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PREFACE

The Third International Symposium on Molten Salts was held Octo-
ber 6 - 9 1980, at the Fall Meeting of the Electrochemical Society, Holly-
wood, Florida. This volume contains forty-two papers presented at that
Symposium. Five additional papers were presented at the Symposium, how-
ever, these manuscripts were not received by the Editors. The papers at
this Symposium covered a very broad range of topics ranging from theory
and structure of melts to numerous applications, such as batteries, solar
energy, thermal energy storage, and applied electrochemistry using molten

salt systems.

The number of papers presented at the Third Symposium on Molten
Salts was approximateiy the same as those présented at the First and
Second Symposia in Washington in 1976 and Pittsburgh in 1978, respec-
tively. It is worth noting, however, that the Molten Carbonate Fuel
Cell Technology Symposium was held concurrently with the Third Symposium.
Thus it would appear that the interest in various aspects of molten salt

chemistry is increasing.

I am grateful to the Physical Electrochemistry Division for the
sponsorship of this Symposium as well as for the financial assistance
with the registration expenses of most of the foreign speakers. I would
also like to express my thanks to Milt Blander and Sam Yosim for the as-
sistance in organizing this Symposium and to Drs. Blander and G. P. Smith

for their help with the editing of this volume.

Finally I would like to thank the participants in the Symposium

who really made this Symposium possible.

Gleb Mamantov
June 1981
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MOLTEN SALTS : RECENT PROGRESS IN DETERMINING THEIR STRUCTURE
J.E. Enderby

H.H. Wills Physics Laboratory, University of
Bristol, Royal Fort, Tyndall Avenue, Bristol BS8 1TL, U.K.

Abstract

The structure of this paper is as follows. We shall first
briefly review the basic principles of structural studies
on multi-component systems and consider in particular the
application of neutron diffraction techniques. It will be
shown that the quantity which can be extracted from a single
diffraction experiment on a liquid containing two ionic
species, + and -, is the total structure factor Efk) defined
by

_22 2.2
B(k)=c £, (S, (K)-1)+c £ (S__(k)-l)+2c,c_£ £ (5, (k)-1)

Until recently, this was all the experimental information
available and it turns out to be very misleading. Quantities
like near neighbour distances or coordination numbers derived
directly from gﬂk) represent gross averages and because of
special properties associated with molten salts (i.e. charge
cancellation and penetration of like species into the first
coordination shell) may bear little reality to the microscopic
structure. We shall describe new experiments which have
allowed the individual structure factors S++, S__s S+_, to be
obtained directly.

INTRODUCTION
We label each component by the dummy suffices o and B which may
take values 1,2,....... +j for a liquid containing j ion-types. The

atomic fraction of the o ion-type is denoted by Sy and is subject to
the sum rule

ail c L. ‘ (1)

If any type of radiation is incident on a mixed assembly of ions, a
measure of the amplitude of the scattered waves is given by

Ef 2 exp(-ik.r, (a)), (2)
a %i(a) vt

where fu is an appropriate scattering factor and gi(a) denotes the



position of the ith ion of a-type. The mean intensity, which we de-
note do/dQ becomes

e EE L 1 exp (k. (x (B)-, (@) » (3)
of * Pica 1(®) AR

_ng fENc 6a6+ izﬁ cos kK.r.. (4)

where N is the total number of ions in the sample.

Let us now introduce partial structure factors S _, (k) defined by

aB

4TN .
SuB(k) =1+ v dr(gas(r) - 1)r sin kr, (5)

(o]

where V is the volume of the sample. 1In (5) 9y (r) is the partial
pair distribution function which measures the a%erage distribution
of type B ion observed from an o ion at the origin and tends, as in
the one-component case, to unity at large values of r. If there is
an o ion at r=0, the number of B ions at the same instant with their
centres in a small element of thickness dr is

4w (N/V)c (r)rzdr. (6)

898

In terms of SaB' we can rewrite (4) as

o
5 " chafaf; + Eg NGy C fafX (S g 1) (7)

and for those cases where f is real, more simply as

do _ 2

S =V Z;cafa +Fp (k). (8)
where

Fp k) = zg CSafyfg (Sug (K)-1) - (9)



If we perform scattering experiments on ionic systems, the
quantity which can be extracted - and even then not directly - is
F(k). 1In practice, the intensity I of either neutrons, X-rays or
electrons is measured as a function of a scattering angle © in the
geometry typified by fig. 1.

Quite generally,

1(8) = a(O) {g—; + s(e)} (10)

and the challenge which faces experimentalists is the determination
by theory, experiment or both, of the calibration parameters a(0) and
§(0).

In table 1 we show the physical origins of o(0) and §(©) for two
principal types of radiation used, X-rays and neutrons. We shall not
dwell on the determination of the calibration parameters, except to
point out that it is not a trivial matter.

2. The Experiments

We focus now on simple molten salts of the form Mxn. The experi-

mental method together with the algorithm for extracting g,,, g and
; ; X +I -

9, have been fully described in our earlier papers (ref. 1).

The quantity which can be obtained from a single neutron diffrac-
tion experiment on a liquid containing two species, + and -, is given
(egn 9) by

2.2 2.2
FT(k) = c+f+(S++—l) + c_f_(S__—l) + 20+c_f+f_(S+_—l),

where ¢, and ¢ are the atomic fractions of the two species, £ and f
are the neutron scattering lengths. To separate out S {(a,B= +,-) £
was changed by isotopic substitution of the chlorine. oL&‘he isotopes -
used in this work, together with the degree of enrichment and the
relevant scattering lengths are shown in table 2.

Oonce S__ (k) has been cbtained, the two-body radial distribution

functions (ile. g, K6 etc) can be obtained by standard procedures (ref 1).
An example of these functions is shown in figure 2.

3. Discussion



The results shown in figure 2 serve to illustrate the important
features of the structure of molten salts. These are

(i) charge cancellation: the phasing of 9,, (¥, g, (r) and g__(r)
ensure that essentially complete charge cancella%ion occurs beyond 5A

(ii) penetration: a substantial probability exists that an anion
will find another anion as its near neighbour. The penetration of
like ions into the first coordination shell will clearly have import-
ant thermodynamic consequences for mixtures of molten salts.

(iii) coordination numbers: these are invariably close to their
solid state counterparts.

A summary of the experimental situation is given in table 3.

The very recent work on molten ZnCl,; deserves special mention.
The evidence provided by Biggin and Enderby (7) shows that the un-
usual itructural properties of this liquid arise from the smallness
of Zn2" when compared with Cl . Specific chemical effects do not play
a major role in determining the structural properties of molten ZnCls.
Furthermore, the structure closely resembles that of the y-formsolid. A
full discussion of the structural properties of molten ZnCl, can be
found in reference 7.
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Table 2.

Isotope Enrichment Coherent
scattering length
(x lO_-12 cm)

35Cl 99.3% 1.18

37Cl 90.4% 0.349

Cl (mixture) (37)41%-(35)59%  0.799

Ba (natural) 0.351

Na (natural) 0.363

Zn (natural) 0.570




Structural properties of molten salts derived from neutron diffraction

experiments

Table 3.

Coordination

Position of

Position of

__ Temp. (%)

numbers
n
-+

4

1lst min.
++

4

1st max.
. +- ++

Ref

Salt

875
750
700
460
510
850
1025

800

[2]
[4]
[5]
[e]
[71

NaCl
KCl

RbC1l
CsCl
CuCl
AgCl

. 3.2 3.1 3.9 3.7 2.7 4.1 2.7
7.7 14.0

2.6

7.0
8.6

BaCl2

300

ZnCl2




o :} MONITOR
SAMPLE /
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DETECTOR

Figure 1.

Conventional layout for diffraction studies.

glr)

Figure 2. The radial distribution functions for molten BaC12:
full curve, gBaCl: broken curve, gClCl; dotted curve
9BaBa°
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Abstract. Recent work on statistical theories of ionic fluids
are discussed. The theories are of two kinds: perturbation
theories and integral equations. The statistical-mechanical
basis and computational method for thermodynamic and structu-
ral properties are described. Specific theories such as the
ionic virial expansion, hyper—netted chain equation, and
mean spherical approximation are outlined. A charged hard-
sphere model is used for illustration, and its thermodynamic
and structural properties are briefly discussed.

1. INTRODUCTION

Statistical theories are tools in the bridge-building between mic-
roscopic - or intermolecular - properties on one side and macroscopic -
thermodynamic and transport - properties on the other. This is illustra-

ted in Fig. 1.

The intermolecular potential is input to the theory in the form of
a numerical table or a mathematical model. Macroscopic properties are
output, obtained either directly or via correlation functions that give
information about the system's structure. In a true molecular theory,
we want the structural information to be a result of the theory, not an

input to it.

Since a statistical theory is essentially a computation of aver-
ages, it represents a one—way connection from microscopic to macrosco-
pic properties. However, by systematic variations of the input, it is

also possible to establish a two-way relationm.

In this paper, we shall consider statistical theories for the equi-
librium properties of molten salts. For a given potential model uij(r)
describing the interaction between ions i and j a distance r apart, the

problem is to compute structural and thermodynamic properties.

It is convenient to start with the grand canonical partition func-
tion, .

N N
) Je—U(E /KT 4 N

E(u,V,T) ; £, b

ZIN

N=0

10



which is a function of the chemical potential y, volume V, and tempera-

ture T of the system. The thermodynamic properties are related to Z by
PV = -kT 1n E , (2)

where P is the pressure. In eq. (1), z is the fugacity,

MLy, (3
with A = (h2/2ﬂka)£, the de Broglie thermal wavelength. The total po-

tential energy of a system of N ionms,
N

vy = ] u;; () (4)
i<j=2

is a function of the positions EN of all the ions. Other thermodynamic
properties can be obtained once the equation-of-state (2) is known.

An alternative route can be taken via the correlation functionms,

such as the radial distribution function g(r) given by

N
o%g(r) = J VED Ky g

(8310

Z
Z (T_-E)—!— 4'“d£N > (5)
N=2

where p is the average number density.

Three different routes lead from the correlation functions to the
thermodynamic properties, the energy, pressure, and compressibility
equations /1/. They provide a possibility of choosing the most conven-
ient relation or a test of the thermodynamic self-consistency of the

theory.

The correlation functions also provide information about the sys-

tem's structure.

The crux of a statistical theory is to evaluate integrals of the
kind given in eqs. (1) and (5). To do this, one either has to use com-

puter simulation methods or introduce approximations that facilitate

11



the evaluation. The two approaches complement one another in that a
theory provides a more transparent relationship between microscopic and

macroscopic properties whereas a simulation provides exact results.

The theories in consideration can be divided into two groups, per-
turbation theories and integral equations. A convenient initial ap-
proach can be taken through cluster expansions. This is shown schemati-

cally in Fig. 2.

The principles of the cluster-—expansion basis, perturbation theo-
ries, and integral - equation theories will be described in the follow-
ing sections. Some examples of applications to molten salts will be

given.

2. CLUSTER EXPANSIONS

The common approach to a derivation of cluster expansions starts
with the grand canonical partition function, eq. (1). General deriva-
tions are given by Morita and Hiroike /2/ and by Stell /3/. The Boltz-
mann factor, exp[—U(EN)/kT], is expressed in terms of Mayer f-functioms,

defined as

£..(r) Uy (WET _ g (6)

1]

This leads to an expansion of the partition function and the thermo-

dynamic and structural functions derived from it.

The virial expansion,

P = pkT ) B.p , 7
i=0

is the result of one such expansion.

Applied to ionic systems, the virial expansion needs some modifi-
cation because the normal virial coefficients, Bi’ diverge. Since the

sum (7) represents a finite physical quantity, there must be singular

12



contributions to the Bi’s that cancel each other. Mayer /4/ showed how
to resum the virial expansion for ionic systems in a way that removes
these singularities. A comprehensive account of this technique is given
by Friedman /5/.

The "ionic" virial expansion contains an ideal gas term, a Debye-

Hickel term, second and higher-order ionic virial coefficients. It

is well known that the Debye-Hiickel term shows a concentration (densi-

}

in Fig. 3, which shows the internal electrostatic energy of an aqueous

ty) dependence that is linear in c?. An illustration of this is given
2-2 electrolyte solution model as function of the square root of the
concentration. The figure also shows that the second ionic virial coef-
ficient of the energy is negative for small concentrations. This nega-
tive deviation from the Debye-~Hiickel limiting law is related to the sys-—

tem's tendency to form ion pairs /6/.

The ionic virial expansion is of little use for molten-salt densi-
ties because the convergence is too slow in that regime. A related per-
turbation theory that converges quickly even in the molten-salt regime

will be discussed in the following section.

3. PERTURBATION THEORIES

The principle of a perturbation theory is to decompose the poten-—
tial uij(r) into a reference potential ugj(r) and a perturbation
Guij(r), and expand the quantity of interest, e.g. the free energy F,
in éuij(r). The ugj(r) defines the reference system, for whixh all pro-
perties (Fo, go(r), etc,) must be known. The choice of u® and Su de-
pends, therefore, on the availability of reference-system properties.
It also depends on the convergence of the resulting expansion in du,
which is an important point because it is, in practice, possible to

obtain numerical values for the first few terms of the expansion only.

The general procedure for a perturbation-theory development is

the following:

13



1. Expand the Mayer f-function in Su
2. Order terms in F

3. Compute numerical values term-by-term.

An expansion for equal-diameter charged hard spheres that was
developed by Stell and Larsen /7/ illustrates the perturbation-theory
approach. They considered the hard-sphere reference potential,

o

u;.(r) =< (8)
1 0 for >R ,

where R is the hard-sphere diameter. The properties of -hard-sphere sys-—
tems are now known in great detail /1/, a fact that makes such systems

natural and convenient reference systems in perturbation theories. The

model studied by Stell and Larsen is the so-called restricted primitive
model (RPM). The perturbation

duij(r) = eiej/r for >R (9)

added to the reference potential makes up the RPM's total potential.
For r<R, Su may be any finite function of r, but Andersen and Chandler
/8/ have found that a special choice will optimize convergence of the

free-energy expansion. This leads to

F (F} .
o T e Fo(x)
VKT VKT hard spheres 1
n n
L F, a/kn” I oFy (00 (10)
n21 n1

where x = Aﬂp(eR)Z/kT. The coefficients F(x) depend on p and T combined

through x, but not on p and T separately.

is

The leading contribution to F1

3/2 3

Fl(x) ~ —[3x% + 6x + 2 - 2(1+2%) 37 %7/12mR3 . (11)

14



The coefficients F2 n(x) are rather complicated functions of x that are
>
discussed by Stell and Larsen /7/, whereas the leading term in the last

sum is simple,

. - P 3.3 3,2
Fy,1(00 & - g i3p7- 3 + 3o+ 4

-[4(2p+1) + (2p+1)sinp - 2pcos ple P} , (12)

with p = (1+2x)£ - 1, At typical molten-salt densities and temperatures,

the approximation

TET VT + Fi(x) + F3’1(X)D > (13)

= - [
hard spheres

with the last two terms approximated by (11) and (12), turns out to be

excellent.

The Sumn§1F2 n(x)(l/kT)n is not negligible in the critical region
> ’
of ionic salts, but it may there be fairly well approximated by /7/

F, A/AD® & -2 | {coshlq(m] - 1 - a@?/2k*? ar*  aw)
2,n R3
n21 1
Here, r* equals r/R, and
2k
wqr) = —ggpe (15)

The rhs of eq. (14) is the second ionic virial coefficient for the RPM.

Although the theory leading to eqs. (10) - (14) is rather compli-
cated, the end result is fairly simple and can be programmed on a poc-~

ket calculator.

One application of the perturbation theory is illustrated in Fig.

4, which shows part of the liquid-gas coexistence curve for the RPM
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compared with the experimental curve for KCl /9/. The hard-sphere model
is found to predict a reasonable value for the critical temperature of
KCl, whereas the critical density is off by a factor of ten. More detai-
led aspects of the critical behaviour of molten salts have been discus-—
sed by Larsen and Stell /10/.

For unequal-diameter charged hard spheres one can consider two
types of perturbation theories, one based on a mixture of unequal-dia-
meter (neutral) hard spheres and the other based on the RPM as refe-

rence system. In the latter case, the reference potential is

o © for r<R
“ij(r) = < (16)
e.e./r for >R,
i

. . o .
and the perturbation is such that when added to u , the total is

o  for r<R..
1]

u @ =< (17)
J e.e./r for r>R.. .
i3 ij
The function
Geij(r) = exp[—Guij(r)/kT] (18)

is a more convenient expansion parameter than Su in this case. The

zeroth-order perturbation theory is simply

(e]

F = FRPM s (19)

which is the familiar law of corresponding states /11/. At this level,
there is only one characteristic interionic distance, R. A natural
choice of R is the sum of anion and cation radii. This choice also
leads to a vanishing first-~order term of the theory. The main correc-
tion to the law of corresponding states turms out to be of second order

in the ion-diameter disparity /12/.
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4. INTEGRAL EQUATIONS

An analysis of the cluster expansion leads to a relation between
the direct correlation function Cij(r)’ the total correlation function
hij(r) = gij(r) - 1, and the potential /2,13/;

Cij (r) = —u,ij (r) /KT + hij (r) - 1n[1+hij (r)] + Bij(r). (20)

The direct correlation function is defined by the Ornstein-Zernike

equation,
all species
= Al - 1 ]
hy s (1) SHOR Yooy by (eDe(lr - xthar! (2D
k

The function Bij(r) is a sum of terms in the cluster expansion that be-
long to a certain class. Due to the topology of these term's graphical
representations, B is called the sum of "bridge" diagrams /1/. In the

approximations discussed here, we shall assume that B = 0.

Eq. (21) contains two functions and their convolution (integral),

which is why this approach is called integral equations.

The method of solution is:
1. Supplement the Ornstein-Zernike equation with a closure relation.
2. Solve for hij(r) and Cij(r)'

3. Compute thermodynamic properties.

A closure relation is a second relation between h and c that makes
the set of equations complete. Neglecting Bij(r) in eq. (20) leads to a
closure called the hyper-netted chain (HNC) equation. Different numeri-
cal techniques have been used to solve the HNC integral equation /14/;

no analytical solution has yet been found.

A typical result for the equal-diameter charged hard-sphere system
(the RPM) is given in Fig. 5, which shows the radial distribution func-
tion in a molten-salt like state. The corresponding results of a Monte
Carlo computer simulation are included for comparison. Since the RPM is

a hard-core model, g(r) is identically zero for r/R < 1, and this part

17



of the curve is not shown.

There is a good overall agreement between HNC and the exact MC
results. The only significant discrepancy is found in g(r) between like
ions (g++(?) = g__(r) for the RPM) for 1 < r/R < 2. Moreover, the model
calculations give structural features that are typical for molten salts
/15/, viz. a high anion-cation correlation between nearest neighbors;
84t and 8o oscillating up to several ion diameters, but in such a way
that their average does not oscillate beyond r/R »~ 3; a significant

penetration of like ions into the first coordination shell.
A somewhat simpler integral equation is obtained by neglecting all
but the most dominant term of eq. (20),

cij(r) = _uij(r)/kT . (22)

This closure is called the mean spherical approximation (MSA). For a
hard-core system, eq. (22) applies to r>R since the region r<R is deter-

mined by the exact relation h(r) = -1.

The MSA must, in general, be solved numerically like the HNC equa-
tion, but in some important cases analytic solutions have been found.
One such case is the RPM, for which the MSA was solved by Waisman and
Lebowitz /16/. They found analytic expressions for the Laplace trans-
form of gij(r) and for the thermodynamic properties. (The Laplace trans-
form can be inverted analytically, but is easier done numerically). In
fact, we have already made use of the result for the free energy, which
is

F F

VKT VKT

(), - (0 @
MSA hard spheres

* By (®ysp

with Fl(x)MSA given by eq. (11). This result was obtained via the ener-
gy equation, which has been found most accurate of the three routes

from correlation functions to thermodynamic properties for the RPM.

A comparison between the MSA result for the RPM's internal energy
and the experimental result for KC1(l) is shown in Fig. 6. The experi-

mental point is taken at 1 atm. pressure. The agreement must be con-

18



sidered good in light of the fact that no adjustable parameters have
been used (R was taken to be the sum of Pauling's anion and cation

radii).

5. CONCLUSIONS

There are several statistical theories today that apply to molten-
salt models, and lead to numerical as well as formal results for thermo-
dynamic and structural properties. Some of these theories yield simple,
analytic expressions that are sufficiently accurate to provide a mea-
ningful comparison with experimental data. Interpretations of results
for the structure of molten salts have already been made in terms of

charged hard-sphere models /17/.

The theories are of two basic types; perturbation theories and
integral equations. They complement computer simulation methods in the
sense that they often provide an analytic relation between the potential
parameters and the bulk properties at the cost of being less accurate

than simulations.

% . . : o
In this paper we have discussed the basic principles of these
theories and given some examples that illustrate the kind of results

they lead to.
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Figure 1. Schematic illustration uf the
relation between microscopic and macro-
scopic properties through statiscical
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Figure 3. Internal energy for an aqueous
2-2 electrolyte solution model at 259C
as function of the square rvot of the
concentration. The twu curves were ob-
tained from the Debye-Hickel limiting
law (DHLL) and the ionic virial expan-
sion truncated atter the second term.
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Figure 2. Schematic
division into perturbation theories and
integral equdativns. Computer simulations
provide an independent and exact route
from the potential model to the equi-
librium properties.
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Figure 4. Liguid-gas coexistence curves
for equdl-diameter charged hard spheres
(restricted primitive model, RPM) and

KCl.
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Figure 5. Radial distribution functions
for the RPM in a typical molten-salt
state (RkT/e? = 0.0282, pR® = 0.669).
The results were obtained from the
hyper-netted chain (HNC) equation and
Monte Carlo (MC) computer simulations.
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ABSTRACT

Recent advances in theories of molten salt solutions have
provided fundamental insights and have expanded our ability to
calculate solution properties a priori. Monte Carlo and mole-
cular dynamics calculations for binary solutions have been used
to investigate the relative importance of different ionic inter-
actions on solution properties. The thermodynamic properties
of a multicomponent system are related directly to those of the
binary subsystems and of the pure components by equations
derived from statistical mechanics. In dilute solutions, the
phenomenon of ionic association in a binary solvent is examined;
the energetics of the associations are shown to depend upon the
solution properties of the lower-order subsystems. Finally, a
recent study of slag exchange equilibria by the coordination
cluster theory is reviewed; the results have led to a physical
interpretation of the concentration dependence of these equili-
bria.

I. INTRODUCTION

In the last decade, advances in theories of molten salt solutions
have been made which are interesting not only from a fundamental point of
view but also from a practical point of view. The purpose of this paper
is to review progress in molten salt solution chemistry. For clarity,
concentrated and dilute solutions are discussed separately.

In concentrated solutions, advances in binary solutions have been
accomplished mostly by the use of numerical simulations-Monte Carlo (MC)
or molecular dynamics (MD). In ternary and higher-order solutions, sta-
tistical mechanics has been used to calculate the thermodynamic mixing
properties; the interesting aspect of the derived equations is that one
can perform calculations of solution properties a priori from data on
lower-order systems.

In dilute solutions, ionic asociations, as well as the solubility
products of relatively insoluble solids in a multicomponent solvent, have
been studied. Recently, exchange equilibria between ionic solutions
(including slags) and metallic solutions have been studied by taking
preferential solvation into consideration.
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II. CONCENTRATED MOLTEN SALT SOLUTIONS

In what follows, we start by examining advances accomplished in the
simplest kind of systems, those containing monovalent ions. The binary
and the ternary and higher-order solutions are considered separately,
with special emphasis on the fundamental approdaches used in different
theories or models. We then discuss progress made in the study of sys-—
tems containing ions of different valences.

A. Binary Solutions

As mentioned above, the use of numerical simulations (1-4)
proved to be a unique and powerful means of gaining further insights into
solution structure and into the relative importance of different ionic
interactions.

Using MC calculations, the mixing process of liquid NaCl-KCl
solutions has been investigated at 1083 K by Larsen et al. (l1). Two
hundred sixteen ions interacting with an additive pair potential of the
Huggins-Mayer form were contained inside a cubic box with the well-known
periodic boundary conditions. The coulombic, repulsive, dipole-dipole,
and dipole-quadrupole contributions to the internal energies were evalu-
ated for an equimolar mixture (Xyac1 = Xgc1 = 0-5). The MC results seem
to indicate that the dispersion energy is relatively important and that
nearest and next-nearest neighbor interactions make equal contributions
to the energy of mixing of the NaCl-KCl system (1) (Table I). However,
the authors concluded by pointing out that the thermodynamic changes on
mixing are calculated as small differences between large quantities and
thus have large relative errors. No useful detailed information (such as
a possible explanation of the measured negative excess entropy of mixing)
on the mixing process was obtained.

Recently, Lantelme and Turq (4) followed the same procedure
as Larsen et al., (1) to numerically simulate LiBr-KBr liquid solutiomns.
Starting with the same number of particles, their MD results led to an
evaluation of the various contributions to the internal energy. Even
though the excess quantities are each obtained from small differences
between two large numbers, the authors conclude that the main contribu-
tion to the enthalpy of mixing comes from a balance between (1) the
negative coulomb contributions and (2) the short-range influence (which
is positive and of less importance). They also computed the coordination
number, n, as a function of the composition of the solution. Their study
shows that the local environment depends strongly on the nature of the
cations and does not depend solely on the composition of the system.
In Table II, this last conclusion is illustrated by the values of the
coordination number as well as the values of those of the equivalent
number defined by n/Xj where Xj is the mole fraction of i for different
solution compositions (4). Such information should be accounted for in
any solution model to accurately represent the solution behavior.

In another aspect, computer simulations of binary solutions
have been used to test the validity of some theories (2,3). Adams and
McDonald (2) used MC computations in ionic liquid mixtures to discuss the
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Table I. Repulsion <¢,.>, dispersion <¢g>, and coulomb energy <%.>
contributions from the different pairs at 1083 K and zero
pressure in an equimolar NaCl-KCl liquid mixture to the
energy of mixing <A®>; ;. (All energies are in kcal mo1-1
and values are taken from Reference 1).

<<Pr> <‘1’d> <¢c>

+ + + - - - + + + - - -
‘NaC1(1l) 0.17 23.20 1.36 -0.03 -2.11 -2.12 -193.08
KC1(1) 0.39 21.85 0.55 -0.24 -4.70 -1.26 -172.75
(Na,K)C1(1) 0.25 22 .44 0.89 -0.11 -3.33 -1.65 -182.08
A<e>mix -0.03 -0.09 -0.07 0.03 0.08 0.04 0.84
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Table IT. Coordination numbers n and equivalent coordination numbers eq.n in LiB»-KBr
mixtures at 1020 K (4). Plasma parameter: I = mN\nNW‘nnwﬂv = 47.7;
Radius ratio: Frwwn. = 0.476, N_nwu = 0.853.
Mole Br-Li Br-K Li-Li K-K Li-K Br-Br
Fraction
of LiBr Temp.,/K n eq.n n eq.n n eq.n n eq.n n eq.n n eq.n n
1 1020 4.27  4.27 -- == 11.47 11.47 - - - - - - 12.07
0.898 1020 3.89 4.33 0.65 6.37 9.98 11.11 1.70 16.66 1.54 15.1 13.54. 15.1 11.92
0.5 1020 2.06 4.12 3.00 6.00 4.87 9.74 7.90 15.80 7.10 14.20 7.10 14.20 10.92
0.5 1685 1.84 3.68 2.46 4.92 4.06 8.12 6.71 13.42 5.15 10.30 5.15 10.30 10.80
0.102 1020 0.41 4.01 5.11 5.69 0.99 9.71 13.02 14.5 10.51 11.68 1.19 11.68 14.22
0 1020 -- - 5.67 5.67 - -- 15.50 15.50 - -- -- -- 15.44
eq. n = _.\xu~ where %H is the ion fraction of the second ion of the pair.
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application of dimensional methods in the statistical mechanics of pure
salts. The thermodynamic properties of a binary solution can be evaluated
from those of a reference salt, using perturbation calculations according
to the conformal ionic solution (CIS) theory (5,6). One starts with a
reference salt characterized by a single size parameter d,, and the com—
ponents of the mixture are generated from the reference salt by appro-
priate changes of d, to dj(i = 1,2). These perturbations affect the con-
figurational integrals and thus the Helmholtz free energy. Finally, the
excess Helmholtz free energy of mixing AAE is given (up to the second-
order expansion) by: n

2
E _ do do
AAm = a(T,V) (d_l d_z) X1X2 (1)

where a(T,V) is a collection of multiple integrals which depends solely
on the reference salt properties and X; and X3 are the mole fractions of
the salts of the mixture. From experiments (7,8), it appears that the
coulomb contribution to the enthalpy of mixing of alkali-metal salts has
a form similar to Eq. 1; it was shown that the ratio AHm/X1X2 is propor-
tional to the square of the difference (1/dp-1/dp) where AHy is the
enthalpy of mixing. The proportionality factor is negative for nitrate,
fluoride, and chloride mixtures; its magnitude is a function of the class
of salts studied. Adams and McDonald (2) used a pair potential suggested
by Blander (9) to describe the interactions between the ions. Their com-
putations were made for binary systems having a common anion, with the
ratio dy/dy ranging from 1.2 to 2.0, and with all mixtures generated

from the same reference salt. It is obvious that rather poor values of
(d1/dy) were selected since (1) a much wider range of diameters is
implied than those found for monovalent salts and (2) Eq. 1 does not
rigorously hold since in its derivation only second-order terms in (dy/dj)
were included, implying that d,/dj is assumed to be very close to unity.
Their MC results on AHp for the nitrate mixtures were surprisingly con-
sistent with the predictions of the second-order perturbation theory but
the sign was in disagreement with experiments. In the case of alkali-
metal nitrates Kleppa and Hersh (7) reported at the equimolar concentra-
tion:

2
4aH = -85 =L - =1)  (kcal mo1l™l) (2)
m d1 d2

while the MC results (2) yielded:

2
4B = 55(cF -] (keal mo1™l) 3
m dl d2

This disagreement on the sign of the coefficient could result either from
unrealistic size parameters being used for the salts of the numerically
generated solutions or from the form of the pair potential used for the
interacting particles. Another possible explanation is that due to the
high density of the system, the solution might have remained solid.
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More recently, a more direct test of Eq. 1 and its validity was
accomplished (3) by evaluating a(T,V) by MD techniques. This quantity
can be expressed, using the CIS theory as:

I R
WMED | N

a(T,v) = - [(Ei) - <Ec>2]; %)

where N is the total number of moles and Ec and E are defined as:

N Ju
ca
Ec = Z r) (5)
a=1 i A=1
and
>
E = E
c=1 ¢

where a refers to the anions, c to the cations present in the binary
chloride mixture, u., is the potential energy of the pair c-a and }; is
the perturbation parameter defined as Aj = do/dy (i = 1,2). Finally for
any function Q, <Q> refers to:

_ 1 _ 2N

where Z, is the configurational part of the classical partition function
for the reference salt, and U, is the potential energy of the reference
salt. 1In this work, two pair potentials were used to represent the inter-
actions between the 216 particles, namely the Tosi-Fumi potential (10) and
a somewhat harder repulsive potential suggested by Michielsen et al. (11).
The computed values for a(T,V) have a negative sign, in agreement with

the experiment, but their magnitude is strongly dependent on the repul-
sive part of the pair potential as can be seen from Table III. This

could partly explain the positive sign for a(T,V) obtained by Adams and
McDonald (2).

Thus far, numerical simulations have provided information on
the mixing process which permits a careful examination of ad hoc assump-
tions on the relative importance of different ionic interactions. The
pair potentials used in these computations are empirical, and the softness
seems to have a major influence on mixing properties. Thus, in order to
take full advantage of the powerful numerical simulations, improved pair
potentials derived, perhaps, from quantum mechanical considerations are
needed, as well as criteria to test their validity and their range of
application. Even though the influence of ion polarizability on the
dynamics of the pure molten salts has been shown to be negligible, (13)
it would be important to examine its contribution to' the thermodynamics
of binary mixtures.
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B. Ternary and Higher—-Order Solutions

In this section, advances made by statistical mechanical models
are reviewed. In recent developments, emphasis has been placed on the
a priori calculations of the thermodynamic properties of multicomponent
systems from those of the binary subsystems and of the pure compounds.
Other nonstatistical mechanical models have been suggested ad hoc,
assuming some empirical means of combining properties of binary systems
to perform calculations for ternary systems; these models are not
included.

In ionic systems, there are two different classes of multicom—
ponent solutions. A system is referred to as additive when all the  _
constitugnts have a common anion or a common cation e.g., (Al,...,Am/X )
or (A /xl,...,xp), respectively. A systems is referred to as reciprocal
when all the constituents do not have a common anion or cation e.g.,
(Al,...,Am/Xl,...,Xp) where m and p do not necessarily have the
same value.

1. Additive Ionic Systems

Only ternary systems have been examined using the CIS
theory (14). The expansion of the partition function, Zy, and of the
thermodynamic functions have been carried out up to the fourth-order.
The final results yielded the following expression for the excess Helm—-
holtz free energy of mixing AAEm of the ternary [AX(=1)-BX(=2)-CX(=3)]

system
AAnEl =E Zaijxixj + Z Zbijxixj + E Zci.jxixg
i<j i#3 i<
2
+ AX XX+ Z Bixixjxk ()

i
i#j<k

where Xj is the mole fraction of the ith component. The coefficients ajj,
bj j(=-bji) and cjj are determined from the binary subsystem (i-j). For
example, the Helmholtz free energy of mixing of the binary AX-BX is given
by:
AAE(I-Z) =a, , x.x, + b, xx, (x,-%,) + ¢ x2x2 (8)
m 12 7172 12 7172 71 72 12 7172
where x; and xp are the mole fractions in the binary system. The coeffi-

cients A and By (i = 1,2,3) are ternary coefficients and can be calculated
directly from the binary data using the following relatioms:

and
B, = z(cigz ci{{z) 1t34k (10)
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Thus, using Eqs. 7-10, one can calculate AAE for a ternary solution solely
from information on the binary subsystems. “he validity of these equa-
tions and their extensions has been tested on a variety of real systems
having a wide range of complexity e.g., systems of interest for carbonate-
fuel cells, high-temperature batteries, and cryolite—-based systems (15,16).
The CIS equations appear to provide an accurate description of the experi-
mental data. In some.cases, the equations were used to generate phase
diagrams for systems where no measurements of the ternary solutions

exist.

2. Reciprocal Ionic Systems

The CIS theory has been expanded (17) to study ;he gegergl
case of multicomponent systems schematically represented by (Al,..,Am/Xl,
+++,X;). Up to the second-order expansion, the Helmholtz free energy of
the mgxture is given by:

A = RT(;XalnXa +}c:xc1nxc) + ; Zc: A,

+ E Z Zxaxa,xcx(ca—ca'\) + ZZ E Xaxcxc,).(ca-c'a)

a a'Ca ¢ a c c'<e

D DIDID XX XX, [8A°(a,a’,c,c')]2/2ZRT (1)

a a'Ca ¢ c'<c

where X; is the anionic fraction, X. is the cationic fraction, AZ, is

the standard Helmholtz free energy of the pure compound ca, A(ca-ca')
represents the interaction coefficient in the binary ca-ca' system having
a common cation, A(ca-c'a) represents the interaction coefficient in the
binary ca-c'a system having a common anion, Z is parameter usually taken
as 6 and MA°(a,a’',c,c') is the standard Helmholtz free energy change
accompanying the following metathetical reaction between the liquid salts:

[P T A } [
ca+c'a'x2c'a+ca (12)

The properties of the multicomponent systems can be calculated from those
of the binary subsystems and the pure compounds. Eq. 11 should prove to
be useful in calculating liquid-solid equilibria, activities, and activity
coefficients in higher-order systems.

- inally, reciprocal quaternary systems such as (A{,A;,A;/
X1,X2) or (Aj,A1/X1,X2,X3) have been studied by the surrounded ion model
(SIM) (18). 1In this model, significant problems are present because the
"binary" contributions [terms containing A(ca-ca') or A(ca-c'a)] are
introduced in an ad hoc manner and the second-order terms (the terms
analogous to the last summation in Eq. 11) are incomplete. For example,
Eq. 11 reduces to the correct expressions for all lower-order systems
such as ternary reciprocal systems; this is not the case for the equations
derived using the SIM (18).
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C. Systems Containing Ions of Different Valences

Theoretical or numerical simulation studies of the solution
properties of systems containing cations of different valences have not
been published. So far, empirical extensions of the equations derived
for monovalent multicomponent systems have been used for such asymmetrical
systems. These extensions consist of either keeping the same formalism
or of substituting equivalent fractions for mole fractions in the equa-
tions for the thermodynamic functions of mixing (19). The advantages of
such formalisms are purely mathematical since one uses ionic or equivalent
fractions only to simplify the analytical representation of data for dif-
ferent thermodynamic functions, e.g., AHm, Gﬁ, and Sﬁ (16) .

Fundamental studies of the influence of the difference in ionic
charges on the properties of the system should be initiated.

III. DILUTE SOLUTIONS

In dilute ionic solutions, associations of ions and solubilities of
relatively insoluble solids have been studied. Preferential solvation
and its influence on exchange equilibria between slags and metallic
solutions has also been examined.

A. Ionic Associations and Solubilities

In dilute solutions, the deviations from Henry's law are ex-
plained in terms of associations between solute ions. For example, if
the solvent is referred to as BY-CY and the solute as AX, when X and
Xx > 0, the presence of associated species might be postulated:

A+ = (ax) K, (13)

&+ S=2,0" K, et (14)

where K31, K21, etc. are the association constants of AX, (AZX)+, etc.,
respectively. A typical case of such associations is when the solute is
AgCl and the solvent is LiNO3-KNO3.

Recently, the coordination cluster theory (20) has been applied
to correlate and understand the energetics of association in dilute reci-
procal ternary systems (21) (e.g., the solute is AX and the solvent is BY).
It was shown that to a first approximation, the specific bond free energy
of association is related to AA°(A,B,X,Y) and to the thermodynamics of
the four binary subsystems, AX-AY, BX-BY, AX-BX, and AY-BY. Thus, one
could predict when associations may occur and the stabilities of the
species formed as well as the factors which influence these stabilities.

For a solvent that is a binary solution and a system that is a
quaternary reciprocal system, Bombi .and Sacchetto (22) have examined the
influence of the solvent composition on the energetics of the associations
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by use of the quasichemical theory. Their results indicate a nonlinear
dependence on solvent composition; the energy change AE;; associated
with reaction 13 to form (AX) is given by:

AE,, = RT 1n[XB exp(AEB/RT) + XC exp(AEC/RT)] (15)

where AEg and AEg are defined as the energy changes for reaction 13 to
form (AX) in the solvents BY and CY, respectively. The above equation is
particularly useful in the case where AEg and AEg are very different.

The conclusions reached from the quasi-chemical theory (22) that
AE}; is not a linear combination of AEp and AE; were corroborated by the
use of the CIS theory (17); however, from the CIS theory, it becomes evi-
dent that the interactions between the solvent ions BY, C+, Y~ have an
influence on AEj; and should be taken into account (17). Furthermore
AEg and AEg could be identified through the CIS theory with measurable
quantities in the binary subsystems. Thus a more complicated equation
than Eq. 15 appears to be needed to represent the contributions of other
interactions such as that of the solvent, to AEj7(17).

Finally, within the framework of the CIS theory, the solubility
product of relatively insoluble solids in a multicomponent solvent can be
calculated by using an exact chemical cycle. The cycle consists of three
steps:

AX(s) + (BY-CY) = AY + (BX-CX) 1
AY = AY(=» dln in BY-CY) II
(BX-CX) = (BX-CX)(~ dln in BY-CY) III

The notation (~ dln in BY-CY) means that the species on the right-hand
side is at infinite dilution in the solvent (BY-CY). The standard

Helmoltz free energy associated with each step is AAj (a = I, II, III)
and is directly related to the solubility product, Kgp by the equation:

- = ] o o
RT In Ko, = AAT + AAD. + AA7 . (16)

where AAj, Ay, and AAfyy can be estimated from the CIS equations for Ay
(Eq. 11) (17) taking into account the nonrandom mixing of the B, C, X,
and Y ions in solution.

B. Exchange Equilibria Between an Ionic
Solution and a Metallic Solution

In this context, ionic solutions include slags. 1In a recent
study (22), a consideration of preferential solvation has been incorpo-
rated into an examination of the exchange equilibria between an ionic and
a metallic solution. An equilibrium involving exchange of components C
and D between a binary slag A-B and a metallic phase can be expressed by:

+n - +n_ .
MC (ionic sol.) + MD(metal)‘_- Mc(metal) + MD (ionic sol.) (17)
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where Mzn and M;n refer to the cations contained in the C and D components
of the slag. The equilibrium quotient K is related to the equilibrium
constant Kg by:

K = K, (15/7p) (18)

where ¢ and 7p are the activity coefficients of C ad D, respectively in
the slag. It can be seen that for a given metal phase, the ratio of the
activity coefficients (»c/7p) governs the ratio of the concentrations

of the ions in the slag phase.

If random mixing is assumed, it can be shown that 1n (7¢/7p) is
expressed by:

*
InCre/ 7)™ = X,y Inlyoay/7peay] + Xp 10 Drgegy/ 7pcpy! (19)

where YM(N) refers to the limiting activity coefficient of M at infinite
dilution in pure N (M = C,D; N = A,B) and the designation * means that
random mixing has been assumed. Eq. 19 was first proposed by Flood and
Gr jotheim. From the coordination cluster theory (20), it was shown that
(23):

(gl m) = 1nCrg/ypd* + 2o (20)

where z:A is a collection of terms which are mostly corrections due to
preferential solvation and are significant in a large fraction of cases.
It was shown that preferential solvation leads to large deviations from
the linear dependence predicted by Flood and Grjotheim.

IV. CONCLUDING REMARKS

Significant advances which have been made in the development of
solution theories have an impact on several technological applications
such as high—-temperature batteries, fuel cells, aluminum electrolysis and
solar energy. A better understanding of the ionic structures as well as
of the relative importance of different ionic interactions is developing
using sophisticated numerical methods. The results of such calculations
should be incorporated into models of ionic solutions. However, theories
are still lacking for solutions containing ions of different charges as
well as for metal-salt solutioms.
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ABSTRACT

The small difference between the first peak positions
in the radial distribution function of molten alkali halides
from x-ray or neutron diffraction experiments and those from
computer simulations exceeds the experimental error. It
seems to be due to the deformation of the electron shell.

In computer simulation, the shell model which has the sphe-
rical deformation was expected to have a closer value of

the first peak position to the experimental one than the

rigid ion model because it takes into account the polari-
zation of ions. However, no change in the first peak position
was found. Therefore, the non-spherical deformation of the
electron shell at the point where ions are in contact with
each other have to be taken into account.

I. Introduction

Furukawa has summarized the structure of molten alkali
halides neailt?g melting points and reported the following
conclusions (1) ).

(a) The nearest ionic distance r%{ in the liquid is smaller
than that of the crystal r$ at the melting point.

(b) The first coordination number n% decreases from 6 in
the crystal to 4-5 at fusion. These values agree with
the nf(cal) calculated from the next proportional re-
lationship using the experimental values of the other

quantities, 3 s

. VE/Vh=1r§/rf1 nt/n3, (1)
in which v5 and V& are the volumes of solid and liquid
at the melting points.

(c) n{ may be a little larger at the larger ionic radius
ratio of cation and anion,r_/r,, in each series of
halides.

(d) The second peaks in the smaller rc/ra of 0.3-0.5 are
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sharp and definite and their maximum positions r% are
near to (l.52—l.56)r{. When r_/r, is larger (0.7-1.0),
the second peaks are broader.

The following three are the most important factors which
affect the molten structure of alkali halides: (i) the
summation of the ionic radii of cation and anion,r +r,,

(ii) the radius ratio r_ /r, and (iii) the deformation of
ions due to the unsymmetrical local field. (iii) is chara-
cteristic of liquid and is not observed in the crystalline
state. We have already pointed out that factor (iii) is
important compared with factor (ii) by the analysis of the
volume change in fusion and the activation _energy of elec-
trical conductivity at the melting point(3 .

Recently, computer simulation by Monte Carlo(MC) or
molecular dynamics(MD) has been applied to many molten
alkali halides(4):(5), The interionic potentials based on
the corresponding solid state are employed for the simula-
tion and the thermodynamical and structural properties are
reported to be in good agreement with those of experiments.
However, the first peak positions of the radial distribution
functions of molten alkali halides calculated by computer
simulation are always shorter than those of experiments by
x-ray and neutron diffraction, The differences are 0.1-
0.3% and exceed the experimental error(less than 0.13).

In this paper, we summarize the results of x-ray and
neutron diffraction experiments on molten alkali halides
in which some data of our experiments by x-ray diffraction
are included and the differences of the first peak position
of the radial distribution function between experiments
computer simulation are discussed. Some comments on the
neutron diffraction method with isotopic substitution are
also made.

II. Experimentals

X-ray diffraction measurements were carried out on a
6-6 x-ray diffractometer. MoKa (A=0.711R) was diffracted
at the surface of the sample and then monochromatized
by reflection on the curved graphite crystal. Slit systems
of 1/2°-1/2° and 1°~1° were employed in the low(3°<® ;10°)
and high (8°<9<45°) scattering angles,respectively, where
® is the scattering angle.

The samples were placed on a flat Pt tray(35x25x3mm)
and heated in a small electric furnace made of Pt wire.
The sample-heater assembly was enclosed under a He atmos-
phere by putting it in an air-tight chamber with a window
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of Al foil of thickness 10um to allow passage of the x-ray
beam. The temperature was controlled within 20°C above
the melting point to avoid the vaporization of the sample.

The measured intensities were corrected for polari-
zation and absorption in the sample by the usual method (1) .
The background was subtracted from the measured intensities,
so that the difference between the scaling factors derived
both by the high angle region method and by Krogh-Moe and
Norman's method is within 0.01%. The radial distribution
function D(r), the correlation function g(r) and the reduced
intensity S-i(S) are given by the following expressions.

- 2 > S
D(r)=4mrig +1 (Xy) 2r/m jomax S-i(S)sin(rs)ds, (2)

g(r)=D(r)/4rrig  , (3)
S-i(s)=S[I1SQP(S)/EE2(S)-11, (4)
9,=( Z&n) %0y +  (5)

S=4msinb/x . (6)

o
Where p,. is the number of stoichiometric units per A3, Eﬁ
the efflctive electron number in the atom m, £, (8) the
independent atomic scattering intensity, Iguh(s) the total
coherent intensity.

and

III. Results and Discussion
(A) First peak positions rj of the radial distribution function

The reduced intensity curves of molten LiC1(6)and
Nacl(7)at 650°C and 810°C are shown in Fig.l and Fig.2.
The radial distribution function D(r),the correlation
function g(r) and the function D(r)/r of these two molten
salts are shown in Fig.3 and Fig.4. r; value depends on
the choice of D(r),D(r)/r,or g(r). For example, rj values
of these three curves in molten NaCl were rj(D)=2.81,rj(D/r)
=2.77 and ry(g)=2.73& as shown in Fig.5.

The rj values reported in computer simulation are the
first maximum position in g(r), and we have to compare the
position from computer simulation and x-ray or neutron diffrac-
tion experiment using the same function. The reported ry
values in x-ray and neutron diffraction experiments are
almost the first maximum position in D(r). Therefore, we
calculated g(r) from the reported D(r) and determined the
ry values in g(r). The results are shown in Table 1.
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The r] values of molten alkali halides calculated by
computer simulation are' always shorter than those of experi-
ments by x-ray and neutron diffraction. The differences
are 0.1-0.38." At least two posSsible reasons for the differ-
ence should be considered; (a) the experimental error includ-
ing the termination effect and (b) the polarization of ioms
in the unsymmetrical electric field in the molten state.

(a) Error due to termination effect

Furukawa(31)and Clayton et al.(32)have already discussed
how r] values depend on Sp,yx in simple liquids. According to
them, the termination effect is not significant as far as
Spa >7 and does not exceed 0.05A. We have also done a - y
similar analysis on molten NaCl. Table 2 shows the rj
values of molten NaCl at various S; .y values in Fig.2.

The result shows that the effect due to the termination
seems to be less than 0.0l§ even if the reduced intensities
were truncated at Smax=7.5A“l.

To check the termination effect more precisely, the
computational g(r) values of molten KC1 (8)were transformed
according to a2

. = 2,22 grmax“loA 1lsin(se)d .
S 1(S)—4ngo(%Km) /%Km o r[g(r)-llsin(Sr)dr. (7)

o
Since g(r)=1 beyond ra9A, rpmax is safely replaced by infinity.
Fig.6 shows the computational and experimental S-i(S) values.
The experimental g values were obtained by using Smax=7.38ﬁ‘l
The results were shown in Fig.7. The height of the first
peaks of the correlation function proved to be approximately
equal to that experimentally determined and the position of
the first peak shifts to 3.008 from 2.95&. This shows that
the exact rj should be a little shorter than 3.05&,which was
found by x-ray diffraction.

Therefore, the difference between observed rj value
and calculated one exceeds the error due to the termination
effect.

(b) Polarization of ions

According to the analysis of volume change in fusion
and activation energy of electrical conductivity at the
melting point(3), the electronic polarizability a,is
important comparable with the radius ratio r./r_, to the
physical properties of molten alkali halides.

Dixon and Sangster(g)’(lo)’(11)'(12)have tried to

bring the polarization effect into computer simulation by
the electron shell model. In order to compare experimental
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results with theoretical ones in molten KCl, we have also
carried out computer simulation with both the rigid
ion model and the shell model(8). 1In computer simulations,
the partial correlation functions,g;4,g,_ and g.. were
histogrammed into 200 divisions between r=0 and r=108 .
These histograms were accumulated over 400 steps for each
simulation. Computational correlation functions can then
be calculated by

2

g*(r)=(ny+n.) "2 InZq,, (x)+2n,n g, _(r)+n’g__(5)]1, (8)

where n is the number of electrons of each ion. Fig.8

shows the experimental and computational correlation
function. Although r; value by the shell model was expected
to be more distant than that by the rigid ion model because
of taking into account the polarizability of ions, no change
in rj was found. The computational r; values are shorter
than that found by x-ray diffraction by 0.1R.

Fig.9 shows partial correlation functi?§§ of the shell
model and the rigid ion model in molten KC1l Significant
kinks around the first peaks of g,, and g.. appeared in the
shell model and such kinks vaguely perceived in g,, and g-.
by the rigid ion model. Unfortunately, we can not compare
directly the results by computer simulation with those by
neutron diffraction analysis in molten KCl(14)  because the
neutron diffraction experiment had too much error. But,
these kinks are observed in g4 and g.. of molten Nacl(13)
and RbC1(15) by neutron diffraction with isotopic substi-
tution.

Therefore, the shell model gives qualitatively a more
satisfactory agreement of the radial distribution function
between calculated values and experimental ones than does
the rigid ion model. However, even the shell model gave
a significant, though slight, difference in the position
of the first peak of the radial distribution function
compared with experimental ones.

These results indicate that in the model employed in
the computer simulation the polarization of the ion has not
been sufficiently taken into account. It seems to be due
to the non-spherical deformation of the electron shell at the
area where ions are in contact with each other as shown in
Fig.10.

(B) Comments on neutron diffraction method with isotopic
substitution

Neutron diffraction methods with isotopic substitution

permits one to get the partial structure factors which are
difficult to get by the x-ray diffraction method and can
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compare directly with the results of the computer simu-
lation,in general. The partial correlation functions of

some molten salts,such as Nacl(13) kc1(14) csc1(14) ang

RbCl (15)were obtained by this method. However, for example
in molten NaCl, there is a clear difference between the first
peak position of_ g(r) by neutron diffraction with isotopic
substitution,2.6A, and that by x-ray diffraction,2.73R.

Zarzycki(16)studied the structure of molten NaCl at
820°C by x-ray diffraction and reported that the distance
of the nearest Na-Cl pair was 2.9§ by the analysis of the
first peak in D(r). On the other hand, the distance of
Na-Cl pair was reported to be 2.6A by the neutron diffrac-
tion analysis with isotopic substitution. The first peak
position of g(r) in our experiment by x-ray diffraction
was 2.73R as shown in Fig.5. This is close to the value
of Zarzycki's experiment,2.758, which is calculated by us
using the reported results.

The first peak position,2.6ﬁ, obtained by the neutron
diffraction with isotopic substitution was purely contributed
by the un-like 'ion pair,g,_(r), and the first peak position
of the mean value of the correlation function,gp(r) ,might
become longer than 2.6 if the contribution of like-ion
pairs,g44(r) and g--(r), was considered. However, the posi-
tions of cut-off of g, (r) and g-_..(r) were 2.78 and 3.0R,
respectively. Therefore, the first peak position of g,_(r)
will not be affected by these contributions and is essentially
the same as that of gp(r). These things are also supported
by the computer simulation. This means that the first peak
position obtained by a neutron diffraction with isotopic
substitution should be the same as that obtained by
x-ray diffraction. Therefore, we think that there is some-
thing yet to improve on accuracy in measurements or correc-
tion of data of the neutron diffraction with isotopic sub-
stitution.

IV. Conclusion

The small difference between first peak positions of
the radial distribution function of molten alkali halides
by x-ray or neutron diffraction experiments and these by
computer simulations exceeds the experimental error and is
essential. It seems to be due to the deformation of
electron shell. Although,rj value in computer simulation
by the shell model was expected to be more distant than
that by the rigid ion model because of taking into account
the polarization of ions, no change in rj; was found.

These results indicate that in the model employed in the
computer simulation the polarization of ion has not been
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sufficiently taken into account, It seems to be due to
the non-spherical deformation of the electron shell at the
area where ions are in contact with each other.

Neutron diffraction method with isotopic substitution
permits one to get the partial correlation functions which
are difficult to get by the ordinary x-ray diffraction

‘method and can compare directly with the results of the
computer simulation, in general. But, improvements in accu-
racy in measurements and corrections of data would be useful.
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Table 1 First peak position rj(g) of correlation
function g(r).

Radius-sum Experiment Difference Computer
(Pauling-Shannon) X-ray Neutron . Simulation

LiF  1.96-1.92 1.85(17) 0.1 1.75(4) (MD)

LiCl 2.41-2.40 2.4322?’2.37‘18) 0.0 2.40‘23%MC)

2.37 0.4 2.002213MD)

0.2 2.21{224up)

0.4 2.03 (23 Mp)

0.1 2.3(23) (MC)

LiI  2.79-2.76 2.83(18) 0.2 2.6(2;i(MC)

0.1 2.73(247 (mp)

NaCl 2.76-2.83 2-75E12 0.1 2.6 ;25)(MD)
2.73(16) 0.05 2.7 24)(MD,MC)

0.15 2.6((11(MD)

0.1 2.65 11 mp*)

NaI  3.11-3.22 3.10(18) 0.1 3.01§;?%MD*)
0.1 3.0 (MD,MD¥*)

KF  2.69-2.71 2.65(16) 0.15 2.35037) (mc)

~A0.3 ~2.5

KCl  3.14-3.19 3.05§f;)3.o3‘18’ 0.1 2.96§§§;(Mc)
©3.05 0.15 2.9 (290 (uc)
0.1 2.95(8) (Mp,MD¥)

CsBr 3.64-3.63 3.5(18) 3 5(18) 4 35 3.153%me)

MC:Monte Carlo method,MD:molecular dynamics method(rigid
ion model) ,MD*:molecular dynamics method(shell model).

Table 2 S % dependence of ry value of molten

ma
NacCl

o,_l (-]

Smax/A rl/A

8.0 2.73

9.0 2.73

10.0 2.73

44



2"‘ ® -
0°
w1l .
S L]
S
(o] — \T
6 [ )
b:; {::
o P
Loy
SN |
A | | " | "
o 2 4, 8
S/A

Fig.l Reduced intensity S.i(S) of
Molten LiCl at 650°C(6) .,

NaCl (810°C)
05
P
e ° o % A
~ 00 P °o 4 ° °°1 ) ash
g > £ 4. 87 8l
< o o 0 e s/
[72] . N
-05f- .
%Q;
-1.0-

Fig.2 Reduced intensity S-i(S) of
molten NaCl at 810°C(7),

45



D(r)

g(r)

g 2 4 .6 8 10
r/A

Fig.3 Radial distribution function D(r) and
correlation function g(r) of molten
LiCl at 650°cC(6)

46



Fig.4
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Fig.7

Computational correlation functions of

molten KC1(8),the reduced intensities of

(

which are truncated at Sp,,=7.38&-1:
)the shell model and {~--)the rigid

ion model.
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Fig.8 Experimental and computational correlation

function of molten KC1(8);
) x-ray diffraction,
) the shell model and

(— — —) the rigid ion model.
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Fig.10 Exagerated presentation of deformable ion
model(a) and shell model(b).
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THE MOLTEN SALTS STANDARDS PROGRAM AND
CALIBRATION-QUALITY MOLTEN SALTS DATA

George J. Janz

Molten Salts Data Center, Cogswell Laboratory
Rensselaer Polytechnic Institute, Troy, N.Y. 12181

ABSTRACT

In the present communication we report the results of
a Molten Salts Standards Program initiated in 1973 with
participating laboratories in Czechoslovakia, DDR-Germany,
Japan, Norway, Poland, Rumania, and USA. Potassium nitrate
(m, 335°C) and sodium chloride (m. 800°C) were selected as
standard samples for density, surface tension, viscosity, and
electrical conductance measurements. It has been possible to
resolve some of the difficulties encountered in accuracy esti-
mates through this "round-robin" series of measurements, and to
up-grade some of the data-sets to "calibration-quality"
accuracies.

Introduction

The Molten Salts Standards Program was undertaken from two view-—
points:

+ to upgrade data to calibration-quality accuracies using
selected salts as standard samples

and

* to provide data bases for intercomparisons of measure-
ment techniques re quality judgements.

The former, if achieved, would provide calibration cross-checks
on the measurement technique at elevated temperatures. The inter-~
comparisons would assist with accuracy estimates. The latter are
based on somewhat subjective quality judgements, and these are
hampered through the lack of experimental details in the publications.

The Standards Program was conceived through discussions,
principally with Stefania Zuca (Bucharest) and Harald A. @ye (Trondheim)
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and was proposed in 19731 as part of a cooperative research program
coupling our laboratory (RPI) with I. G. Murgulescu's (Bucharest).

The program was supported by the National Science Foundation (Office
of International Programs) and the Ministry of Science and Technology
(Rumania) under the Inter-Academy of Sciences Agreement. The critical
data evaluations were part of a project at RPI supported by the Office
of Standard Reference Data, National Bureau of Standards.

The objectives, in the first instance, included:
- conductance, density, viscosity, and surface tension

since these are, possibly, the four most widely used data. Two
salts, KNO3 (m. 335°C) and NaCl (m 800°C) were selected as the
"round-robin" standard salts. Samples of these were distributed from
our data center to participating laboratories for (independent) measure-
ments.

The results, together with experimental details, were received
at RPI as input for the evaluations and value judgements.

Participating laboratories were:

. Czechoslovakia: Dr. Ing. K. Matiasovsky; CSC; Slovak
Academy of Sciences, Institute of Inorganic Chemistry, BRATISLAVA

- Deutschen Demokratischen Republik-Germany: Professor
Dr. H. H., Emons; Technische Hochschule "Carl Schorlemmer", LEUNA-
MERSEBERG, and Bergakademie, FREIBERG

- Japan: Professor Tatsuhiko Ejima; Department of Metallurgy,
Tohoku University, SENDAI

+ Norway: Professor Harald A. @ye, Institute of Inorganic
Chemistry, Technical University of Norway, TRONDHEIM

+ Poland: Professor L. Suski; Polish Academy of Sciences,
Institute of Physical Chemistry, KRAKOW

- Rumania: Dr. Stefania Zuca; Institute of Physical Chemistry,
Ministry of Science and Technology, BUCHAREST

- USA: Dr, D. A, Nissen; Materials Research Laboratories, Sandia
Corporation, ALBUQUERQUE, New Mexico

» USA: Professor G, J. Janz; Molten Salts Data Center, Cogswell
Laboratory, Rensselaer Polytechnic Institute, TROY, New York
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Technical observers included: France: Professor M. Chemla,
Laboratoire d*Electrochemie, Universite de Paris; Netherlands:
Professor J. A. A. Ketelaar; laboratory for Electrochemistry, Univer-
sity of Amsterdam; USA: Dr. Jerry Braunstein, Oak Ridge National
Laboratory; Dr. L. H. Gevantman, Office of Standard Reference Data,
National Bureau of Standards.

Standards Salts

Selection of KNO3 and NaCl

KNO3 (m. 335°C * 2°C) and NaCl (m. 800°C * 2°C) were selected
to meet the need for two salts bracketting the temperature range
350°~1050°C, i.e., for measurements at moderately high and high tem-
peratures, respectively. These are readily dried since they are not
strongly hydrated. A further consideration is availability; these
salts are commercially available in highest purity.

Purity

Purity specifications for Standards-Quality grades of KNO3 and
NaCl are in Table 1. These are for salts commercially available2
as "highest purity standards quality or ultra-high purity gquality”.

These grades were used for the "round-robin" samples.

Laboratory Pretreatment

The pretreatments recommended were:

* KNO3: The samples should be dried under vacuo as the
temperature is increased gradually to 120°C and thus maintained for
approx. 24 hrs.

« NaCl:  The samples should be dried under vacuo as the
temperature is gradually increased to 400°-500°C as upper limits;
test of small aliquots for neutrality (pH) after drying is also
recommended.

The observed mpts. will vary somewhat with the measurement
technique (i.e., cryoscopy; DSC; phase-rule); based on comparisons
of the input from the participating laboratories, the recommended
values for the mpts. are:

KNO3: 335° £ 2°C; NaCl: 800° * 2°C
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Moisture-content analyses, undertaken at RPI3 with electro-~
chemically assisted Karl-Fischer type analyses or modifications thereof,
confirmed moisture contents as follows:

Moisture Content (ppm)

(50 gm aliquots) KNO3 NaCl
a) from bottle "as received” ~ 200 ~ 40
b) 25°C; 24 hrs; 10 ¢ mm Hg < 26 *
) 25°C; 48 hrs; 10 ° mm Hg vo13 *
d) 500°C, 24 hrs; 10°° mm Hg * ~ 20

*: not investigated; [detection limits of technique:

n 10 ppm H20]

Measurements and Results

The measurement techniques are summarized in Table 2, and it is
apparent that, for each property, a variety of approaches has been
used.

In the Standards Program, the techniques were:

Density: Archimedean, and an indirect method based on the
maximum bubble pressure technique [i.e., Other].

Measurements undertaken at:

BRATISLAVA and SENDAI

Surface Tension: Detachment, and two (2) variations of the
maximum bubble pressure technique.

Measurements undertaken at:

ALBUQUERQUE, BUCHAREST, KRAKOW, and SENDAI

Conductance: AC Bridge with various conductance cell designs

Measurements undertaken at:
BUCHAREST, KRAKOW, LEUANA-MERSEBERG, and SENDAI
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Viscosity: Capillary (2 variations), and damped oscillation
(4 variations)

Measurements undertaken at:

BRATISLAVA, BUCHAREST, KRAKOW, TRONDHEIM, and SENDAI

In Figures 1-8 are shown comparisons of the results relative
to the best values recommendations advanced earlier4-1l under the
NSRDS-NBS program. Details on the measurements, techniques, and
numerical analyses will be published elsewhere.12 It is sufficient
for the present to note the recommendations from the results of the
measurements accomplished through the Molten Salts Standards Program.
These are collected in Tables 3 and 4, and the changes relative to
the earlier recommendation [see ref. 4,5,6,7, and 8, for example]
may be summarized briefly as follows.

Density: The reference data base for KNO3 is gently
shifted to lower values by v 0.25%; for NaCl no change is -recommended
at present.

Surface Tension: For KNO3, the previously advanced data
base receives firm support (within ~v * 0.25%); the accuracy limits for
the NaCl data base must be set at v * 1,5% rather than the previously
advanced accuracy limits of v * 0.1%.

Electrical Conductance: Recommendations were first advanced
in 1968 for KNO3; these were upgraded in 1972; the latter data set
receives firm support from the Standards Program Measurements (i.e.,
~ + 0,5%). For NaCl, the previously advanced data base and the Standards
results are virtually in exact agreement in the range 800°-850°C; above
850°C the reference data base is now shifted to decreasing values, the
departure reaching v 3,5% at the upper limit of temperature (v 1020°C).

Viscositz: For KNO,, the reference data base is now shifted
to v 1% higher values. For NaCl, the results of the Standard Program
measurements have shown that previously recommended data base is seriously
inaccurate at the lower temperature limit (810°C, v 30% too high) and
somewhat less at the upper temperature limits (1000°C, ~ 10%) (i.e.,
outside the accuracy limits of the techniques). The data-set has been
upgraded to accuracy limits of v * 0.2% through the present work. This
receives additional support from the damped oscillational techniques
(Zuca (1976); Matiasovsky (A: 1979), and capillary measurements (Zuca,
1978).

Additional Measurements

Limited cross-check measurements were undertaken with Reagent
Grade Quality chemicals. Such measurements are of interest to sense
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out the effects of various additives as trace impurities relative to
the thermo-physical properties under consideration in this study.

For KNO3, with viscosity as "sensor", the results of measurements
from three laboratories with the "single" capillary-type viscometers
(designed for accurate molten salts measurements) are in Table 5. For
NaCl, and with electrical conductivity as "senseor", the results from
Bucharest are illustrated as a Percent Departure analysis in Figure 9.
The departures, in each instance, fall well within the limits of
experimental accuracy (viscosity, * 1.5%; conductance, * 0.5%). While
Standards-Quality KNO, and NaCl were used throughout the Molten Salts
Standards Program it appears that Reagent-Grade purities may be used
for calibration cross-checks. A cross-check of the damped oscillation-
al technique (immersed sphere) and capillary technique for viscosities
was part of this work also. The result is illustrated in Figure 10
(Zuca, 1976). Within the limits of accuracy of the damped oscillation-
al sphere (t 3%) the viscosity data are in exact accord. The accuracy
limits can be sharpened considerably if the immersed shape is changed
from a sphere to a cylinder. The Trondheim group has shown that the
oscillational technique is then capable of accuracies to v * 0.2% for
molten saltsl3 (and ~ * 1%, routinely). The Kestin alloy14'15 (92%
platinum, 8% tungsten) has superior qualities (low internal friction
and highly stabile elastic constant) and is recommended for the torsion
wire of the damped oscillational technique. Adherence of bubbles to
the immersed oscillational shape is a possible error source and may be
detected through irreproducibilities of results.

A comparison of various capillary viscosity techniques was under-
taken as illustrated in Figure 11. For highest accuracy the more
conventional designs, as suitably modified at Amsterdam 6, rP11l7, and
Bucharest18,19 appear best. The Cuny-Wolf design20,21 ysed at Krakow
needs further study. For example, with molten KNO3, the results are in
close accord (see Fig. 7), but at higher temperatures (molten NaCl)
the Krakow data fall close to viscosities in which the damped
oscillations were perturbed by secondary flow effects (see Fig. 8,
Matiasovsky-B, 1976). The resolution of such outstanding questions
is difficult without further measurements.

Detailed comparisons of the published literature data for the
period 1906 to 1979 will be reported elsewhere,12
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Table 1

Standards Quality Salts: Purity Specifications

KNO3 e purity assay: 99.9997%
« pH (25°C, 5% sol'n): 5.6
e trace impurities: ppm content by spec.
analysis '

NaCl - purity assay: 99.999%
* pH (25°C , 5% sol'n): ~ 7

* trace impurities: ppm content by spec.
analysis

Table 2

Molten Salts Measurements Techniques

Electrical Conductance: 750 Studies

AC Modified AC DC
937% 67% 1%

Density: 500 Studies

Archimedean Dilatometric Pycnometer Other
87% 7% 3% 3%
Viscosity: 150 studies
Capillary Damped Oscillation Rotational Other
24% 677% 47 5%
Surface Tension: 200 Studies
Cap. Rise Max. Bubble P. Detachment Other

27 80% 14% 4%
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Table 3. Molten Salts Standards: Recommended Data Bases

Density Accuracy
KNO3 Matiasovsky (1976) N+ 0.25%
NaCl 1968 NSRDS LU 54
Surface Tension
KNO3 Nissen (1976) v = 0.25%
NaCl 1968 NSRDS ~v ok 1,57
Electrical Conductance
KNO3 Emons (1976) v+ 0.5%
NaCl Emons (1976) voE 1%
Viscosity
KNO3 Zuca (capillary) (1976) Nk 27
NaCl Térklep, @ye (oscilla-

tional) (1978) vt 0.22

Table 4., Molten Salts Standards: Calibration Data Sets

[T, kelvin temperature scale]

Density (g cm-3)

KNO, o = 2.3063 - 0.7235 x 107 °T
NaCl o = 2.1389 - 0.5426 x 10T
Surface Tension (mN m—l)
KNO, Yy = 154.715 - 71,7080 x 10737
NaCl y = 191.1600 - 71,8800 x 10737
Electrical Conductance (Q—l cm-l)
KNO, Kk = =2.1250 + 5.7332 x 107°T - 2.0301 x 10~ °1?
3 -6.2

NaCl kK = =5,6241 + 13,9640 x 10 °T - 5.0245 x 10 T

Viscosity (mN s m_z)

KNO,  n = 29.7085 - 71.1208 x 107°T + 44,7023 x 10”°1?
n = 89.272 x 107> exp(5248.5/RT)

NaCl -3 -6,.2
n = 3.4877 - 2.6966 x 107°T + 0.3819 x 107 °T
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Table 5

Comparison of viscosities of Standards-Quality and Reagent Grade KNO3

-2.a
Investigation Technique KNO3 Viscosity (mN s m *)
361°C 376°C
Zuca and Costin capillary Standards- 2.578 2,379
Quality
van Os and Ketelaar capillary Reagent 2,585 2.380
Grade
Timidei, Lederman, capillary Reagent 2.575 2.376
and Janz Grade
2 mN s m—2 =1cp=1mPa s
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Figure 1 Comparison of KNO; density data from the Standards Program

with the NSRDS (1968) recommendations
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1.6 DENSITY OF NaCl
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Equations are developed from which the molar and partial molar excess
thermodynamic properties of ternary and quarternary molten salt solutions
may be predicted from binary data.

The theory is applicable to molten salt systems which contain one re-
active metal chloride such as MnClz, CoCly, NiClz, AgCl, etc. as a ligand
acceptor and two or three alkali chlorides as ligand donors.

In ternary systems, where the components 1,2,3 refer respectively to
MCly, BCl and ACl, any excess molar or partial molar properties may be cal-
culated from expressions of the type:

AZ = (1-t) AZ],Z + t Azl,3

where, t = —=— and XMCl is constant.
2

For a quarternary system where C,A,B,D, represent respectively charge
asymmetric components like MCly;, CsCl, NaCl and KCl, the corresponding ex-
pression for any excess molar or partial molar property is written as:

AZ = (1-S) [(1-t) AZC +t Azcﬂ + SAZCB

A

which is valid at constant MCly content, or constant XC.

The composition parameters t and S are defined as
S g seo B
X XMyt

The validity of the theoretical expressions is supported from avail-
able experimental data on ternary fused salt solutions.

t
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Introduction

The thermodynamic properties of binary fused salt solutions have been
the subject of several systematic investigations, and extensive compilations
of data on activities and on enthalpies of mixing are available. However,
similar information on ternary fused salt solutions is limited to only a
few selected systems, and for quarternary solutions there is hardly any in-
formation at all. ‘

Yet, systems of metallurgical importance are usually multi-component
and the application of the thermodynamic approach to the evaluation of the
high temperature equilibria of interest is restricted by the lack of the
necessary data. This situation is not expected to improve significantly
because the systematic investigation of a multicomponent system is very time
consuming as it requires a large number of experiments.

It is evident that expressions from which the thermodynamic properties
of a multicomponent system may be predicted from available information on
the related binary systems should be of considerable theoretical and prac-
tical interest.

For ternary metallic solutions several such equations have been pro-
posed. These include the analytical expressions by Kohler (1), Bonnier,
and Caboz (2), and by Muggianu et al (3), and those derived by Alcock and
Richardson (4), and by Toop (5).

The relative merits of each of these expressions have been compared by
Spencer et al (6) and by Ansara (7) and by Hillert (8).

In general, these expressions include terms representing the thermo-
dynamic properties of the three binary component systems and differ mainly
in the kind of composition parameters used and in the composition path to
be followed within the ternary isothermal composition surface.

With the exception of equations derived from the regular solution
theory, comparable equations which are applicable to ternary or quarternary
fused salt solutions have not yet been proposed.

In a previous publication from this laboratory (9) it has been shown

that the thermodynamic properties of dilute ternary fused salt solutions
may be predicted from expressions of the type,

Azl’2’3 = tAzl’3 + (1-t) - Azl’2 (D

where AZ represents any integral or partial molar excess property.
The ternary solution is denoted by the subscripts 1,2,3, while the two

binaries are denoted by the subscripts 1,2 and 1,3. The composition param-
eter, t, is defined as,
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P (2

In this paper it will be shown that expression 1 is generally applic-
able to ternary charge asymmetric fused salt solutions which consist of
reactive metal chlorides like MiCl, or CoCly, and two different
alkali metal chlorides.

Furthermore, the applicability of this equation is not restricted to
only dilute solutions but covers the entire composition range of a ternary.

The theoretical treatment is also extended to quarternary fused salt
solutions of the type; MCl,-AC1-BC1-DCl, where MClj represents the reactive
charge asymmetric metal chloride and ACl, BCl, and DCl are three different
alkali metals.

Nature of Complex Species Present in Fused Salt Solutions

In charge asymmetric fused salt solutions of the type MCly - ACl the
observed deviations from ideality have been attributed to the presence of
complex species which are created during mixing (10,11,12).

The concept of complexes in molten ionic salts has been based upon the
following postulates (10,11,12); (1) The fused salt is a continuous medium
consisting of electrically charged particles and as a result interlocking
anionic and cationic quasi-lattices exist to preserve local electrical neu-
trality. (2) A non-ionic solvent such as water, capable of separating the
ionic species, is not present. (3) The difference between a complexed and
a non-complexed state involving a cation MZt and an anion X~ is simply de-
fined by a characteristic average "shorter" bond distance M-X for the com-
plexed state as compared to a longer M-X bond distance for the non-complexed
state. (4) Complexed ionic species must still belong to their respective
quasi-lattices and not disrupt the continuity of the phase. Hence the
ligands X~ in a complex interact with the surrounding AT cations in the
sequence.

z+
—— A% -—— X—M— X -— A+ ——

whereby an anion X is always a cation "bridging'" species (5). The forma-
tion of a complex is initiated by the presence of foreign cations At which
compete poorly with the central cations MZt for the same ligands X~. Accord-
ingly, the charge density of the cation At is related to its capability of
promoting or preventing the formation of complexes.

The spatial arrangement of such complexes within the ionic melt struc-—
ture is compatible with the requirement of local electrical neutrality and
with the concept of interlocked anionic and cationic "quasi-lattices" which
has been proposed by Temkin (13).
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Although an exact knowledge of the structure of such complexes is not
necessary for a thermodynamic treatment there are certain indirect indica-
tions regarding their probable configuration. For example, Yecent struc-
tural evidence (14) as well as measurements of electrical conductivities
and molar volumes (12,15) suggest that solutions of MnCl, in alkali
chloride melts appear to contain tetrahedrally coordinated complexes of the
type MnClAZ—. Similarly, thermodynamic evidence indicates that the solu-
tions of ZrCl,, HfC14, NbCls and TaCljs (16-19) in alkali chlorides contain
octahedrally coordinated complexes of the type MCl62— or MClg. In all these
systems, the negative deviations from ideality increase as the size of the
alkali metal cation increases as in the sequence, LiCl-NaCl-KC1l-RbCl-CsCl.

These trends reflect the effects of competing interactions between the
MZt and At cations for the same C1~ anions in which the alkali chloride
acts as a ligand donor and the reactive metal chloride MCly is the ligand
acceptor. Alkali metal cations like Lit, because of their small size, are
strongly attracted to their chloride anions and effectively the LiCl salt
is less "dissociated" than other alkali metal chlorides containing larger
cations like K*, Rb+ or Cst. The difference in the strength of the com-
plexes which are formed when a reactive metal chloride MCly is mixed with
either of the alkali chlorides ACl or BCl is simply reflected by the
difference in the bond distances in configurations of the type M-Cl-A or
M-Cl1l-B.

Ternary Charge Asymmetric Fused Salt Solutions

The composition of a ternmary system is usually represented by points
within an equilateral triangle in which the points of 100% of each component
are situated at the corners.

Any ccemposition P is found by drawing through P lines parallel to each
of the three sides. The complement of the distance from each corner to the
respective line through P gives the amount of the particular component. If
the composition variable is the mole fraction, then the values thus calculated
must satisfy the relationship

X+ X, +Xy=1 (3)

where 1,2, and 3 are the components MCly, ACl, BCl, respectively.
A tie-line from 1 to the 2, 3 binary represents compositions for which
X
t' = == = constant (4)

%

but since t' goes to infinity as X
define

9 goes to zero, it is more convenient to
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3 (2)

which varies from O and 1.

When X, is constant then 1 - (X, + X,) is also constant and the para-
meter y is éefined as y = X2 + X, = I-X,.” In the binary 1-2, t = 0, and in
the binary 1-3, t = 1. For pure component 1, y = 0, and for all values of
t in the 2-3 binary y = 1.

Considering the ternary system MC1,-ACl-BCl in which tetrahedrally
corrdinated complexes are formed the fo%lowing reactions are expected to
take place in the respected binaries;

2AC1 + MC1, = A,MC1, )

2BC1 + MC1, = B,MCl ®)

2 27774
The ternary is divided into two composition regions at y = 0.667,
an MCl,-rich three component subsystem MCl —A2MC1 —BZMCl at 1.0 > XMCl >
0.667, and a four component subsystem A2IC1 -B,MC1,-ACI-BCl for 2

0.667 > XMCl > 0, as shown in Figure 1. 42
2
Figure 1

Along a concentration path representing constant y, the MCl, component
is distributed between the two complex species A,MCl, and B,MCI1, in a
ratio equal to the mole ratio of ACl to BCl in the mixture, which is 1-t.
t
Furthermore, if it is assumed that the partial excess molar properties
of MC1ly in the ternary solution vary linearly with respect to t, then the
following relationship is valid:

Z . =tz + (1-t) (2

)
MCL,

) (7)

Zyc1 1,3

) 1,2

MCl2

where the subscripts 1,2 and 1,3 refer to the binary mixtures 1,2 and 1,3,
respectively. ZM(,1 is the value of the partial molar property of MCl2 in

the ternary solution.

The mass balance for the ternary composition may be considered for the
two regions y > 0.667 and y < 0.667. Table 1 gives the mass balances which
are derived on the assumption that equations 5 and 6 proceed to completion.

Table 1

Considering first the region of the ternary for which y < 0.667, any
excess molar property Z, such as enthalpy, free energy, or entropy may be
expressed as
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Z = z + X z + z
XMClZ mer, * ¥ajmer, “ajmc, XBZMC14 B,MCL,

(8)

where Zi is a partial excess molar property.

When the X's in this equation are substituted with the equivalent
expressions from Table 1, and ZMCl is expressed as in equation 7, the
2

resulting expression is

- 1.y I3 2-3y 5 V5 2-3y 5
z=(1-t) (ZZA?_MC14 T ZMClZ) tt (ZZBZ uc, ) zMc12 ) (9)

If it is further assumed that the values of the partial molar prop-
erties for each of the complex species considered obey equation (7) for
the respective binary systems having the same MCly content, then the quan-
tities in parentheses in equation 9 represent binary systems and it follows
that equation 9 may be written as

Z = (1-t) 21’2 +t zl,3 (10)

Following a similar method it may be shown that equation 10 is valid
for the composition range for which y >0.667. Equation 10 may also be
derived from mass balance calculations corresponding to octahedrally
coordinated complexes, like the A MCl6 (16-19), and for that matter any
other coordination representing tﬁe probable structure of a complex
species in solution.

The change in any integral excess property of mixing, AZ, representing
the reaction:

X, MCl + X, ACl1 + X, BC1 > [(MCl2 ) * (ACl) © (BCl) ]

1 2., 2 3
(1liq) 1i i
q (1liq) (1iq) X, X, X,

may also be calculated.

In the region 0 < y < 0.667,

_ 2-3 o (1-t)
Az =z - 222 g - XAmt) yo _Yt so
7 Me1, 2 25 Mc1 .z %, Mc1, an
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where the z° terms represent the molar property for each component in
its standard state. The latter is chosen as the pure liquid at the
temperature of the experiment.

Substitution of equation 9 into equation 11, followed by multi-
plication of the second term on the right hand side of equation 11 by
the arbitrary term (1-t)+t, yields the expression,

AZ = (1-t) AZ]_’2 +t AZ1 (12)

»3

where AZ represents any integral excess property in the ternary system.
Equation 12 is valid for compositions within the ternary representing
constant y, for which the ternary contains the same amounts of MCl2 as
in the two component binaries.

Finally, along a path of constant y, the corresponding expressions
for the partial molar excess properties of MCl2 are readily derived
from equation 7 as,

Az = (1-t) AZ + t AZ (13)
M1, MCLy p MLy () )

The expression for the activity of MCl2 in the termary is also
derived as:

(14)

wh}ch is valid at constant XMClz'
© 11Slquations 7, 10, 12, 13 and 14 have also been derived previously

’ using a quasichemical thermodynamic model which is applicable to
charge asymmetric fused salt solutions.

In this model the solution process is taken to consist of two
parts. At first, reactions 5 and 6 proceed to completion and then, the
reaction products A,MC1l, and B MClA mix with any unreacted ACl, BCl
or MCl, to form a solution. For the latter only short range ion-pair
type interactions are taken as being significant and the concentration
dependence of the solution properties is derived following a regular
solution model. The overall expressions include the terms for the

reaction and the mixing parts of the solution process.

The validity of equations 10 to 14 is supported by considerable
experimental evidence. '

Molar volumes in the ternary system MnCl,~NaCl-CsCl have been
measured in this laboratory (12) over the entiIre composition range and
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plots of V versus the parameter t are given in Figure 2.

solution

Figure 2

The linearity of these curves at constant y-values indicates the
validity of equation 10 written as,

= (1-t) V t (15)

Vsolution MCL, - NaCl + VMnCl2 —csC1

Figure 3 shows similar plots for the system PbClZ—LiCI—KCl measured by
Gutierrez and Toguri (20).

Figure 3

The integral enthalpies of mixing in the binary systems
MnCl,-NaCl and MnCl,-CsCl, as well as those in the ternary system
MnClz—NaCl—CsC1 have also been measured in this laboratory (9,11,21).
Figure 4 shows the plots of AH_ versus t for five y-values ranging
from 0.15 to 0.88. The curves are linear as expected from equation
12 written as

+ t AH @ae6)

AHm = (1-t) AH m(MnClz-Cscl)

m(MnClz—NaCl)

Figure 4

Similarly, partial molar enthalpies of mixing for very dilute
solutions of MnCl, in mixtures of NaCl and of CsCl have been calcul-
ated from emf meaSurements and the linear plot of AH versus t
. ; . MnCl
is shown in Figure 5. 2

Figure 5

The validity of expression 14 for calculating activities is
demonstrated by the linearity of the curves given in Figures 6 and 7.

Figures 6 and 7

The systems shown in these figures include the ternaries of
NiClz—Nacl—Kcl and of CoClz—NaCl~Kcl investigated by Hamby and Scott
(22), the AgCl-NaCl-RbCl, the MnCl,-NaCl-CsCl systems investigated in
this laboratory (11), and the AgCl-LiCl-KCl system reported by Gruner
and Thompson (24). At constant y-values, all the plots of log Ysncl

versus t in Figures 6 and 7 are linear, as expected from equation 14
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The thermodynamic propertjes of the ternary systems AgCl-NaCl-KCl
and AgCl-NaCl-CsCl have beﬁn investigated by Blander et al (25) by emf
measurements. Plots of AGA c1 are almost linear with respect to t along
constant y-paths. The terngry systems PbCly-NaCl-CsCl and PbClZ—NaCl—Kcl
have been investigated by Hagemark =zt al (26) and the thermodynamic prop-
erties of PbCl, at 625°C aE a mole fraction of PbCl, equal to 0.3 obey
the additivity rule and AGP c1 varies linearly with t. However,
solutions containing 0.5 moEe 2 fraction PbCl2 indicated significant
deviations from additivity.

It should be noted that systems like the MnClz—NaCI—CsCl represent
a severe test of the validity of equation 14 as the respective binary
systems from which the ternary is calculated have pronounced
differences in their properties.

Quarternary Charge Asymmetric Fused Salt Solutions

The composition of each of the four components. in a quarternary
charge asymmetric fused salt system, where A, B, D are three different
alkali metal chlorides and C the charge asymmetric compound MC1,,
is plotted within the volume of an equilateral tetrahedron in wgich
the apexes represent the four pure components A, B, C, and D, the edges
represent the six binary systems AB, BD, AD, AC, BC and DC and the
triangular faces represent the four ternary systems ABC, ABD, BCD and
ACD.

It is a property of the equilateral tetrahedron that lines from
any internal point P drawn parallel to the four different faces of
the tetrahedron have a total length equal to one edge. Thus, each of
these segments defines the mole fraction of a component in the quart-
ernary (27). In view of the complexity of such three dimensional
plots, the graphical method cannot be used for plotting compositions for
a quarternary system.

Instead, useful composition paths within a quarternary may be
defined mathematically using appropriate composition parameters.
For the present treatment, the composition parameters are chosen as
follows:

5 a7

¢ = , 17
W%

y = l—XC (18)

c._ B 19)

76



Considering Figure 8 in which component C is placed at the apex
of the equilateral tetrahedron as shown, constant t represents a
pseudoternary composition surface BCE within which the mole ratio of
the components A and D is constant.

Figure 8

Compositions having constant y, which is physically the same as a
constant mole fraction of component C, are located on the plane ORT
which is parallel to the base ABD of the tetrahedron.

For the composition path which is defined by the intersections of
planes of constant t and y, i.e., along the line 0Q, the parameter S
varies between 0 and 1. The limiting values for S are S=0 at Q in the
ternary ACD, and S=1 at point 0 in the binary BC.

If the asymmetric metal chloride is taken to be divalent MCl, and
the alkali chlorides the salts CsCl, NaCl and KCl, as in Figure 8,
then the quarternary system will be taken to contain the complex
compounds NaZMCI , K MCl4 and Cs,MCl, which are also present in the
corresponding binary systems NaCi-MC 29 KCl—MCl2 and CsCl-MClz,
respectively.

The quarternary may be divided into a MCl,-rich region where
XMCl > 0.333, which is taken to contain the species MClZ, NaZMCIQ,

KZMCl4 and CszMCl4, and a MCl2

-lean region at XMCl < 0.333 which
is taken to contain NaCl, KCl, CsCl, NaZMCIA, K?_MC%4 and CsZMClA.

The composition of the reacted system may be calculated from a
mass balance in which all the reactions which produce the complex
species are assumed to proceed to completion.

The relationship between the primary mole fractions in the
unreacted system and the composition of the reacted system is shown
in Table 2.

Table 2

For the composition range at XMCl < 0.333, the respective

amounts of Nachl s KZMC1 and Cs,MCl, present are calculated on the
assumption that Mél Is distriguteé among these three complex
compounds in the same ratio as that of NaCl:KCl:CsCl in the unreacted

melt.
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The mole numbers of the various components present in the reacted
melts are given in Table 2 expressed in terms of the composition
parameters t, S and y.

It is readily seen from Table 2 that at constant y and t values,
the amount of Na,MCl, increases in proportion to S at the expense of

both K2MC14 and %szM 14, where the amounts of KZMC14 and CSZMCl4

remaining in the melt are at the constant mole ratio of t/(l-t). Thus,

as S changes from 0 to 1 along a y composition plane at constant t-values,
the thermodynamic properties of the melts should reflect the predominant
influence of the Na MCl4 complex which forms in increasing amounts in
proportion to S. T%e composition parameters S, t and y in this way
define composition paths within a quarternary system which are
particularly suitable for observing the effects of competing interactions
due to the formation of complex species in fused salt systems.

Following the same reasoning as with the ternary charge asymmetric
systems, if the partial molar properties of the complex species present in the
quarternary system are taken to be the same as in the corresponding
binary systems having the same MCl2 content, then any molar excess property
Z may be written as

z2=3 7z, 20)
i
where Z% is the relevant partial molar excess property. For example, where
y < 0.667,

2-3y = ys ty(1-8) - (1-t) (1-S)
z =223 37 +3X2 7 + =272 g REPAS LIS A
2 MCl, 2 “NayMCL, 2 K MCL, 2 Cs,MC1,
(21

In Figure 8, considering the path 0Q within the quarternary system,
the partial molar properties of MCl, are also taken to vary linearly with
respect to the concentration parameter S, such as

]
%]
N

+ (l—S)ZMCl

2 MCL) (at Q) 2(at 0) 22)

where 7. corresponds to the ternary system CAD, and Z
MC1) (at 0)
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corresponds to the binary system CB.

From equations 7 and 22, it is readily shown that,

Z = (1-8) t + (1-t) Z +5 7z (23)
MCl2 MClZ(CD) MClZ(AC) MClZ(BC)
From equations 21 and 23, rearrangement of terms yields,
= (1- ey (23 5 Y3z 2-3y 5
2= (1-8) {Q-t) (G Zyoy + 5 2o 1)t ECT By
2 27774 2
Y s 2-3y 5 Y s
*t3 ZKZMCll}) b+s 15 “ne1, ¥ 2 ZNe12L4014}(24>

Since the 71 terms for the complex species present are also taken to be
linear sums of the values in the binary systems containing the same
amount of MCly, equation 24 may be written as:

z=(1-8) [(1-) 2, +tZ ] +52 (25)

BC

which is valid for any S-path for which the y and t parameters are
kept constant.

Following a similar method it may also be shown that equation 25
is also valid for the composition range when y > 0.667.

Any partial molar property of the MCl2 component in a quarternary
melt of this type may be written as

Az — (@-8)[ (1+t) AZAC + t AZCD'

MC12 ; +8 AZBC

(26)

From equation 26, the expression for the activity of MCl2 in the
quarternary system is readily derived as:

(1-S) (1-t) t(1-S)
_ (a ) * (a ) (a )
Mcl2 = MCl2 M012 Mcl2
AC CD BC

S

a 27)
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where AC, CD and BC are the component binary systems, each containing
the same amount of MC1l, as in the quarternary. Plots of A Mncl. Versus
S at constant t values have been calculated from data on 2

the binary systems MnCl,-NaCl, MnCl,-KCl and MnCl,-CsCl given in

Figure 9 which have been obtained in this laboratory (21). The re-
sults of the calculations for the quarternary system are shown in Figure

10.
Figures 9 and 10

It is seen that all compositions along a constant y-plane,
which are obtained when t is changed from 0 to 1, are represented by a
family of curves which are terminated in the three component binary
systems, as shown on the graph.

Thus, the results for the entire composition range for a quarter-
nary system may be represented by groups of curves of this kind, each
representing a different constant y-plane. It is also seen in Figure
10 that these plots are useful in defining iso-activity paths within a
quarternary system.

In conclusion, it is shown that the thermodynamic properties of
ternary and quarternary charge asymmetric fused salt solutions may be
calculated from data on component binary systems along composition
paths representing a constant content of the charge asymmetric salt
component MCl,. The form of the theoretical expressions are justified
if the components of the solutions react internally to form complex
species. Although the concept of complex species is extremely useful
in understanding the nature and the kinds of interactions present in
these melts, the use of equations 10, 12, 13 and 14, 20, 24 and 26 does
not depend upon the knowledge of the complex species present, but rather
on experimental data in the relevant binary systems.

Regarding quarternary systems, the introduction of the composition
parameters S, t and y makes it possible to plot the thermodynamic data
along well defined composition paths. This can serve in the planning
of experiments to reduce the large number of compositions to be studied
in order to characterize the quarternary system adequately. The selection
of isoactivity paths has commercial applications when one is trying to
minimize the use of certain costly reagents in fixing the activity of
the MC1, component. Finally, even in systems where the assumption of
no intefaction between the various alkali chlorides is untenable, plots
such as Figure 10 are useful in displaying activity data.
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Table 2

QUARTERNARY SYSTEM

PRIMARY SYSTEM

REACTED SYSTEM

Composition Composition
Components | (Mole Fractions)| (Mole Numbers)|y < 0.667 | y > 0.667
CsCl  (A) |x,= y(A-0)(1-8) "me1, 2-3y 0
- } 2
NaCl (B) %=y S TNaC1 0 $(3y-2)
MCl2 ©)
KC1 (D) Xc= 1~y
kel 0 £(1-8) (3y~2)
XD= ty (1-S)
Nescl 0 a-t) (1-5)Gy-2)
nNazMCI yS/2 S(1-y)
n
K MC1, ty(1-8) |t(1-§X1-y)
2
“es et y(1-t) (1-8) |(1-t)0-3(1~y)
Composition Parameters: y = l—XC
f o
L)
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Figure 1: Representation of a composition P in a ternary system MCL
-AC1-BC1l by the intersection of the composition parameters
y and t defined as:

y= l‘xmmz
‘- X5c1
Xpc1t¥se1

all compositions are plotted within the surface of the
equilateral triangle.
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Figure 2: Plots of the molar volumes V versus t, for various
y-values in the ternary system MnClz—NaC1—CsCl.
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Figure 8:

Representation of a composition P within a quarternary
system by the intersection of the y and t planes. The

position of P is then defined by a third parameter S,

which varies from 0 to 1.

The parameters y, t and S are defined as:

y =1l Xy
2
X

.- _Xcl
Xesc1™ke1

g = XNaCl
Xyac1™xc1¥esc1

All compositions are plotted within the volume of the
equilateral tetrahedron.
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BINARY SYSTEMS
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Figure 9: Plots of AGMnClzversus XMnClz in the threé binary

systems: MnClz-—NaCl, MnClz—Kcl, MnClz—CsC:L.
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S

Plots of EMnCl versus S at constant y and t values.

Solutions having the same Mn012 content (XMnCI = 0.1)
are located on a y-plane parallel to the base ABD

of the tetrahedron, as shown in Figure 9.
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A RACT

Molten Cs-CsCl and Cs-Csl-I solutions have been investigated by
means of *3Cs, 3°Cl, and '”I NMR. Resonance shifts and nuclear
relaxation rates were measured through the transition from liquid metal
to molten salt. Enhanced relaxation rates show that the excess elec-
trons become strongly localized at low concentrations of metal in the
salts. From the magnitudes of the local hyperfine fields, we deduce that

_ the distribution of electronic charge in these states is very similar to that
of F-centers in alkali halide crystals. In contrast, the data do not sup-
port models based on single- or multi-site atomic states. Analysis of the
relaxation rate data yields the jump time for transport of the localized
electrons. The magnitude and concentration dependence of the jump
times are consistent with the observed electrical conductivity of CsClL.

I. INTRODUCTION

The study of liquid solutions of the alkali metals with their molten salts has a
long history dating from the pioneering work of Bredig and his collaborators in the
late 1950’s.! These solutions are currently attracting renewed attention because of
their striking metal-nonmetal transitions and their similarity to so-called ionic alloys
such as liquid Cs-Au. The latter exhibit an incompletely understood transition
from metallic to salt-like properties around a simple stoichiometric composition
(e.g. CsAu).?

In this paper we report and discuss NMR results for the liquid systems Cs-CsI-I
and Cs-CsCl.3 In addition to their obvious status as paradigms for Cs-Au and simi-
lar alloys, the Cs-CsX solutions have the advantage of complete liquid miscibility
over the full range of composition. The metal-nonmetal transition can therefore be
followed continuously from pure Cs to pure halide at a temperature close to the
melting point of the salt. The nuclear properties of '33Cs are favorable for a rela-
tively strong NMR signal; 1>’ and °Cl resonances can also be observed although
the latter is considerably weaker than '**Cs and %L
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In our studies we exploit the high sensitivity of NMR to local magnetic fields
produced at the nuclei by the spin paramagnetism of excess electrons in the metal-
salt solutions. In interpreting the experimental results we shall be particularly con-
cerned with the following questions. First, as the concentration of metal is reduced
toward the dilute limit, do the excess electrons localize or can they be characterized
as a low-density gas of nearly-free electrons? Second, if localization occurs, what
conclusions can be drawn concerning the structure of these states? Finally, what is
the nature of electronic transport in the region of the metal-nonmetal transition and
in the range of dilute metal in the molten salt? The experiments show, in fact, that
the electrons do become strongly localized and the data reveal some details of the
structure and dynamic properties of the localized states.

II. THEORETICAL BACKGROUND: STATIC AND DYNAMIC HYPERFINE
FIELDS

The dissolution of an alkali metal M in its halide MX can be represented by the
reaction

M+ (A—c)MX > Mt+ce +(1—c)X 0=<c=<1 (1)

Now the magnetic interaction between the nuclei and the excess electrons can be
described by

Hy = A4y1; - §; @)
where 4;; is the hyperfine coupling constant between a nucleus of spin I; and an
electron of spin S;. The constant 4;; is given by

8 =

A4 = TT‘Y,, v #25(F; — R)) 3)
where v, and v, are, respectively, the electronic and nuclear gyromagnetic ratios
and 7; and R; are the respective position coordinates of the j™ electron and the i*
nucleus. The observable consequences of the magnetic hyperfine interaction are
shifts of the frequency (or magnetic field) for NMR absorption and contributions to
the line width and spin-lattice relaxation rate. The calculation of these effects using
perturbation theory can be found in standard references on NMR* and will not be

repeated here. In what follows, we merely summarize those results which are
important for interpreting our experimental data.

A. Static Effects: NMR Shifts

If the excess electrons indicated on the right-hand-side of reaction (1) are not
spin-paired, the hyperfine interaction leads to a time-averaged local field which is
proportional to the paramagnetic spin susceptibility. The NMR frequency w is then
shifted by an amount y,AH:

o =17,(H, + AH — H ,s,) 4)

where 6H,, is the usual chemical shift due to the orbital magnetism of bound
electrons. In most cases we shall consider, AH >> 6H,,,,. The relative hyperfine
shift is
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AH

o

= (1Y F°N,) ' <4>x}, (5)

where N, is Avogadro’s number, x% is the molar paramagnetic susceptibility, and
the average <<A> is taken over all unpaired electrons and all resonant nuclei (e.g.
133Cs). Evaluation for a liquid must take into account the fact that structural
fluctuations in the liquid state occur on a time scale several orders of magnitude
faster than the nuclear Larmor period (~ 107%). Thus all nuclei of the same
chemical element experience the same average local field even though the instan-
taneous local fields may differ greatly, for example, according to whether or not a
nucleus is near an unpaired electron.

There are three limiting cases which are of great importance for metal-molten
salt solutions. The first is the well-known Knight shift in metals:

AH 8 2

== =— <|Y(R)|I*>pxf 6
B3 <RI (6)
where <|¢(R,)|?>>F is the electronic probability amplitude at the resonant nuclear
species averaged over all states at the Fermi level and x7 is the Pauli paramagnetic
susceptibility. For a molar concentration ¢, of non-interacting localized spins
(S = 1/2) exhibiting a Curie paramagnetic susceptibility we have:

Case I (metal):

. AH _ 27 e (ve®?
Case II (localized states): s <IY(R,)|I*> —— 7
ase II (localized states) H, 3 (R e @)
Finally, a pure salt should exhibit no spin paramagnetism:
Case III (pure salt): AH _ ®)
H,

B. Dynamic Effects: Nuclear'Relaxation

In general, the hyperfine interaction of Eq. (2) is time dependent because of the
relative motions of electrons and nuclei, i.e. 7;(¢) — ﬁ(t) in Eq. (3), and because
of electron spin fluctuations S (). The presence in the interaction, Eq. (2) of
terms IS~ and I"S* means that the time- -dependent interaction can induce mutual
electron-nuclear spin flips. Thus the hyperfine interaction provides for the flow of
energy between the nuclear spin system and the thermal reservoir of the ions ("lat-
tice") by means of the electrons. The stochastic nature of the local field fluctua-
tions leads to their representation in terms of a time correlation function G (¢) and
correlation time 7,:

G@)= -4-2 < 4;(1)S;"(1)4;(0)S;7(0)> = G (0)e " ©)
ij

The nuclear spin-lattice relaxation time T, is then related to the spectral density of
G (t) at the nuclear resonant frequency w,:

o
TL1=—7-Y2-2— [ are™'6 ) (10)
0o
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In general for liquids, w,7, <<1 and the relaxation rate 1/T, is proportional to a
mean-square coupling strength, i.e. G (0), and the correlation time 7.

We again consider some special examples, analogous to Eqgs. (6)-(8). For an
itinerant electron system, the coupling strength can be replaced by the Knight shift
using Eq. (6) with the result’

1 =1 el (11)
T, T, Korr. BN (Er)
case I
1 _ A7kT |n 2 AH 2 (12)
T] Korr. 13 Ye H

where N (Ey) is the density of electronic states per electron at the Fermi level. The
factor 7./hN (Ef) is close to 1 in nearly-free-electron metals with the result that the
relaxation rate is close to the Korringa rate (1/T))g,,,. The correlation time in this
case is roughly the time for an electron to pass through one atomic volume moving
at the Fermi velocity (7, ~ 107s). However, the onset of electronic localization
leads to longer values of 7, as the electron tarries in the vicinity of a particular
nucleus. As a consequence, 1/T; becomes enhanced with respect to (1/7) g,
Since (1/T))kor. can always be evaluated if the shift is measured, the degree of
enhancement (1/7,)/(1/T) k.. provides a direct experimental measure of elec-
tronic localization.

If the electrons are sufficiently well-localized that they can be treated as classical
local moments, the relaxation rate for S = 1/2 becomes
1

Cs 2
—=—<(A4/h)"> 13
T, 2 (4 Te | a3

Case II:

where 7. is interpreted as the shorter of the on-site spin fluctuation time or the
‘time of association of a particular nucleus-electron pair. In the latter case, and if
the electrons are moving more rapidly than the ions, the correlation times in Egs.
(11) and (13) have essentially the same physical meaning.

For the pure salt, the hyperfine contribution to the nuclear relaxation rate van-
ishes:

Case III: L

T, =0 (14)

hf.

In this case the experimental rate is determined by other interactions of which the
most important is usually nuclear electric quadrupole relaxation associated with
ionic and molecular motions.
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III. EXPERIMENTAL RESULTS

NMR in Cs-CsCl and Cs-Csl solutions was observed using coherent pulsed
NMR techniques at frequencies of 9.7 MHz for !**Cs and '”’I and 7.2 MHz for
3Cl. The samples were contained in ceramic (Al,O; or BeO) cells whose open
ends were brazed to Nb closure assemblies. The cells were closed with Nb-Nb
mechanical seals. The sample cells and molybdenum NMR coil were heated in an
argon atmosphere in a cylindrical furnace which fit within the 76 mm gap of the
electromagnet.

A. Resonance Shifts

Resonance shifts were measured with respect to the '3Cs, 3°Cl, and '?'I reso-
nance positions in dilute aqueous solutions of CsCl and KI. The experimental
results are summarized in Fig. 1. For !33Cs we observed a dramatic monotonic
decrease in AH/H, from the large Knight shift of pure Cs to the small chemical
shifts in pure CsCl and CsI. The halogen shifts are much smaller, showing that the
electronic paramagnetism is mainly associated with the Cs* ions. The 3°Cl shifts in
Csg29 (CsCl)ggo indicate nearly complete exclusion of conduction electron charge
from the anion. The charge exclusion is weaker for I~ and the data for
Cs0.60(CsI)g.40 suggest substantial penetration of the conduction electrons to the I~
nucleus. However, even in this case the anion shift is only 25% of the !33Cs shift
value. The !3Cs shift was found to remain unchanged as excess I was added to
Csl.

B. Relaxation Rates

The nuclear relaxation rates for '3*Cs in Cs-CsCl and Cs-CsI and '?'I in Cs-CsI
are shown in Fig. 2. Where possible, the spin-lattice relaxation rates 1/T, were
measured; in some cases, the free induction decay lifetime l/T; could be measured
with more precision than 1/T, because of extremely rapid relaxation. For a liquid
in which inhomogeneous broadening is unimportant, as in the present case, so-
called "extreme narrowing" conditions lead to 1/T,=1/T;. This equality was
verified experimentally for '33Cs in Csg9(CsI) g0

The essential feature of the relaxation data shown in Fig. 2 is the strong peak in
the relaxation rate near 5% excess Cs in the salts. The peak was also observed for
1271 put the smaller magnitude of the relaxation rates indicates, as did the shift
values, that the paramagnetism is most closely associated with the Cs™ ions. The
background !33Cs relaxation rates in pure liquid CsCl and Csl are extremely low:
1/T, = 0.166 = 0.009 s ' for CsCl at 650°C and 1/7, = 0.140 * 0.005 s ! for CsI
at 640°C. The much higher rate observed for '?I in Csl,
1/T, = (5.45 + 0.10) X 103 57! at 640°C, is consistent with the much larger elec-
tric quadrupole moment of I (*¥Q/'3Q =190)). In CsI-I solutions, we
observed !'33Cs relaxation rates in the range 10-100 s~!. While considerably
stronger than the rates in pure Csl, these rates are nevertheless some two orders of
magnitude smaller than those observed with comparable amounts of excess metal.
The observations for solutions containing excess I therefore suggest enhanced elec-
tric quadrupolar relaxation due to formation of complexes. A likely candidate for
such a complex is the triatomic anion I3 formed according to
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F+I,—I5 (15)

IV. DISCUSSION

The most important result of our NMR measurements in Cs-CsCl and Cs-Csl is
the observation of a strong peak in the nuclear relaxation rates as the concentration
of excess metal is reduced toward the pure salts. Since the shift decreases smoothly
through this concentration range, it is obvious that the relaxation rate is strongly
enhanced relative to the Korringa relation of Eq. (12). Thus interpretation of these
solutions as dilute free electron metals®™® is untenable and the data can only be
understood in terms of dramatically longer correlation times, i.e. electronic localiza-
tion. In what follows, we assume that for concentrations no higher than a few per-
cent excess metal, the excess electrons can be treated as local moments obeying
classical (Boltzmann) statistics and we deduce some properties of these states.

A. Structure of the Localized State

The assumption of classical statistics implies a Curie susceptibility for the local-
ized electrons. In this case the shift is given by Eq. (7). If we identify the concen-
tration ¢; of spins with the concentration ¢ of excess metal, we can extract the
average hyperfine coupling or, equivalently, <|¢(R,,)|2> from the initial rate of
increase of AH/H, with c. This result for '33Cs, normalized to the value
[¢(Cs)| 2, for the 5s! state of atomic Cs? is

<| {ng)|2> _ {0.26 Cs —CsCl
|‘p(cs)|a2mm 0.22 Cs—Csl

The average coupling per localized electron is thus much smaller than the
atomic value, indicating that the excess metal does not enter the salt as a neutral
atom at these concentrations. A similar conclusion may be drawn regarding the
multi-site localized states proposed'® as a consequence of structural disorder. Since
such states must have strong 5s character near a particular Cs™ site, it is reasonable
to write

)12 = £il¥(Cs) iom (16)
for a particular site. Then, if most of the charge is excluded from the anions, in
agreement with our halogen shift values, normalization requires 3, f; = 1. Thus,

i
taking the average over all sites, as appropriate for the NMR shift in a liquid, we
should expect

<lW(Cs)I’> =3 Iy 1> = [W(Cs)lom - a7

in contradiction to experiment.

An alternative to single- or multi-site atomic states is the F-center model origi-
nally proposed by Pitzer.!! In this picture the excess electron is localized in a site
normally occupied by a negative ion and is surrounded by a number, n,, of metal
ions. In contrast with the crystalline F-center, of course, the value of n; in the
liquid state can fluctuate around some mean value ;. The F-center model has
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received considerable support from studies of the optical absorption in dilute solu-
tions'2!? and, because a substantial amount of charge is localized in the vacancy,
the model provides a natural explanation for the small values of the hyperfine cou-
pling obtained from our NMR experiments.

It is instructive to compare the probability amplitude Ix[/F(R,,)I2 on a single
neighboring ion in the liquid with corresponding values obtained from electron-
nuclear double resonance (ENDOR) studies of F-centers in alkali halide crystals.'*
We note that for the first two neighbor shells,

lyp(Cs)I2 = (1/n'1)<|¢(Cs)If> (18)

lyr(X)12 = (/) <lp(X)1>> (19)

where we are neglecting contributions to <|y¢(R,)|*>> from ions beyond the
second neighbors. For a rough estimate we take 7}, = ng,—¢; and 71, = ny_y where
ncs—cs and ny_y are, respectively, the coordination numbers for Cs-Cs and X-X
air correlations determined by diffraction experiments.!>'® In comparing values of
Yr(R,)|?, it is useful to remove, in first order, the dependence on the volume of
the vacancy. Thus we have plotted, in Fig. 3, values of |¢r(R,)|%d} where for
crystals, d, is the first neighbor metal-halogen ion distance and for liquids, d, is the
position of the M-X peak in the pair correlation function. It is evident from Fig. 3,
that the liquid-state values of |¢x(R,)|%d; for Cs-CsCl and Cs-CsI are comparable
in magnitude with the crystalline F-center results. This consistency provides direct
evidence for the validity of the F-center model of the charge distribution of local-
ized electrons in these solutions.

B. Correlation Times and Electron Transport

The correlation times for fluctuations of the local hyperfine fields can be
extracted from the relaxation rate data using Eqs. (11) and (13). Beginning from
the metallic limit we have used Eq. (11) and assumed that N (Ey) varies with con-
centration according to free electron theory. In the localized limit, we use Eq. (13)
with ¢, = ¢ and <A42>!2 equal to the value of <4> determined from the com-
position dependence of the shift. The values of 7. are found to increase from
7. ~ 10755 for pure liquid C; to 7, ~ 107'%s for roughly 1% Cs in CsCl or Csl.
In the composition range near 10% excess Cs, both the enhanced-itinerant- and
localized-electron models give comparable values of 7, ~ 3 X 107, These
results therefore quantify the progressive localization and show that for dilute solu-
tions of metal in the salts, the correlation time becomes comparable with the ionic
diffusion time. !

The rapidity of the local field fluctuations and the strong concentration depen-
dence of 7., even in dilute solutions, imply that 7. should be interpreted as a
characteristic time for translational motion of the electron, rather than a spin-
fluctuation time. We test this idea by comparing the magnitude and composition
dependence of 7, with the electronic contribution to the electrical conductivity
O = Oy — 0csay foOr CsCL!'7 We assume a diffusive transport process with jump
time 7,:
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el<a®*> 1

TeT "6k 1, (20)
where n =cN,/Q,,, 2, is the molar volume, and <a2> is the mean square jump
distance. Fig. 4 shows a fit of Eq. (20) to the observed conducthlty at low concen-
trations using experimental values of 7, and <a?>!/2=18 A. Although the
data for CsCl cover only a limited range, this plot shows that the composition
dependence is consistent with the observed conductivity. Moreover, the value of
the fitting parameter <a?> is reasonable for jumps between vacancies in the liquid
structure. We thus conclude that the hyperfine correlation time measured in these
experiments is, in fact, the average jump time for the localized electrons. The
results show that the electrons in dilute solutions are localized for times on the
order of the ionic diffusion times (~ 107'2s) but that addition of excess metal
drastically increases the jump rate and leads to rapid delocalization.
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Fig. 3. Volume-corrected F-center proba-
bility amplitudes versus metal-halogen dis-
tance d; in alkali halide crystals (solid
points) and Cs-Cs halide liquid solutions
(open points).
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ABSTRACT

In order to obtain thermodynamic information on mix-
tures constituted with alkali metals with their halides, we
investigated the K-KBr system by vapor pressure measure-
ments.

The method chosen uses the features of both the Rodebush-
Dixon and ebullition methods. The apparatus, consistent
with the experimental requirements of such a system, allows one
to investigate a wide temperature and pressure range.

The determination of the vapor pressure of potassium
between 719K and 1045K was a check on the operation of the
apparatus.

Vapor pressure measurements above the K-KBr liquid
bath between 1000 and 1070K yielded the activity of potas—
sium at XK=0'2 . XK=0.5 and XK=0.8 .

INTRODUCTION

Between liquid alloys and molten salt mixtures, there is
an intermediate class of liquids - metal-molten salt systems - which
has never been subject to intensive research from both theoretical and
practical points of views. These mixtures which show a continuous tran-
sition from metallic to non-metallic character and a liquid miscibility
gap are of special interest ; therefore, a good knowledge of their
thermodynamic properties could afford a better understanding of these
phenomena.

We therefore decided to study the solutions of alkali me-
tals in their halides for which some physico-chemical determinations
are available (1-4).

The present work deals with the K-KBr system and shows on
one hand the feasibility of thermodynamic measurements for such a mix-
ture and provides on the other hand results on the activity of potas-—
sium in some K-KBr mixtures.

Many practical reasons explain the few measurements availa-
ble for such systems. These are :

- the chemical reactivity of these mixtures
- the high vapor pressure of the metal
- the existence of a single-phase liquid only at very high temperature

105



- the occurence of a wide miscibility gap that does not promote the es-
timation of the thermodynamic functions.

We choose to measure the vapor pressure of potassium above
a K-KBr bath in order to deduce the activities and the Gibbs free ener-
gies.

EXPERIMENTAL

The vapor pressure of one component A in equilibrium above
a liquid bath AB, when compared with that of the pure component A at
the same temperature, yields the activity a, and the chemical potential
Hp of this component in the mixture.

Principle of measurement

For the present work, the following hypothesis was adopted :
the difference between the vapor pressures of the two components is
large enough to assume that the vapor above the liquid is only consti-
.tuted with the more volatile component.

When the total pressure above a liquid bath maintained at
constant temperature is decreased, ebullition takes place when pres-
sure becomes equal to the vapor pressure of the liquid ; the total va-
por pressure should therefore be measured at the same time as the ebul-
lition process is detected.

This determination can be done :

(1) either by recording the pressure variation against time arising
from a microleak in the gas circuit above the liquid bath : when the
pressure becomes equal to the vapor pressure, the rate of the pressure
-variation changes suddenly (point a on the curve figure 1): this is
Rodebush-Dixon method (5).

(ii) or by recording the temperature T of the liquid during a variation
linear against time of the pressure above the bath.

The ebullition, endothermal process, creates a cooling of
the liquid, therefore a break on the curve T = f(t) (point b on the
curve, figure 1).

In practice, it is much more interesting to couple these
two methods in order to survey a wide investigation range.

The diagram of figure 1 shows the curves obtained with the
two detection systems (points a' and b').

Realization

Figure 2 makes it easier to understand the principle of this
method and of the working of the apparatus.

The experimental set-up consists of :

- the experimental cell (C) containing the mixture

- a vertical tubular furnace (F) with temperature regulation

- a primary and diffusion pumping group (V)
- a neutral gas tank (G)

- a system for measuring and recording against time the cell tempera-
ture (T) and the gas pressure (P)

- a network of pipes with gauges, valves, manometers, connections... :
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Each part of the assembly can be insulated and an adjustable micro-
leak valve (L) allows one to vary the pressure.

This apparatus, its construction and its setting as well as
the several types of experimental cells tested were already described
in detail (6).

Only the cell used for the K-KBr mixture will be described
here with the experimental care necessary to obtain reliable measure-—
ments.

Expernimental cell (figure 3)

The part containing the liquid mixture consists of a hollow
cylinder 36mm diameter and 107mm high topped by a cylindrical pipe
which connects the cell to the rest of apparatus. This connection is
made owing to two isolation valves located in (5) and (6).

In the upper end of the pipe, there is a gastight outlet for
the protection tube of the temperature thermocouple.

This location of the thermocouple is most suitable :

- the position of the thermocouple junction is height-adjustable,

which is necessary for different fillings of the cell.

- a motion to and fro of the protection tube of the thermocouple per-
mits stirring the liquid and therefore an homogenization (this is essen-
tial when the liquid mixture exhibits a demixing phenomenon)

- the protection tube of the thermocouple, centered in the connection
tube, limits its section which results in a decrease of metallic va-

por losses : the concentratlon of the liquid bath remains therefore
quasi-constant.

Experimental care

A large set of trials on many pure substances and mixtures
(cd, Cd-Ga, K, KBr) made it clear that :
- much attention should be paid to the construction of this cell; the
metallic weldings and the junction should be gas-tight at every tempe-
rature. The pipes must be very clean and the welding burrs removed.
- before each experiment, the whole assembly must be perfectly eva-
cuated.

For the investigation of the K-KBr mixture, in the whole
concentration and temperature range, a refractory stainless steel
type NS 22S was found suitable for the construction of the cells.

It is obvious that the cell must be an isothermal system :
accordingly, it is located in the uniform temperature zone of a fur-
nace (200mm high) and surrounded with a refractory felt in order to
lessen the convection losses.

Auxiliony equipment

Pressure is measured continuously by means of a piezo-
electric detector*, the sensing element of which is a cap of pure single-
crystal silicon. The experimental range is between 0 and 1100 mbars.
The electric signal of the detector is recorded continuously on a two

1'Schlumberger, type CZ 1080
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channel potentiometric recorderT.

The neutral gas used is purified argon.

The experimental temperature of the bath 1is measured by a
platinum/platinum-rhodium thermocouple and recorded on the second
channel of the previous recorder'. +F

The furnace is regulated with an electronic system driven
by a Pt/Pt-Rh 10% thermocouple.

The sensitivities of the systems for pressure and tempera-
ture measurements allows one to detect variations of the order of
5.10"2 Torr and 0.5 K, respectively. -2

The sample mass is known with a precision of 10 “g.

Weighings and filling of the cell are made within a glove-
box filled with purified argon.

EXPERIMENTAL RESULTS

P

The relation ay = "§ shows obviously that the determina-
tion of activity at P temperature T implies the measure-
ments of the vapor pressures o§ pure potassium and of potassium above
a liquid bath of X composition.

Vapor pressure of pure potassium

Measurements were carried out between 719K and 1045K. All
the results obtained are reported in figure 4 as the logarithm of the
vapor pressure of potassium against reciprocal temperature.

The A and B coefficients of the equation :
log10 P=A+B/T (P: torr, T : Kelvin)

were fitted by a least-square method.

From 53 experimental values, the values 7.1510 and
4401.0487 were obtained for A and B respectively.

The mean relative uncertainty of our pressure is about 1.5%.

Our results were compared with those given by Hultgren (7)
in his critical compilation. The agreement was found very satisfactory
in our experimental temperature range.

From the previous equation, we calculated the enthalpy of
vaporization of potassium at 952K (Qormal ebullition temperature); the
value obtained 20.1 kcal.mol~! is to be compared with the mean value
21.33 kcal.mol™' obtained from the many previous works and also with
that from Kelley's complation (8) 19.0 kecal.mol™l.

The reliability of the vapor pressures measured for pure
potassium points out the validity of the method. These experimental
values will be used in the following to evaluate the activity of potas-
sium in K-KBr mixtures.

t Sefram, type Servorac BPD

Tt Setaram, type PRT 3000
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Vapon pressure of potassium above the K-KBr mixture

Figure 5 recalls the equilibrium lines of the phase diagram
proposed by Bredig (1). The K-KBr system exhibits a wide miscibility
gap in the liquid state and the activity of potassium above a single-
phase liquid bath can only be measured in the whole concentration
range above 1000K.

All our experiments were therefore carried out between
1000K and 1070K.

We investigated the mixtures with the respective composi-

Xg=0.2 , X =05 , X =0.8

The results are reported in figures 6 , 7 and 8. On each
diagram logl P = £(1/T), the straight line corresponds to the equation
given previously with coefficients obtained from least-square analysis
of data.

tions :

The results obtained for the vapor pressure of potassium,
pure and above a liquid mixture, were corrected for taking into ac-
count the dissociation of K vapor into mono and diatomic molecules (9):

2K = K2
This method of correction is similar to that used (3) for
the similar system Cs-CsCl.
The activities of potassium were then calculated at several

temperatures : 1005K, 1035K, 1044K and 1065K and are plotted against
the potassium mole fraction X in figure 9.

CONCLUSION
~_. In spite of the experimental difficulties encountered in
the investigation of metal-molten salt systems and particularly of
alkali metal-halide mixtures, the determination of the metal vapor
pPressure at many temperatures and concentrations seems to be a good
approach for determining their thermodynamic properties.

The experimental method chosen was first checked
by measuring the vapor pressure of potassium at many temperatures.
The activity of potassium was then measured, between 1000K and 1070K,
in the mixtures ¥ = 0.2, X = 0.5 and = 0.8. The departure from
ideality is large and the trend of the activity variation against
temperature is a precursory sign of the demixing phenomenon.
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ABSTRACT

The effect of the addition of KCl on the structure of molten potassi-
um at metallic concentrations has been investigated by neutron dif-
fraction. A significant small angle scattering is observed which,
after taking into account a concentration dependent contrast effect
related to the non ideal behavior of the solutions, is attributed to
concentration fluctuations. The ionic KCl distance is detected even
at quite low KCl content. An analysis in partial structure factors at

the concentration xg = 0.80, shows again the combination of potassium

like and KCl like structures. The possible appearance of a short
range order peak raises the question of ionic clusters at those con-
centrations.

The solutions of the alkali metal-molten salt solutions are known

(1) for their considerable change in electrical transport properties

versus addition of metal. They offer an interesting example of non-
metal to metal transition in disordered systems. A detailed study (2)
of the concentration fluctuations near the liquid-liquid miscibility
gap in the K-KBr system has already been made by small angle neutron
scattering (SANS). It provided a quantitative description of the
temperature and concentration dependence of the concentration fluc—
tuations while going away from the liquid-liquid critical point (see
fig. 1). The critical behavior of these fluctuations is well des-
cribed by an Ising tridimensional model. The shape of the iso-£ lines

(£ is the correlation length for the fluctuations) as well as the

liquid-liquid miscibility line is in agreement with this model.

There are indications that when a liquid-liquid phase separation
occurs in the near vicinity of a non-metal to metal transition a
special ‘critical behavior might be obtained, as in the metal-

ammonia systems (3). In the K-KBr case however, an Ising tridimensio-
nal critical behavior is observed as in most systems with liquid-
liquid phase separation. This is coherent with the fact that the mis-
cibility gap occurs almost entirely within the metallic concentrati-
ons.

Of course it would also be very interesting to know the nature of the
short range order in these systems and how it interacts with the
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electronic properties. We shall present here a first attempt to elu-—
cidate the structure of metallic solutions of potassium in potassium
chloride (conductivity greater than 103 & lem™!) where the fluctu-
ations of concentration are definitively small. The gross features of
the addition of small amounts of potassium chloride (0< xggy<0.25) to
pure potassium metal at a temperature of about 800 °C will first be
presented. We will then focus on a more detailed description of the
microscopic order for a particular concentration (0.2 mole fraction
of KCl).

The experiments were performed on the D4 machine at the I.L.L. (Gre-
noble) and the data analyzed as previously (4). The isotopic substi-
tution method has been applied on the chlorine atom at Xgey = 0-2.

I. Total Structure Factors as a Function of the Addition of KCl

The structure factors for five solutions of potassium in potassium
chloride (0.95 >xg> 0.75) are displayed in Figure 2. Let us comment
first on the significant small angle scattering signal observed at

all concentrations (although it is weak at xg = 0.95). A high value

of the thermodynamic limit S(0) accompanied by a SANS is not uncommon
in liquid metallic alloys (5). It has been attributed to concentration
fluctuations or to clustering effects. Although the D4 machine is mnot
appropriate for SANS measurements the size of the corresponding
fluctuations may be evaluated here to a few Angstroms. It is hard to
give a definite physical picture of such short fluctuations but the
possible influence of the liquid-liquid phase separation even so far
away for the critical point cannot be ruled out. We would like however
to comment on the small SANS observed at xg = 0.95 as well as for the
c137 isotopic run at xg = 0.80 (see figure 4).

The anomalies in the thermodynamic limit S(0) of the structure factor
of binary systems depend essentially on two terms. Firstly, they de-
pend on the derivative of the chemical potential versus concentration,
i.e. on the value of the concentration-concentration partial structure
factor 9

9°G
8.c(0) = Nky T/ (_BZE)T,P,N

Secondly, they depend on a contrast coefficient C, which involves the
difference of the neutron scattering length bj per unit volume between
the two components
o IV]b2 - V2bl|2 =
= vl
z xibi lel + x2V2

where x, are the mole fractions and V, the partial molar volumes of
the two components, K and KCl in our " case.
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We write
S(0) =A+C SCC(O) (2)

The A term depends on the isothermal compressibility of the system and
is small. The S..(0) values were obtained with precision as a function
of concentration and temperature around the liquid-liquid critical
point of K - KBr from SANS measurements. They are developed in re-
duced coordinates for the other systems of the series. On the K rich
side of the critical point we expect, as displayed in Fig. 3 and
in agreement with vapor pressure measurements (6), a rapidly and
smoothly decreasing signal. If we modulate this signal by the contrast
coefficient C computed on a regular solution basis (curve R on fig.3a)
we obtain a maximum of S(0) at xg = 0.95, in contradiction with the
low SANS signal observed at this concentration. However, on the basis
of preliminary density measurements (7) a positive excess volume is
observed in both K in KCl and K in KBr systems at metal-rich concen-
trations (see figure 3b). The maximum in the contrast C is therefore
shifted to about xg = 0.85 (curve AV,y on figure 3b). The small value
of S(0) observed for xg = 0.8 with the isotope 37¢1 (see Figure 4) is
also explained by a small value for the contrast coefficient C, but
due this time to the modification of the neutron scattering lengths.
If one solves the equation (2) for the three isotopic substitution
measurements performed at the concentration xg = 0.8, one obtains
Scc(0) = 0.35 which is different from the ideal behavior Scc(0)=xyx3.
And the partial molar volumes obtained (see equation 1,2) for the com—
ponents are also different from the pure ones.
1

b — 3 - °o
VK = 75 cm™mole = + 10 (VK 58.2 cm

3 1

)

mole

v, = 20 cm3m01e_] +5 I\

kC1 = 49.4 cm3mole-])

o
KC1
It confirms the positive excess volume on the metal rich side of this
system and the AVex curve of Figure 3.

If one considers now the effect of the addition of KCl to the struc-
ture factor of the metal, one sees at the same time the decrease of
the potassium peak and the appearance at the position Qy = 2.33 &1
of the main characteristic peak of the salt structure (Qy refers to
the main Syy peak in pure molten KC1 (4)). This is confirmed by the
total distribution functions displayed in figure 5 as a function of
concentration, where two characteristic distances occur.Although the
experimental accuracy of the S(Q)'S does not allow very accurate
Fourier transforms, one believes the results accurate enough to
describe unambiguously the concentration trends. At 3.1 & the ionic
KC1 distance is quite well detected at xg = 0.90 and possibly as a
shoulder already at xg = 0.95. It is noticeable that there is no peak
position shift with concentration. The intensity of the 4.5 & peak
characteristic of the K - K distance in the metal, decreases with
dilution. The peak split observed at xg = 0.90 has no physical meaning;
it is produced by the poor accuracy of the corresponding S(Q). To
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summarize, the addition of KCl to pure molten potassium is connected
to the appearance of typically salt-like features in the total
structure factor. Some kind of ionic cluster should therefore be
postulated even at rather low KCl content.

II. Partial Structure Factors at the Concentration Xg = 0.80

In order to throw some light on the onset of ionicity in these me-
tallic systems a full development in partial structure factors is ne-
cessary. This has been attempted for the concentration xg = 0.80 by
isotopic substitution of the chlorine atom. Considering the dilution
effect, the data analysis is difficult and the following should only
be considered as preliminary results.

A first decomposition of the total structure factors Sp(Q) in partials
is made using the relation:

5@ = b2 8@ + epbl 5@ + 2(e;e) b b, 5@ (3

with ¢, + ¢, = | and 1, 2 referring to the potassium and chlorine
atoms respectively. The results are presented in figure 6. One sees
that the predominant effect is the peak observed at 0.7 - 0.8 R-1
corresponding to a distance of about 9 — 10 & in real space, a
little larger than the second neighbor K - K distances (of Figure 5).
This effect occurs in both the K - K and the Cl - Cl partials. One
must however emphasize that difficulties typical in high temperature
experiments such as the aging of the vanadium furnace make the ana-
lysis of this rather poor scattering sample quite inaccurate at low
momentum transfer and one would like to confirm this finding yith
better control of the sample environment. The peak near 1.6 Al ip
Sgg 1s as in the metal and corresponds to the packing of the potassi-
um atoms. The large peak in Sy is located at the same position

Q = 2.33 &1 as in the pure KCI salt. Of course, at very low momentum
transfer the data are affected by small angle scattering.

Another display of the data can be made by using the Bhatia and
Thornton formalism (8). We shall assentially discuss here the Syy
partial structure factor and its Fourier Transform gyy(R) which gives
the local deviation from the average density. The computation has
been made on the basis of the two components K and KCl. In Figure 7
we compare the gyy(R) obtained in the present case (x¢ = 0.80) at

830 °C to the pure KCl case (we note that Syy(Q) for pure KCl is
practically identical to S¢37¢1(Q), the total structure factor ob-
tained with 37C1). We have also displayed the pure potassium metal

at 130 °C.One sees that as far as the atomic distributions are con-
cerned, the xp = 0.80 concentration is essentially a combination of
the metal and the salt, the KCl interionic distance at 3.1 & being in
first approximation not perturbed. The closest approach distance of K
and Cl is however significantly shorter in pure KCl. These are the
most accurate partials one may obtain for the time being on this
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system since they are extracted from the total structure factors with-
out much loss in accuracy. The Sgc and Syg partials will be presented
later on.

To conclude, one has several rather contradictory observations to re-
concile. Owing to the small angle scattering observation the system
has a tendency to fluctuate between ionic rich and metal rich regions.
This is confirmed by the Syn(Q) and gyy(R) partials which in a first
approximation describe the local order as a combination of pure KCl
and potassium. This argues in favor of a non statistical distribution
of the chlorine atoms. On the other hand, the still questionable ob-
servation of the ordering of the chlorines at distances of 9 -~ 10 &,
slightly more than twice the spacing of the potassium atoms and its
correlated effect due to holes in the potassium distribution, argues
in favor of an ordered structure (5,9), where the chlorines keep away
from each other. It is still unclear how this ordered structure could
coexist with the tendency to segregation. And of course one would
like more quantitative information on the local order to look for

the possibility of ionic clusters. More has to be done in order to
settle these questions.
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Abstract

A rather complete survey is given over the
presently known internal mobility isotherms of bi-
nary molten salt systems. The methods, by which
these have been measured, are indicated and dis-
cussed.

A mixture of two salts with one ion in common is called
an additive binary mixture. We indicate the two coions with
the subscripts 1 and 2, and the counterion with the subs-
cript 3.

If an external electric field E is applied, the ions
are transported with the velocities v -vj and vy-v3 rela-
tive to each other. The internal mobilities bqy3 and bj3 are
defined as

b13 =-(v1—v3)/E, b23 = (vz—v3)/E.
In order to evaluate these and the molar concentrations cq
and c2, it is necessary to measure four quantities:

(i) the molar fraction

Xy = cglley + ey,
(ii) the density

P =Myt My
(iii) the specific conductance

2?2

U =F Iz1c1 b13 + z2c2b23

and
(iiii) the ratio of the internal mobilities
Bip = Py3lbyse

By means of these four relations, in which the molecular

weights (M13 and M,.), the valencies of the coions (z, and
z2) and Faraday's Constant (F) are known quantities, cy, cj,
b13 and b23 can be evaluated if x¢, p, % and B12 have been

measured.
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x4 is usually determined in preparing the mixture from
weighed quantities of the pure salts, and our knowledge
about p and ® as functions of x4 is extensive and has been
collected by G.J. Janz and his coworkers in J.Phys.Chem.
Ref.Data, Volumes 1 (No.3) 1972, 3 (No.1) 1974, 4 (No.4)

1975, 6 (No.2) 1977 and 8 (No.1) 1979. Far less is known
about f13.

The methods of determining B {5 can be grouped into
two classes (I and II):
I. Methods based on the localisation of ions
Fig.1 shows four devices for the localisation of ionmns

in electromigration experiments. They will henceforth be
characterized by the words disc, column, layer and boundary.

The disc method is identical with the method usually
called Hittorf method. A flow through the disc due to an
eventual pressure head between the electrode compartments
would falsify the measured ratio of external mobilities but
not the measured ratio B12. Exchange of the coions through
the disc due to diffusion would, however, affect the ob-
tained value of B1 . Therefore the electrotransport experi-
ment must be stoppéd before the difference in concentrations
between the electrode compartments and thus the diffusional
transport through the disc becomes substantial.

In the column method a gradient in concentration is
built up along a column of grains of alumina by the com-
bined action of electrotransport and diffusion. The experi-
ment is stopped before the gradient reaches the lower end
of the column, and thus interference of diffusion in the
measurement of B12 is avoided even though the difference in
concentrations between the electrode compartments may be-
come large.

In the layer method the salt mixture is sucked into a
horizontal layer of some porous material connecting the
electrode compartments, and radioactive salt is added to a
small area of the layer. The displacement of the three radio-
active ions during electrotransport is observed by means of
counters. This yields, even in the presence of a small flow
along the layer due to a pressure head, the correct value of
Bip. Diffusion is not disturbing in principle, though it
broadens the peaks of radioactivity, which renders their lo-
calisation more difficult. The overall cross section of the
melt must be uniform along the layer.
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In the moving boundary method the position of the ions
during the electrotransport is visually localized by obser-
ving differences in colour or refractivity. Mixtures from
the same binary system but of different composition are
layered one above the other in such a way that a selfsharpe-
ning boundery is maintained during the experiment, the dis-
placement of which during the electrotransport is observed.

II. Methods based on EMF-measurements

These methods are based on a combination of two kinds
of measurements:

(i) Determination of the change in chemical potential (pq3)
of the salt 13 on a change in its molar fraction (x1), i.e.
determination of 5u13/bx1 for the mixture under study.

(ii) Determination of the change in the EMF (@) of a cell
containing a liquid junction between two mixtures of the
same binary system, one of the two being the mixture under
study, on a change of its molar fraction, i.e. determination

of'b¢/bx1.

bu13/bx1 can be determined in different ways, e.g. by
calorimetry or EMF measurements on formation cells. This
shall not be discussed here. There are cases where errors
in these measurements enter strongly into the determination
of the internal mobilities.

As for the determination of d@/dx¢y, two types of cells
(A and B) have been used, as symbolized in the following
scheme:

Type Electrode Mixture I Mixture II Electrode

A 3 123 123 3

B 1 123 123 1

The substance indicated under "Electrode" may be a gas, in
which case it has to contact inert electron conductors of
the same kind on both sides of the cell. The composition of
the mixture I is kept constant while that of mixture II is
changed continously and d §/d3xq is measured, where § is the
difference in electrical potential between the right and
left electrode at zero current.
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From the knowledge of Bp13/ax1 and a¢/ax1 the function
+ d¢9 /%13

=223 T ox, | 3%,
is determined, where the upper and lower signs refer to 3
being cationic or anionic, respectively. Depending on the
type of cell used, By results from

1 £y
B12 = 1 + —};—1- 1—_57 (Type A)
1 (f1+1)
or Bipg = 1+ y, T-(E,+D (Type B),
where vy = z1c1/(z1c1 + zzcz),

Measurements with cells of type A have the convenience
that B12-1 and f1 change sign simultaneously, if at all, on
a change of temperature or composition, while in case of type
B this happens with B, -1 if f4 passes the value minus unity.
With both types of cei%s the accuracy of the measured value
of Byo becomes lower, the smaller y; at constant absolute
accuracy of f1.

The general features of the mobility isotherms observed
for additive binary molten salt mixtures are shown in the six
diagrams of Fig.2. The heavy points in these diagrams corres-
pond to the conductances of the pure salts. Therefore they
are the most reliable points of the experimental curves. For
easier comparison they are equally situated in the six dia-
grams of Fig.2. In the upper row we have the cases that b
and bg3 are independent of composition, and that they are
less different in the mixtures than in the pure salts. The
right diagram in the middle row shows the situation where the
coion which, if concentrated, is more mobile than the other
coion, is less mobile than the other coion if diluted, and
in the right diagram of the bottom row the coion which is
more mobile in its pure salt, is less mobile at all compo-
sitions of the mixtures. The latter two phenomena are some-
times called the Chemla effect. Behaviour as shown in the
diagrams on the left side of the middle and bottom rows have
also been observed.

Figures 3-10 give a rather complete survey of the systems
studied thus far for their internal mobilities. It is seen
that the systems are not numerous and that there are discre-
pancies in cases between the results obtained for the same
system by different authors with different methods. The
methods used are indicated by the words disc, column, layer,
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boundary, emf A and emf B, as explained above. Error margins
of the isotherms are not always indicated in the original
literature and have been omitted throughout.
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Abstract

Rechargeable molten-salt cells offer the opportunity
for achieving higher specific energy than is available from
ambient-temperature cells (200 W-h/kg), and a specific
power in excess of 100 W/kg. Two main types of recharge-
able cells employing molten salts are being developed:
those with a molten salt as the sole electrolyte, and those
with a combination of a solid electrolyte and a molten salt
electrolyte. The status, recent research, and current
problems for each of several systems in the above two cate-
gories are discussed. The most advanced systems in the
first category are LiAl/FeS and Li,Si/FeS,; in the second
category, Na/Na,0°xA1,03/S is the most advanced system.
Interesting new cells continue to be proposed, having spe-
cial features that may justify development. Overall, re-
chargeable molten-salt cells are making good progress. The
main generic problems requiring additional work include
corrosion-resistant current collectors and seals, ceramic
electrolytes that resist degradation and thermal cycling,
inexpensive corrosion-resistant porous separators, and
improved electrode designs.

Introduction

During the last decade, rechargeable molten-salt cells have been
the subject of a wide range of investigations, from the most funda-
mental to highly applied. As time passes, the variety of molten-salt
cells increases, resulting in a broader range of choices with regard
to operating temperature, reactants, and cell characteristics. On
first impression, it would seem that so much research and development
activity is perhaps inappropriate, because of the inconvenience of
accommodating the elevated-temperature requirement of molten-salt
cells. Closer examination reveals that some (but by no means all)
molten-salt cells offer the opportunity for the achievement of specif-
ic energy and specific power values significantly higher than those
available from ambient-temperature rechargeable cells: 200 W-h/kg,
and 100+ W/kg. Molten-salt electrolytes allow the use of alkali
metal-containing negative electrodes (not possible with aqueous elec-
trolytes), and allow very high concentrations of the alkali metal
cation as the charge-carrying species, providing for low mass trans-
port overvoltages. In addition, the elevated temperatures provide for
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high exchange-current densities and low charge-transfer overvoltages
(compared to the ambient-temperature values).

Two main types of rechargeable cells employing molten salts are
being developed: those with a molten salt as the sole electrolyte,
and those with a combination of a solid electrolyte (the main electro-
lyte) and a molten-salt mixture of reactant and subsidiary electro-
lyte. Examples of cells of each type are given in Table I. The
operating temperatures for these cells range from about 450°C for the
lithium/iron sulfide cells to about 250°C for the sodium/sulfur tetra-
chloride cell. In the next section, the status of a number of the
cells listed in Table I will be presented and discussed.

Table I. Rechargeable Cells with
Molten-Salt -Electrolytes

A. Cells with molten salts as the sole electrolyte
LiA2/LiCR-KCL/FeS )
LiA2/LiCR-KCL/FeS,
Li,Si/LiCR-KC2/FeS;
Ca,Si/LiCf-NaCf-CaCl,-BaCl,/FeS
CaZSi/LiCZ-NaCﬂ,-CaCJ?,g -BaCQ,Z /FeSz

B. Cells with molten salts as the subsidiary electrolyte
Na/Na;0°xA%,03/Na2S,-S
Na/Na-glass/NazS,-S
Na/Nap0°xAL,03/SCL3ACL, in NaCR-A2CL3
Li/Li,0/LiNO3-KNO3/V,0s

Status of Rechargeable Molten-Salt Cells of Current Interest

The LiA%/LiC2-KCL/FeS Cell.

This cell has been undergoing research and development since the
early 1970's, as a derivative of the very high specific energy
Li/LiCf-KC&/S cell, (1-3) (2600 Wh/kg theoretical) which had liquid
electrodes. Difficulties with solubility of polysulfides in the elec-
trolyte, and retention of lithium in its current collector resulted
in the use of the solid LiAf and FéS electrodes. There was, of
course, a decrease in the theoretical specific energy to 458 Wh/kg,
corresponding to the added weights of A% and Fe, and the decreased
cell voltage (1.3 vs 2.4 V). This disadvantage is at least partially
compensated by the very good stability of performance brought about by
the use of solid electrodes of extremely low solubility in the elec-
trolyte.

The overall cell reaction is

2LiA% + FeS + Li,S + Fe + 2A%, [1]
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which takes place in two stages:.
2LiA% + 2FeS ~ Li,FeS, + 2A% + Fe [2]
2LiA% + Li,FeSy 2Lizs + 2A% + Fe [3]

The cell potentials for Reactions 2 and 3 are essentially the same,
1.3 V at 450°C, so a single-plateau discharge curve is to be expected.

Various designs of LiAfL/FeS cells have been operated, one of
which is shown in Figure 1. (4) These cells have porous LiAf negative
electrodes containing a screen-like current collector, and are in good
electrical contact with the steel or stainless steel cell container.
The separator, which prevents the electrodes from contacting each
other, and must resist attack by the cell reactants and electrolyte,
usually has been boron nitride cloth or felt. Recently, progress has
been made in the use of relatively inexpensive MgO powder in place of
the separator. (5) The positive electrode is a porous composite of
FeS particles, graphite powder, and a metallic sheet or screen-like
current collector (usually Fe). This porous mass may be molded into a
sheet form, or bonded with a carbonaceous cement. Fine-mesh screens
or ceramic cloths are used to prevent loss of particles from the posi-
tive electrode. Various numbers of positive and negative electrodes
can be interleaved to produce '"multiplate' cells, with all electrodes
of each type connected in parallel, increasing the capacity of the
cell (Figure 1 shows 3 negative, 2 positive electrodes). The cell
container is welded closed, and has a leak-tight feedthrough to pre-
vent ingress of air and moisture which react with lithium.

Cells of the type described above yield voltage vs capacity
curves as shown in Figure 2. (6) The specific energy of such cells
falls into the range 60-100 Wh/kg at 30 W/kg, the higher value corre-
sponding to 22% of theoretical, and is for multiplate cells with
capacities of about 320 Ah. (7) The specific energy of multiplate
cells as a function of the number of complete discharge/recharge
cycles is shown in Figure 3. (7) The cells experienced a specific
energy decline of about 40% after about 300 cycles. A typical life-
time for the longer-lived cells is 5000 hours.

The specific power achievable with LiA%/FeS cells has been some-
what lower than desired for electric vehicle applications, so atten-
tion is being devoted to improved current collectors, especially for
the FeS electrode. Also, the specific power can be increased by pro-
moting better, more complete wetting of the BN separator by the elec-
trolyte. This has been accomplished by the use of wetting aids such
as LiARCR4 in small amounts (V20 mg/cm?). (7) Other upproaches to
reducing the cell inlernal resistance include the use of cobalt
sulfides and copper sulfides as additives to the FeS electrode.

In the cycling of cells, it has been found that full recharge is
impeded by the formation of djerfischerite (LiK¢Fe»4S25CR). (8) The
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formation of this material can be reduced or eliminated by operation
at higher temperatures and lower potassium ion concentrations in the
electrolyte, hence an increased interest in lithium-richer electro-
lytes (the originally-used electrolyte was the eutectic,

58.8 m/o LiC%-41.2 m/o KC&, mp = 352°C).

The Li-A% electrode has been found to suffer a loss of capacity
and performance as a result of the agglomeration with cycling of the
originally finely-structured alloy. This behavior is being investi-
gated in detail, and the possible beneficial effects of alloying
agents are being examined. (9)

The most common mode of failure of LiA%/FeS cells is shorting,
resulting from swelling and extrusion of the FeS electrode. The
degree of swelling of the active material is a function of the parti-
cle size of the FeS, the electrode composition, the electrolyte compo-
sition, and the structural design of the electrode (containment).
Optimization of these variables results in cells that can be operated
for over 5000 hours and more than 500 cycles.

The progress of the LiAf/FeS cell toward the marketplace will be
determined to a significant degree by cost. At the present time, the
most expensive component of the cell is the BN separator (the woven
BN cloth has been $5000/m2?; the BN felt is less expensive, but still
far from a reasonable goal of $10-20/m?). An approach to reducing
this cost is the use of a powder such as MgO in place of the BN. This
is similar to the paste electrolyte used in molten carbonate fuel
cells, and in earlier work with lithium/chalcogen cells. (10,11)

Other areas requiring attention in the continuing development of
the LiAf/FeS cell include the need for an inexpensive leak-free elec-
trical feedthrough, excellent cell capacity matching (or a means of
charge balance control), and a good thermal control system. Work in
these areas has already begun, and 10-cell batteries of 320 Ah cells
have been tested. (7) Even if these issues are successfully ad-
dressed, competition from ambient temperature rechargeable cells could
have a strong influence on the degree to which the LiAf/FeS system
finds application. This is true because specific energies above
70 Wh/kg have been reported for some ambient-temperature cells, vs
about 100 Wh/kg for LiA%/FeS. The status is summarized in Table II.

The Li,Si/LiCR-KCfL/FeS, Cell.

This cell is very similar to the one discussed above in many re-
spects, including operating temperature (v450°C), however an important
difference is the significantly higher specific energy of this one
(944 Wh/kg vs 458 Wh/kg). The higher specific energy is traceable to
the much lower equivalent weights of the reactants, and the higher
cell voltage for the first half of the discharge. The overall cell
reaction is:
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Li,Si + FeS, - 2Li,S + Fe + Si [4]1

This reaction gives the impression of greater simplicity than is actu-
ally the case. Some perspective concerning the reactions of the FeS,
electrode can be gained by examining Figure 4, which shows the 450°C
isothermal section of the Li-Fe-S phase diagram. (8) The path A-Z-X-B
is followed by the composition of the FeS; electrode during discharge
at 450°C, and the steps in the reaction are: (12)

2FeS, + 3Li + LizFe,Sy 2.04 V (vs Li) [5]
LizFesSy + Li - Fe;.xS + W-phase 1.9V [6]

Reaction 6 involves only a few percent of the total charge of
Reaction 4 (see Figure 4). Next, the solid-solution W-phase and

Table II

LiA%/LiCR-KC4/FeS
2LiA% + FeS - Li,S + Fe + 2A%
E = 1.33 V; 458 Wh/kg Theoretical

T = 450°C
STATUS
Specific Energy 60-100 Wh/kg @ 30 W/kg
Specific Power 60-100 W/kg, peak
Cycle Life 300+ @ 100% DOD
Lifetime 5000+ h
Cost >$100/kWh

RECENT WORK
Multielectrode cells
LiX-rich electrolyte
BN felt separators
Wetting agent for separators
Powder separators-MgO
Batteries of 320 Ah cells
Improved current collectors

PROBLEMS
Low specific energy
Low voltage per cell
Cell shorting major failure mode
Electrode swelling and extrusion
Agglomeration of Li-A% with cycling
Capacity loss
High separator cost
Leak-free feedthroughs
Thermal control
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and Fe;-xS are converted to Li,FeS,, at which point, half of the over-
all reaction is completed (2 electrons per FeS;):

Fey1-xS + W + Li > Li,FeS; 1.9-1.64 V [71
This is followed by:
2LipFeS; + 4Li - 4Li,S + 2Fe ' 1.64 V [8]
The lithium-silicon negative electrode also is involved in a
number of phase changes as the cell is operated. The phases involved
at 450°C are LinSi, Li;sSiy, Li»1Sig, LipSi, and Si. (13) These

phases provide for a multi-plateau discharge curve. The reversible
potentials (measured vs lithium) at 450°C are given in Table III.

Table III. Reversible Potentials for the
Li-Si Electrode at 450°C (13)

Phases in Equilibrium Volts vs Li
Si-Li,si T0.326
LipSi-Li2;Sig 0.277
Liz1Sig-LiysSiy 0.149
LiysSiy-LigaSis 0.042
LippSis-Li (Sat. with Si) 0.001

This electrode is capable of operating at high current densities
(0.2A/cm?®) with good utilization (70%+), and apparently does not ag-
glomerate as does the LiAf% electrode.

LiySi/FeS, cells comprised of two porous electrodes of Li,Si
powder with reticulated nickel current collectors, and a porous FeS,
electrode comprised of FeS; and graphite powders with graphite cloth
and molybdenum expanded mesh current collectors have been operated.
(14) These cells contained BN cloth separators and LiC2-KC{ eutectic
electrolyte. A capacity of 70-80 Ah was typical, and specific energy
values up to 182 Wh/kg (19% of theoretical) were obtained, as shown in
Figure 5. Cycle lives of over 700, at 100% depth of discharge were
obtained, along with lifetimes of about 11,000 hours. These results
are presented in Figure 6.

Detailed post-test examination of Li,Si/FeS, cells revealed some
attack of the molybdenum current collector for the FeS,; electrode, and
the cell container (presumably by the Si). A continuing issue of
importance is the identification of inexpensive electronically-
conductive materials that resist attack in the FeS, and LiuSi elec-
trodes (for current collectors), and inexpensive non-conductive sepa-
rator materials stable to FeS, and Li,Si. As with the LiA%/FeS cell,
inexpensive, leak-free feedthroughs are needed.
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Recent work has included the operation of small bipolar
Li,Si/FeS, cells, and two-cell batteries. (15) This work, if success-
fully implemented in full-scale systems, could play an important role
in decreasing the number of (presumably expensive) feedthroughs needed
in a battery system.

Overall, the Li,Si/FeS; is in an earlier stage of development
than the LiA%/FeS cell, but offers the opportunity for 200 Wh/kg,
which is more than double that achieved by any aqueous rechargeable
system, and double that for the LiA%/FeS cell. This is probably the
performance margin appropriate for the inconvenience of operating an
elevated-temperature system. A condensed summary of the status of
LiySi/FeS, is presented in Table IV.

Table IV
Li,Si/LiC2-KC%/FeS,

LiySi + FeSp + 2Li,S + Fe + Si
E = 1.8, 1.3 V; 944 Wh/kg Theoretical

Status
Specific Energy 120 Wh/kg @ 30 W/kg
180 Wh/kg @ 7.5 W/kg
Specific Power 100 W/kg, peak
Cycle Life 700 @ 100% DOD
Lifetime 715,000 h
Cost >$100/kWh

Recent Work
Bipolar cells
Li-Si electrodes
BN felt separators
70 Ah cells

Problems
Materials for FeS, current collector
Leak-free feedthroughs
High internal resistance
Low-cost separators needed
Thermal control

The Ca,Si/LiCf-NaCQ-CaC®,-BaC%,/FeS, cell.

This system represents an effort to replace the lithium of the
system just discussed by calcium, which is less costly and more abun-
dant. The calcium-silicon alloy can be operated at 460°C over the
range Ca,Si to at least CaSi, in a Ca-containing electrolyte (the best
composition to date is 29% LiC2-20% NaCR-35% CaCf%,-16% BaC%,). (7)
This electrode has supported only relatively low current densities,
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and modifications are being sought. One such is CaAf;,2Sig.s
(equivalent weight = 83.7 vs 54.1 for Ca»Si), which yields the
voltage-capacity curves shown in Figure 7. (16) The theoretical spe-
cific energy for this cell is about 560 Wh/kg (vs 750 Wh/kg for
CapSi/FeS3y).

The overall reactions for the Ca,Si/FeS, cell is:
CazSi + FeS, - 2CaS + Fe + Si [9]

This reaction takes place stepwise over the voltage range 2.0 to

1.2 V. Some cells having capacities up to 100 Ah have been operated,
but low specific energy values (v40 Wh/kg) and short cycle lives (Vv60)
have been obtained. This system is in too early a stage of investiga-
tion to assess whether or not it will compete with the Li,Si/FeS,
cell. Considerable improvements in performance and lifetime are nec-
essary before such judgments can be made. The present status of work
on this system is summarized in Table V.

Table V
CaSi/LiC%-NaCf-CaC®,-BaCl,/FeS,

CazSi + FeS, - 2CaS + Fe + Si
E = 2.0-1.2 V; V750 Wh/kg Theoretical

T = 480°C
Status :
Specific Energy 67 Wh/kg @ 13 W/kg
Specific Power 15 W/kg
Cycle Life 60
Cost too early

Recent Work
BaC%, added to electrolyte
Larger cells - 100 Ah
Co added to FeS,
Ca-A%-Si electrode

Problems
Low specific power
Low current densities
BN separator not stable with Ca,Si
Rapid capacity loss

The Na/Na0+xA%,03/NaySy-S Cell,
This is the cell most commonly referred to as the sodium/sulfur

cell. The sodium polysulfide is included in the designation above to
emphasize the fact that Na,S, is a molten-salt electrolyte as well as
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an electrode reactant. The Na/Na,0+xA%,03/NasSp-S cell has been under
development for over a decade. (17) It has been the first recharge-
able cell of significance to make use of a solid electrolyte
(Nap0°xA%203, 5 <x <I11), called beta alumina, and a molten-salt elec-
trolyte (NapSx). The solid electrolyte is used in the form of a
closed-end tube, usually with the sodium inside it. The sulfur, with
its graphite felt current collector, is kept on the outside of the
tubular electrolyte, in the annular space between the solid electro-
lyte and the metal cell case. One such cell design is shown in

Figure 8. (18) The cell must be hermetically sealed to avoid reaction
of molten sodium with oxygen or moisture. A typical operating temper-
ature is 350°C.

In the fully-charged condition, essentially all of the sodium is
in the sodium compartment of the cell, and the sulfur electrode con-
sists of nearly sodium-free sulfur, which is a poor conductor of elec-
trons and ions. As the cell is discharged, sodium is oxidized to form
sodium ions which pass through the electrolyte, and react with sulfur
and electrons to form sodium polysulfides, Na,Sp, which have a low
solubility in sulfur. Because of this, the sodium polysulfides form a
separate liquid phase, and serve as an electrolyte, transferring
sodium ions, and as a reactant ultimately reaching the overall
stoichiometry Na»S3, at which point NajS, precipitates. This point is
designated the end of discharge, or 100% depth of discharge.

As the cell is charged, the sodium polysulfides are converted to
sulfur. Difficulties have been encountered in attempting to obtain
full recharge because an insulating layer of sulfur forms on the sur-
face of the beta alumina tube. Various approaches have been taken to
ameliorate this problem, including the use of specially shaped graph-
ite current collectors, the addition of Cg¢Ny to the sulfur to impart
conductivity, and the use of graphite current collectors of graded
resistance to appropriately distribute the electrochemical reaction
zone.

After small laboratory cells (up to 20 Ah) had achieved accept-
able life and performance, scale-up to 100-200 Ah was performed.
These cells have demonstrated specific energy values of 85-140 Wh/kg,
specific powers of 60-130 W/kg and cycle lives of 200-1500, depending
on the cell size and design. Figure 9 shows the capacity of a Na/S
cell as a function of the number of cycles. A few batteries of up to
10 kWh have been tested (e.g. reference 19), but the 11fet1mes of
batteries have been relatively short.

The current problems being investigated for the improvement of
Na/NaySp-S cells include the search for inexpensive corrosion-
resistant metal alloys that can serve as the cell container exposed to
sulfur, and corrosion-resistant coatings for use on the sulfur con-
tainer. Electronically-conductive ceramics such as doped TiO, are
being evaluated as current collectors in sulfur-core cells. The
ceramic electrolyte (B"-A%,03) remains a very expensive item; work is
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being done on the use of lower-cost starting materials and processing.
An alternative electrolyte, called Nasicon (Naj+xZrzSixP3-x0i12) is
being investigated, but cell lifetimes have been shorter than with
B"-A2,03. A problem common to almost all Na/Na,Sn-S cells is their
inability to be cooled down and reheated without damage or performance
loss. Frequently, the electrolyte or a ceramic seal is broken.

Cracks and breakage of the ceramic electrolyte and its seals are the
major cause of cell failure, even without thermal cycling.

The Na/B''A%,03/Na>Sp-S cell has reached a relatively advanced
state of development, and there are several pilot facilities for cell
production in operation. Experience with small batteries of cells is
beginning to accumulate, and larger batteries will be prepared in test
quantities during the next few years. The status of this system is
presented in Table VI.

Table VI
Na/Na+ Solid/S

} 2Na + 35 > Na,S;
E = 2.0 V; 758 Wh/kg Theoretical

Status
Specific Energy 85-140 Wh/kg @ 30 W/kg
Specific Power 60-130 W/kg peak
Cycle Life 200-1500
Lifetime 3000-15,000 h
Cost >$100/kWh

Recent Work
Batteries, 10 kWh
Ce¢Ny additive to S
Ceramic (TiO2) electronic conductors
Shaped current collectors
Tailored resistance current collectors
Sulfur-core cells
Naj+xZr2SixP3-x012
Thermocompression bonded seals

Problems
Corrosion-resistant material for contact with S
Low cost seals
Low cost electrolyte
Specific power is low
Thermal cycling
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The Na/Na+ glass/Na,Sp-S Cell.

This cell operates according to the same principles and phase
diagram as the cell discussed just above. The main differences are
the substitution of a sodium-ion-conductive borate glass for the
ceramic. Because the ionic conductivity of the glass is about a
factor of 10" lower than that of B'"-A%,03, it is necessary to use very
thin electrolyte layers. These take the form of thin, hollow fibers,
and are incorporated into a cell structure as shown in Figure 10. (20)
This cell design is very interesting because it provides a very large
area of glass electrolyte with a very thin wall, allowing practical
currents to be obtained at low current densities. Also, mass trans-
port is required only over short distances (perhaps 100 um).

Implementation of the design shown in Figure 10 requires the de-
velopment of a highly reliable, durable seal of the thousands of glass
fibers to a glass or ceramic tube sheet (glass is currently favored).
Current collection is provided in the sulfur electrode by an aluminum
foil (with a thin molybdenum. or carbon coating to reduce corrosion).
Most of the experience with this cell has been obtained with 6 Ah
cells, but improvements in lifetime have justified recent work with a
40 Ah cell.

The problems with this version of the Na/Na,S,-S cell are similar
to those discussed for the ceramic-electrolyte version. Also, there
are problems associated with the development of optimum glass composi-
tions for the tube sheet, such that a good seal is achieved, while
having sufficient strength to avoid sagging. A status summary for
this cell is given in Table VII.

The Na/Na,0°xA%,03/SCR3A%CL, in ARCR3-NaCf Cell.

One of the more recently-investigated cells makes use of
B'"A2,03 and a low-melting mixture of ARC%; and NaC% as electrolytes.
(21) The positive-electrode reactant is SCL3" present as
SC23ALCYL,. This cell is operated at temperatures near 250°C, and
offers a relatively high potential of 4.2 V. The overall cell
reaction is:

4Na + SCL3ARCR, + 3ACL3 > S + 4NaALCL, [10]

Note that sulfur undergoes a valence change of four: from s™ to s°.
The theoretical specific energy for_this reaction is 563 Wh/kg. It is
also possible to reduce sulfur to S 2, at a somewhat lower voltage.

Simple glass laboratory cells have been operated, with capacities
of up to a few ampere hours, yielding voltage charge or capacity curves
as shown in Figure 11. (21) It is too early to evaluate specific
energy and specific power capabilities for this system; more practical
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Table VII
Na/Na" glass/S
. 2Na + 3S - Na,S;
E = 2.0 V; 758 Wh/kg Theoretical

Status (6 Ah cells)

Specific Energy n.a.

Specific Power n.a.

Cycle Life 500 (75-100% DOD)
Lifetime 9000h

Cost >$100/kWh

Recent Work
Improved tube sheet and seal to tubes
Mo coating on A% foil
40 Ah cells

Problems
Sagging of tube sheet
Seal to tubes
Feedthroughs
Coating on A%
Compatibility of tubes and tube sheet

cell designs will be required first. Laboratory cells have operated
for about 475 cycles and 7000 hours before failure.

Some of the problems encountered include the corrosiveness of the
positive electrode reactant mixture toward metals (tungsten is used as
the current collector), the slow wetting of the B"AL,03 by the sodium,
the high vapor pressure of the A2CL3, and cracking of the B"A2303.

The status of this cell is shown in Table VIII. This system could
offer advantages where reduced operating temperatures (below the
typical 350-450°C) and higher cell voltage (fewer cells for a given
system voltage) are important. Work with more practical cell hardware
will be needed for a more complete evaluation.

The Li/Li,O0/LiNO3-KNOs/V,05 Cell.

A very recent report of a lower-temperature molten salt cell with
a lithium electrode (22,23) makes use of a solid lithium or lithium-
aluminum electrode with a very thin Li,O film which acts as a solid
lithium-ion conducting electrolyte. The main electrolyte is the
LiNO3-KNO3 eutectic (mp = 135°C), and the positive electrode is V20s
which can intercalate Li. Because of the fact that lithium melts at
180°C, the temperature range for operation is rather narrow:
135-180°C.
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Table VIII

Na/NazO'XMan/SCZaAQ,CQ;u in MCQa—NaCR,
4Na + SCR3ALCL, + 3ACR3; -+ 4NaCReALCL3; + S
E = 4.2 V; 563 Wh/kg Theoretical

T = 250°C
Status: glass lab cells only (4 Ah)
Current Density 20 mA/cm? @ 3.5V
Power Density 150 mW/cm? max. @ 2.5 V
Cycle Life 475 @ 100% DOD
Lifetime 7000 h
Cost too early

Recent Work
Larger cells - 4 Ah
Less expensive current collectors

Problems
Sodium wetting
Vapor pressure
Corrosion of metals and some electrolytes
Electrolyte cracking
Overcharge?

The overall cell reaction is:
xLi + V5,05 + LixV,0s [11]

For x = 1, the theoretical specific energy is 500 W-h/kg, at an
average cell voltage of 3.5 V.

This combination of lithium with the nitrate melt imposes cer-
tain restrictions: a narrow range of operating temperatures
135-180°C, and a narrow range of potentials for the positive elec-
trode. Above 4.2 V, oxygen and NO, are evolved from the positive
electrode; below 2.6 V, nitrate is reduced to nitrite plus oxide.
Also, there is a small corrosion current at the lithium electrode,
corresponding to the dissolution of Li»0 by the nitrate melt.

It is too early to tell if this exploratory work will lead to a
lower-temperature lithium cell of practical interest.
Conclusions

Overall, good, solid progress is being made in the research and
development of rechargeable molten-salt cells., Full-size cells, and

a few full-size batteries have been demonstrated. Cell lifetimes of
up to about two years have been achieved for some systems. In
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general, specific energy values are lower than desirable, but
180 Wh/kg has been achieved with a Li,Si/FeS; cell.

Materials developments will probably set the pace of progress
for the systems discussed above. Inexpensive, corrosion-resistant
current collector materials for use with positive electrodes are
needed for all of these systems. Corrosion-resistant container
materials are also important. All these systems need leak-free feed-
throughs that resist alkali metals and highly oxidizing conditions.
Inexpensive separators that resist lithium attack are important for
all of the lithium-containing systems. The development of a
lithium-ion conducting solid electrolyte would add flexibility for
many cells, and might make a Li/S cell feasible, offering the
possibility of a very high specific energy (perhaps 500 Wh/kg; the
theoretical value is 2600 Wh/kg).
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