzing current plot corresponding to each cationic species present.
Electrolysis of LiCl - KCl Eubectic

The eutectic mixture of LiCl - KC1 (0.42 mol fraction EC1 and
0.58 mol fraction of LiCl) has many properties which make it an
excellent molten salt solvent. These properties are:-

1) Low eutectic melting point of 355°C.

2) Large theoretical decomposition potential of the component
. salts, LiCl and KCl.

3) Llarge ionic conductivity, which increases the sensitivity of
both the decompes:iiion potential measurement and the back-emf analysic,

L) Many of the metal chlorides exhibit an apprecialbe solubillty
in the molten eutsctic,

5) The addition of LiCl and KC1 to a metal chloride decreases the
solubility of the metal in its molten salt, thereby incressing the current
efficiency.

6) Low vapor pressure of the eutectic mixturs,

This solvent was used in much of the present work, Accordingly, it
was thought desirable to give it particular study. The variables studied
were the decomposition potential and the thermodynamic smf as a function
of temperature for the range 500°C to 600°C, Since graphite is attacked by
both molten Ii and K, an iron rod was used as the cathode while graphite
served as the anode,
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The experimental results ars tasulated in Tehlie I1 1d thermodyiwcic
enf's are compared with the calculated thermodynamic emi'< " n figurc 25,
Decomposition potential curves are given in figures 27, 2), 3land th3
curves of cell emi{ versus electrolyzing current in figuies 26, 28, o

The decomposition potentials are in poor agreoement wish thermodynamic
enf ‘s, Pigure 30 shows "breaks” characteristic for the depisition of

thium ion as well as for potassium ion. In tho electrolyzis of the
eutectic of 1iCl -~ XCl, the decomposition potentin®d of e two salts
are close together. Thus it is pogsible that for the errpcriments at
513%C and 557°C the applied potential was above the decouncsition potential
of both salt components and the lower Uresk was mwissed coripletely. Thore
is a double break in the By versus T curve f3r 567°C, but the valuve
corresponding to the decomposition of KC1 is less than the caleulated
theoretical value because the potaseium was not in iis standard pure
state but in solution in the li“hium, It caa be conclucad that the
measured values arg,in general, those for the eutectic -rd no attempt
will be made to correlate thz measured values with the Jercsition of
either cation, The experimental and thermodynamic emfin fall within the
calculated emf band as given by figure 25.

The conclusions that can be drawn from experimenta? trerk on the
molten LiCl = KCl eutectic are:-

1) The moasured thermodynamic emf’s show reasonable ¢greement
with calculated thermodynamic emfis.

2) The decay curve fits the empirical relationship i = E, -k tl/zn

Electrolysis of LiCl - KC1 - HNdCl,

The electrolysis of LiCl - KC1 eutectic containing FdClg was
studied at 513°C and 585°C and for contents up to 0.03 nel fracticn
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TABLE IT

Summary of the Electrolysis Data for ILiCli-KCl Euteciic,

O.L2 Mol Fractien XC1 and 0,58 iiol Feraction 13C1L

Ean Theo. em! (LiCl) D.P., Tomyo
3.6080 3,647 X 087 volts 3.55 513¢C
3.58385 3.620 L 087 3.64 557
3,5820 3.6, L .087 3.64 567
3.5750
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=50
of NdClj which corresponds to 15 weight . The thermodynaric emf (E..)
is for the cell Nd/ﬁd013 in LiCl = KC1 eutectic/@lg(g)o The reasults of
this study are given as the decomposition potentiol and the thermodynawic
enf (Ego).

The decomposition potential curves for electrolysis at 5130C are
given in figures 35, 39, while the curves for evaluating the thermodynamic
emf are given in figures 34, 36, 38. The decomposition potential curves
for the electrolysis at 586°C are given in figures 41, 43, 45, 47, and
the curves for evaluating the thermodynamic emf ars glven in figures 42,
Lhy 46, 48,

The cell Nd/NdCl3 in 1iCl - EN1 solvent/Clz is produced by the
electrolysis of the molten salt between inert graphite slectredes, In
analyzing the curves of cell emf (Ej) versus electrolysing current, the
“breaks" corresponding to the decomposition of the LiCl and KCl are not
found, Figure 37 shows the decay curves (cell emf's (Ey) versus the
square root of time) for 0.002 mol fraction of NdClz, and the corresponding
plot of Eg versus I is given in figura 36, At the low current densitiss,
the square root of time relationship for Ey is well-obeyed, &bt the higher
current densities where the applied voltage is greater than the decom-
positicn potdntial of the sutectic constituents, the initial emf lies
above that predicted by the Eg versus \I€~' curve and very rapidly
ftails into® this curve, A possible explanation of this behavior
assumes two competing cathodic reactions which are:-

(1) === == = == Rd*** + 30 = Na°
(2) e c v mom === Ii*t + e = Ii%,
Since the "break®™ corresponding to the deposition of the i is

absent in the Eg versus I curves (except at very low NdClj concentrations),

w2 17
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the L1 may react with the I&'d013 in the molton sait acserding to
(3) » = v o~ »o= 31%+Nly~ N2+ 31401,
To explain the initial "ailing in" offect i tho highep current dencitics.
reaction 3 is assumrd to be the initial rate contrcliiag rcaction and
the initial discrepancy is due %e the small awmount of lithium initially
present. The duration of this initial discrepancy ias of the order of
a few scconda.

If E° can be sither measur~ad directly or calculated from thermo-
dynamic data, the zctivity and :ctivity coefficients of Néﬁ‘lB in
LiCl - KCL eutectic {constant riilo of LiCl %o EC.) can be obtained,
EO was calculated since Nd(?ILB in a solid at the tmrperalures of intzrest
and hence E® could not be neasured, The ivwo energy date .rave taken
frem Quill {Chemistry and Fetallurgy of Misccllanrous Materialss
Thermodynamics) and correspondr te the equations:
(B) = === ===~ Hs) + 3/2 Cly{g) = HiClq(a)
and
(5) = === == == HNdClz(s) = NdCl3(1)
which give the overzll reaction
(6) =~ ==« = =< Ni(s) + Cl(g) = NdC15{1)

The free energy of formation walues are given by the rzlationship

o
(7) = === ===~ A4F) = Alijod o pS? where 43" is a furction of
T

temperature only and empiric:lly fits the equation:-
(8) mcmww=ow=w 48" =A+ET+CTR.
The equation for NiClj is:-
- s am e e & w» D § -» az o -T-um L ¥ ? N 2
(9 A3 = 57,7 =0 61[100} 0,014 E,m} 5

and placing (9) into equation {7} the free energy cf forratisa of
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Nd013 is given by:-

T 2, -
(10) = = = = APy = = 254,000 + 577C =55 -6 E‘%] v Lok [%(-ﬂ3 (£ 2000,

The free energy change corresponding to the fusion of HdCl; is estimated
by Quill to bai-
Q1) = = = = = = « AF5 = 8000 - 8T
and AF§ = AF; + AF; for the reaction (6), Since AFR = - nfZ°, the valuo
for E® at any temperature can be calculated., The calculated E° values
for 513°C and 586°C are 3.044 volts and 2,999 volts respeciively,
Estimating the precision of the thermodynamic data, the theoretical
values should be expressed as E° % 0.0l4 volts.

The thermodyanic emf versus mol fraction is given ir figure 32
and the same information is plotted in figure 33 as emf versmas log K
(mol fraction), which is a linear relationship. The values of n in
the term - 2.3 RE/nF calculated from the slops of the E.. versus log N
curves are about 2,5, This wvalue for n, while low, is in reasonable
agreement with the expected value of 3. The slopes of these curves arec
very dependent upon the solute concentration. The values of concentratiocn
given here were computed from the known weights of the saits in the
mixtures, Spot chemical analysis checks have shcwn that the computed
concentrations of the NdClg for the more dilute solutions arc somewhat
high. It is thought that this is due to depletion of Nd*™*ions in the
very dilute solutions studied. Therefore, if this correcction is made,
the slope of these curves will give a value of n in better agreement with
the expected valuec of 3. As the temperature increases,the slope of
the Egq versus log N curve shou’d increase, but due to the lack of good
analytical determinations of the concentration of the NaClg this effect
is not noted in the experimental results, '
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The results of the €lectrelysis study on the TiCl -KA. - NCIg
system can be aurmarized as followss- A

1) The exporimental thermidynemic cell gmffs are in ‘zasonablc
ag-eement with @alculated valueS.

2) The measured decompositlon potontials chow np dorreiation
with thermodynamic cell gmf's.

3) The therrodynamic emf's measured by the bask-ewuf 1ethed
exhibit a linear relationship ef E;, versus log K.

4) The decay curve shows & iinear relatbionship bolwesn the cell
emf and the square root of the time (Ey = By ~ bt1/2),

5) The initial deviation of the decay curve from the linear

relationanip of E versus \lt can be explained by & secondary reactioa

of the type 3L1 + NdClz = 3LiCl + Nd. The Li rencining afier the aprlied

voltage is removed is completely reacted in a time interval of a far
seconds, This alzn explains why the "break™ in the E; versus I plot
characteristic of the eutectic constituents is not usually found,

6) At the lower soluie concentraticms, the rate of roduction of
Nd*** is greater than that of supply to the cathcue comparizent such
that the amount of the deposited lithium on the crthode is sufficient
for a break in the E, versus I curve characteristic of the scutectic
constituents (figure 34).

7) Due to consgiderations arising from analysis of the decay
curves of E, versus  \t, it appears that the dapgebion of the
neodymium occurs by two separate reactions:-

a) Direct electrolytic reduction, procceding at all applied
potentials above the decomposition potential of the NdCl3.
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TABLE ITIX

Summary of the Electrolysis of NdClj In
LiC1l-ECL Dutectic

At 513°C Ee = 3.044 & .

Cl, voits

<3

At 5860C EO = 2,996 * 01 volts
F&‘aﬁgion Bao Theo. emf D.P. X Teap. °C
0.0008 | 32,2400 | 3.204 % C.0L4 | 3.210 .3 513
0,002 3.2100 3,183 £ 0.014 am sz >3 513
0.008 3.1.488 3,152 X 0,01k 3,165 1.2° 513
Q.003 33,1432 3.143 £ 0.014 3.260 1.0 586
0.008 | 2.1250 | 3,2202& 0L | 2,200 | 0.8 586
0.016 3.0940 | 3.101 % o014 | 3.095 | 1.4 586
028 3.0825 3,088 L 014 3.090 1.2 586
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b) Seccnia~y redietio: accordirg uu the cathode reackens

Li® e » 14 and JLi « HACL; » Nd+ 3LU(1

8) Since tiera are nu depolardzing reactic s ocCuring betuden
the neodymivm and ihe graphite, geaphite olestros :5 Are suilble for
nzodymium salt el¢ctrolysis
Electrolysiz of Miscelianeous Svsters

Some thermcdyramic emf!s and decompositioa portenisnl: w1l bz
given for the systums MgCl, - I1iC1 ~ KGl, MgCl> - NaCl, PbCLy ~ IACL - XC1,
Z2nCl2 - LACl - KCL, SnCly, and EKCl. The data are summarized in Table IV,

1) The decomposition pote tials for 4ll. svitemsare in poor
agreement with the measured and caleulated therasiynazic emflg (which
agree resasonably well) .

2) For 0,40 mol fraction of MgClp in NaCl tie sysi.r: nends toward
ideal solution behavior as temperaturs increases

3) The thermodynamic emf for KC1 at 800°C (‘igure.ﬁﬁ) indicates
a depolarization of approximately 0.10 volts. Jif is belinved that the
deposite K was reacting with the cell materials at this high temperature

L) The experimental thermodynamic enf for pwre Snil2 is about
1 volt below the calculated value for the reacticn Sn(ﬂ;g,_~~3ﬂ+ Cide

If the SnClp - LiCl - XCL cystem is electrolvzed !Hovedikad are
observed in the E; versus I curve at abous 0. 40 volts ard zloe at about
1.4 volte, The latter value vorresponds “o the caleulal 27 thermodynamic
emf for 5nCly. Thu lower value may be tha’ for {te ceastion Sn****++ 2e .Sn™
or for the reductinn of a sub-halide.

5) PFigure 57 shows the cunre for Ey versus 1 fop 0.70 ol fraction
of ZnCl, in LiCl— XCl, The two curves plotted asre reprozens twe
separate electrolynis experimens., The values fo~ B . ({hze therpedyneni .
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TA3ZLE IV

-y

by

Summary of -the Electrolysis Data for the ¥ Se€llanedys Systoms

Mol Temp
Solute | PFrac. o¢ Solvent Boo Thes «af” 0.Pa
MgCl, 0,10 | 500 1101-XC1 | 28240 2,722 £ 028 | 2,880
MgCl, 0.40 | 510 Nally 2.7360 | 2,669 ~ 028 ] 3,000
MgClo 0.40 | TI0 FaCl 2.5709 | 2.567 x ,033 | 2.677
PpCl, 0.10 | 542 LiCi~KCL | 1.3340 | 1.204 & .065 1 1.290
ZnCl, 0,10 | 542 14C1-KC1 | 2 7650 | 1.632 % 109 | 1.760
KC1 1.0 800 — 3.302 | 3.4.26 % 065 | =
SnCl, 1.0 542 J— 0,346 —

# Assuming ideal solution behavior,

342

39



00T <ChE

VOLTS

EO:

2.92r

2.90F

2.881- -

2.86}

2.84}

2.82

!

' CELL EMF Vs ELECTROLYZIHG CURRENT

FOR 0,10 MOLE FRACTION OF MgCl,
IN LiCl-KC1l EUTECTIC AT 500°C,

IRON CATHODE

2.80
o

GRAFHITE ANODE
ARGON ~ATMOSFHERE
Figure 48
L 1 1 1 1 i 1 1 )
10 20 30 40 50 60 70 80 90
I, MILLIAMPS

26~



VOLTS

EO:

T0T ¢hE

2.80

iI80

2.78F
2.76} g )
o .
2.749 B _O=D o b o o o .
2.7360 VOLTS o
o
o
2.72&- \
ELL EMF VS ELECTROLYZING CURRENT
o FOR 0.40 MOLE FRACTION OF MgCl,
IN NaCl AT 510°C.
: IRON CATHCDE
2.70F GRAPHITE ANODE
o ARGON ATMOSPHERE
Pigure 49
268 [l 1 | ] [ L N 1 [ N
(o I 20 40 60 80 100 120 140 160
I, MILLIAMPS

€=



180¢

~9h-
160
140}
120}
& 100
s r
<
-
J
= 80 A
o
60
o ELECTROLYZING CURRENT VS Appuﬁzb
- POTENTIAL FOR 0.40 MOLE FRACTION
40} OF MgCl, IN NaCl AT 510°C,
IRON CATHODE
GRAPHITE ANODE Py
ARGON ATMOSPHERE i
20} Figure 30 |
3.000 VOLTS .
(o) i l A A A -
2.8 32 3.6 4.0 4.4 4.8 852
| V, VOLTS .
’ 342 102



€0T ¢hE

VOLTS

2.68

2.66

2.64

260

2.58

5709 VOLTS Figure 51

2.56 ] I 1 1 1 | ] 1

o o] 20 30 40 50 60 70 80
I, MILLIAMPS



MILLIAMPS

I,

90
=96~
so}
70+
60
50
40ﬂ-
30 e
:ELECTROLYZING CURRENT VS APPLIED
o POTENTIAL FOR 0,40 MOLE FRACTION
or OF MgCl, IN NaCl AT 710°C,
IRON CATHODE
GRAPHITE ANODE
ARGON ATMOSPHERE
Figure 52
o)
2.677 VOLTS
0 A L A ol I j
2.6 28 3.0 32 34 3.6 38

V, VOLTS 342 104



Q0T Z2hE

Eq VOLTS

340

3.36)]
3.32F
'3.302 VOLTS
3.28F
3.24F |
CBLL EMF VS rfLECTROLYZING CURRENT
FOR KC1 AT 800°C.
. (o] IRON CATHODE
o] GHAPHITE ANODE
3.20F ARGCN ATMOSPHERE
Figure 53
0O
3 l6 [l I | { L 1 i { |
0 20 40 80 100 120 140 160
I, MILLIAMPS



VOL TS

90T ¢hE

0.46

044

0.34

CELL EMF VS ELECTROLYZING CURRENT
FOR SnCl, AT 542°C.

GRAPHITE ELECTRODES
ARCON ATMOSPHERE

Figure 54

o

20

40

60

80
5

1
100
MILLIAMPS

A |
120 140 160 180

~96-



L0T 2Zhe

1.34

1.3340 VOLTS

VOL TS

Elh

1.28 .

.26}

9
o

.

O SPUR S R C TS 5 A U U N £

Cuta2T ¥2k ~.10
- - e e
9%y T'bC...) In 3C1-200
- ~C~
l-r 5/;('»4.
Ulomaldxle BIZL I
.....

PAL YUK R Y b 0

Pigure 55

Mo sn

L
~y -
d e

9 [

(9

CTIC

badh R A
b e de
™I N

10 20

80
MILLIAMPS

€0

70 80



90

80F

60}

"MILLIAMPS

a0}

I,

20

ELECTROLYZING CURRENT VS APFLIED
VOLTAGE FOR 0.10 MOLE FRACTION
OF PbCly IN LiC1l-KC1 EUTECTOIC
AT 542°C,

GRAPHITE ELECTRODES
ARGON ATMOSPHERE
Figure 56

V, VOLTS
3y2 108



.82

1.80F
.78F
(7))
-
J
L7650 VOLTS
Q 176} o
o e
.74}
CELL FMF VS hlLnCTROLYZING
CURRENT FOR 0,10 MOLE FRACTION OF
ZnCly IN LiCl-KCl EUTECTIC AT
54,20C,
.72 GRAPHITE ELECTRODES
ARGON ATMOSPHERE
w
S Figure 57
N
|.7o# '} [ . [ | [ M g | 1 ] )
= o) 10 20 30 40 50 60 70 80 90
7o)

I, MILLIAMPS

10T~


file:///TMOSPHERE

ey ?

90r

80}

701

60
o 50}
o 50
p- -
<
-
ﬂ -
3 40
H

30

ELLCTROLYZING CURRENT VS APPLIED
POTENTIAL FOR 0,10 MOLE FRACTION
20 OF ZnClp IN LiC1-KC1 AT 542°C,
GRAPHITE ELECTRODES
ARGON ATMOSPHERE
Figure 58
o o
0 1 1 1 §
.4 1.8 2.2 2.6 3.0 3.9 3.6

V, VOLTS
3y2 110



=103=
emf) are identical, showing good reproducibility.

6) The "break" for the decomposition of the colvent cation was
again absent for the electrolysis of MgCla, PbCls, and 2nCi,. The
explanation here is that the deposited alkali metal reacts with the
gsolute salt to give the soiute metal,

Discrepancies Between Egqo and Decomposition Potential Measurements

As discussed in the section on Measuring Methods, the experimental
decomposition potential for the systems studied here should equal the
thermodynamic emf (E_,)., But there is, in fact, no correlatiocn between
these two values,

In the measurement of thermmodynamic emf’s by the back-emf method,
the Ea values are determined with a fairly high precision., Also, the
slope of the E, versus I curve is small, and thus the enf value at
I = 0 (Byp) may be accurately determined, On the other harnd, the
slope of the applied woltage versus electrolyzing current curve is much
larger than the slope of the Eg versus I curve, and a4 small errcor in
determining this slope introduces a large error in the experimental
decomposition poterntial, Further, the value for the applied voltage
can be measured only to the nearest one hundredth of a volt, because of
the somewhat erratic behavior of a cell on electrolysis.

Chemical Identification of Electrolysis Products

In general it is difficult to analyze quantitatiwvely the cathods
electrolysis products because of the small amount of the deposited
metal. For the FbClp and the PbCly - ZnCl2 mixtures, the constituents
were quantitatively determined for several different mixtures., For
pure PbCla, the metal was found to be 99* £ Fb, For one of the
PbCly - ZnCly mixtures, the final cathode product analyzed 24% Zn.
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For the LiClL - RCl mixturs, the mebtal vhase was 1 <t » thea 2
salt and flowed to the top. Thus, when the elecirode vns sithdrawr:
no deposit was apparent., However, when the clechtrode was .Gpped inio
water, a violent gas evolution occurred indicating thal bth.s metals Li,
K, or both were prosent on the slectrode. As a further chixck, lithium
and potassium metal werc placed in a hollow iror tube, whi h was uned
as an electrode, and the value of E,q, was identical with t1e result
obtained when the cathode metal wa3 made by elecirolysis.

For Hg012 mixtures electrolyzed below the melting point ef magresivm,
the solid deposit was determincd qualitatively to be M- meial.

For the NdClj electrolysis, the cathodic denosit vas a powder,
and not enough was deposited to permit chemical identification., Hewever,
when the electrode was dipped into water, a gas ovolution occurred. but
the reaction was not as vigorcus as for the Li - K elertrede, Thir
electrode alss had a distinctive oler which was lacking for the other
metals.

The distinctive Cl, odor was notlicable for tha gas in ihe anoce
compartment, and wh:n the gas cam? inte contact with K3 + H20 vapors a
white cloud was formed (indicating NH,Cl formation). Dlurther, when
Cl, is bubbled over the ancde, the values for {Zs0) are identinal with
the results obtained when the gas electrode is produced by electroiytic
deposition.

Electrolysis of Fluoride Melts

An attempt was msde to study the electrolysis of flucride mell

in the range of 500°C to 600°C using pyrex glass as the cell material,

The pyrex was slowly attacked by the flunerides. Both graphite and
platimm anodes were tried and both showed a rarid detoricration.
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The melt was the euvlsstie vomposition of “he Lornary NaF - I ~ LiF

gyastoms. Cualitatisc enalysis of lhe callodos showed thet 2 highly

[

reactive metal had oo n deposited (i.e., Mo, 12, X,

It i3 belisved thouw {lvoride eleatrolysis shudies ¢ould be
successfully completed if s suitsble anode material could be found,
The criterion here is that the standard fvee energy of formation for

the fluoride compound of ths anedé material, 2.8., a’}l’éﬁ PtTp, AulPo, etag

be positive st the tempersture of electrolysis. The free cnergy
versus temparature data are practically noen-sxisteut for the possible
electrode materials {e.g., carben, platimm, and gold) in the temperature
ranges close to AF® = 8 such that no estimate of the tempereture at which
AFC = O could be mede. PFrom the datz available, it would zppesr that
gold may be the besi anode material in fluvcride elestralysis {1 e., it
gives the lowest temperaturs for AF® = O, poesibly zbeut 900°%C).

Rig0q showed nc reaction with the NaF - &F - IdF eutectic at
800°C - 900°C and would be a sultable cell maberial for dlectrolysis
exparimente at témperatures up to 900°C. At still higher tomperatures;
it should be possible to use a graphite crucible and a CaF, saturated
system in which the coll separaturs are of solid CeFs.

In summary it can be said thel the entire problem of fused fluoride
electrolyeis is one of Tinding an elscltode mabteria: which will not
react with nageent fluorinz, Fluoride melts contalning oxides could

be studied by the bacik-emf method if platinum anodas wers ivzed,
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SUMMARY

A new method for mzasuring the sherwodgnamic emf's in golben ;ﬁ&t
cella of the type H/HCL; in mollen salb zolvent/Ul, is :rosanbed. ;
Scme theymodynasde emffe measurdd by this methed are conparsd with |
calculated theoretical cell emf's and thermodyfiamic emf's measured -
by the classical msthod (whers available) and show reasunsble agree-
ment in most casss. Within the yrecision of the thermo:acwical data
used in the ealouvlation of the theoretical edfts, the systems \
studied obey Mt 's law., It has been shown that the Azcompusibion
potential for these systens should equal th;a therwodynazie enf.
However, i¥ue te the lack of pre{;iﬂan in the applied volings measurc-
ment and the inaccuraey in the woltagz-current ssirapolstion, the
measured decomposition potentisle show no corrsiation with the
thermodynamic emf?s, The results for ths gystems sbudicd are summari.
zed in Tables I through I¥ and in figures 8, 2% 33

The determination ef thermodynmmic emf by the back.em( method is
comprised of three steps:-

1) PFor =ach steady-state clectrolysis ab cwrent I, the decay of
the cell emf after the applied voliage iz removed is recordsd as &
function of the time,

2) The decay curve of sten (1) is replotted as cell enf versus
the square root of time, amnd tho resulting linear relationship ex-
trapolated to time emal to zare.

3) The value of cell emf =l time etual to u270 from step (2)
is plotted as & function of the elecirplyning current I The resuli-
ing linear relationship is extrapoiated %o mero current, and this exf,

[ -,

342 114



B o o8
desipgnated as B, , ¢ the thermodynamic emf,

The resulto of the electrolysis study of the moltzn Pbllg —ZnCly
system are:-

1) The experi.iental decomposition potentials Showmo ogreement
with measured or calculated theriodynamic cell emfig,

2) The experinsntal thermodynamic emf?s show excellort agreement: with
the wvalues Wachter and Hildebrand(zo) cbtained by the eclassical methed,

3) hin emf value corresponding to the decomposition o: ZnClp is
observed, This emf value is much lower than that eal.wh.ﬁd, duc to the
alloying of Zn with o,

4) The decay cucves exhibi’% a linear relaticnship between the
cell emf (By) and the squars root of the time.

The results of the electrolysis of the LiCl - KCl systom are:-

1) The values for the thermodynamic emf agree well with the
calculated values of theoretical cell emf between 5009C to 600°C,

2) Since the thooretical cell potentials for LiCl and KCl are
very close together, the Govble Fbreak™ in the Fy versus I curve was not
observed in all cases,

3) The decay curves exhibit a linear relatiocnship bztween cell.
emf (Ei) and the square root of time,

%) The metal and gas clectrodes behave reversibly, anl the emf
values are reprocduciblo,

5) Since the decomposition potential for the molton eutectic is
large, this system mckes a good molten salt solvent.

The results of the electrolysis of the system Iﬁdma-'ﬁidl - KQL

ared-
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=100
1) The measured thermodynanic emf®s are in agreement with
the calculated theoretical potentials te within the accuracy of the
thermochemical datz,
2) The measursd decomposition potentials show no agrcement with
the thermodynamic emf’s,
3) The thermodynamic emf exzhibits a linear relationship with
In concentration up to 0.03 mol fraction of RdCls for 513°C and 586°C,
The value of n calculated from the slope of this plot has a value of
about 2,5, in reasonsble agreement with the value for lid equel to 3.
4) The "break" in the E, versus I curve for the decomposition
of LiCl and KCl were absent except for low NdClj concentration where
the limiting current density for the reduction of Nd***was reached,
5) At the higher current densities, where the spplied potential
exceeds the decomposition potential of the eutectic, the descay curves
depart initially from the linear Ei versus \IT relationship. This
initial deviation is due to the presence of Li on the cathode,
6) The reduction of NdCl5 proceeds in two ways:-
a) Direct electrolytic reduction below the decomposition
potential of the cutectic.
b) Direct reduction and reduction by Li above the eutectic
decomposition patential,
Expioratory studies were made on the following sysiems:-
MgCly - NaCl,
MgClz - LiCl = ECl,
XC1, ’
PClp - KGL - KC1,
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=10%=
ZnCl, - LiCl = KC1,
Pure SnCl,, and SnCl, = 1iCl - KCl.
The back-emf method for evéluating the thermedynamic emf for mclten
salt cells has the following advantages:-
1) It is an experimentally easisr method than the classical method
because:-

a) The molten salt is readily purified by a pre-electrolysis
stage,

b) The chlorine electrode is produced by electrodeposition and
methods of chlorine purification are not necessary.

c) The electrodeposited metal cithodes are free of oxide
films, For some of the more electropositive metnlis, this may be the
only successful method for producing reversible metal cathodes,

2) Analysis of the decay curves yields information on possible

electrode reactions and alse values of over-~potentials present,
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