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ABSTRACT

The electrochemistry of electrolyte and electrode systems based
on the aprotic organic solvent propylene carbonate is reviewed with
emphasis on the application of such systems to high energy batteries.
Topics discussed include electrolyte stability, purity requirements,
purification procedures, solvent-ion interaction phenomena, and
electrode reactions of inorganic positives, organic positives, and
active metal negatives. Performance of primary battery systems
is satisfactory for many purposes. The development of secondary sys-
tems and systems for operation at low temperature is discussed.
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I. INTRODUCTION -

The principal application of propylene carbonate (PC) in electro-
chemistry is its use as the primary electrolyte solvent for ambient tem-
perature batteries employing, as the negative electrode, an alkali or
alkaline earth metal (e.g., Li or Ca). Electrodeposition of metal from
PC is a relatively unexplored subject, and will be considered only in
terms of recharging battery plates. PC has also found some application
as a fill electrolyte yor capacitors. = .

PC, a cyclic e:ster, is a clear, colorless (when pure) liquid
capable of ionizing a variety of organic and inorganic salts. Its general
properties are listed in Table 1.

Table I. General Properties of PC

0O

Formula /

z
[

H20 CH CH3
Molecular weight 102
Melting point,SO degrees -49
Boiling poim:,50 degrees 241
Dielectric constant88 €5.00 + 0.08
Viacosity,50 cp 2.9
Demsity50 1.2
- 1 -
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The dielectric constant is high: not toc different from that of
water. As will be shown, the solution chemistry of PC is, however,
considerably different from that of water. The viscosity is significantly
higher and some, although not all, of the differences in behavior can be
explained by this property. The liquidus range is broad. The solvent
can be supercooled by about 25°; solutes such as LiAlICl 4 depress the
freezing point to at least ~80 °C. Although the solvent boils at +241 °C,
thermal decomposition can occur at and above +150 °C.

PC is produced in the United States by Jefferson Chemical Company
via a reaction of 002 and propylene "under conditions that are proprietary. "
Processes have been descrived in the open and patent literature (e. g., 72, 83)
in which CO2 and propylene oxide are reacted to produce PC at temperatures
of 100 to 270 °C and 50 to 150 atm over a catalyst of an alkali or tetraalkyi-
ammonium halide plus an oxide or carbonate of a group II or group III metal.

The initial electrochemical studies of PC and similar cyclic esters
are described in reference 50. This work was quickly followed in the early
1960’ s by & series of exploratory projects on the development of lithium
batteries with PC as the pri~cipal ionizing solvent (e. g., 29, 41, 80).

This initial work was mainly empirical in nature. More recently,
some emphasis has been placed on the chemical and physical properties
of this solvent, although mainly as they influence battery performance.

The discussion given below will be based on this work. For discussions

of prototype hardware, the reader is referred to references 54 and 56 as
well as the original contract literature. A general bibliography of the con-
tract literature is given in reference S5S.
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II. ELECTROLYTE REQUIREMENTS

The basic requirements for the PC electrolytes are: (1) com-
patibility with the electroactive plate materials, (2) high ionic con-
ductivity, (3) insulation of the plates from the transfer of electronic
charge, and (4) solvation, if possible, of at least some of the discharge
products to prevent rapid passivation of the electrodes. Batteries with
insoluble reaction products are common in aqueous systems. However,
coulombic efficiency tends to be low (<30%), and high surface area elec- i
trodes are necessary to sustain prolonged current drains. 114

As will be shown, PC appears to be at least kinetically compatible
with lithium and this, of course, is a major reason for the interest in
PC eiectrolytes. It has not yet been established whether PC and lithium

are thermodynamically stable,
The discussion of compatibility given below will also consider

decemposition of the positive via solvation of the plate material. This
type of reaction, generally more prevalent than redox reactions at the
negative, has a considerable effect on cell shelf life.

Considerable effort has been expended in surveying a host of
solvent-solute combinations to uncover stable, highly conducting electro-
lytes. In order to simplify the quest, rules of thumb such as a high
dielectric constant and a low viscosity were used to pick likely candidates.
The rationale behind these rules is discussed in a variety of texts an¢ in
Section III.

Table XIX lists a number of measured conductivities at the point
of maximum conductance. Few solvent-solute combinations have ionic

conductivities much in excess of 1072 ohm™t et (the majority have

about 5 x 107 ohm ™! cm™ ionic conductivity).

What limitation then does conductivity place on battery performance?
Transferring ionic charge via diffusion plus migration in an electrolyte
has been treated by Levich. 71 The order of magnitude calculation given
below is an application of his basic equation to the situation of a lithium
electrode depositing ions into solution which are transferred across the

electrolyte space and plated out at the cathode. The electrolyte chosen as
an example is 1IN LiClO4 in PC:

ﬁ@;u’b—?uﬁw:‘:«wn~,>sv’.§i7@¢"‘p" EEa e s s n
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The electrode separation is taken as 0. 25 mm, about the thickness of
filter paper. C o is the initial concentration of solute. A linear con-
centration gradient is considered between the electrodes, hence2C o

is used in the calculation. Z1 and Z2 are the charges on the ions.
There is very little information available on diffusion coefficients.

A value of 3 x 10“'6 cm2 sec ! is used (see Section IIL. 7); the electrolyte
conductivity is 5.6 x 1073 ohm™! cm—l. From this data, a maximum
electrolyte ionic curreat of 50 mA/cm2 is computed. The applied
potential required to pass 0. 9 of this current in the absence of electrode

overpotential effects is~ 0,1 V.

A. Electrolyte Stability

As mentioned often, a major (although not necessarily the only)
reason for the increased interest in organic electrolytes is the opportunity
to exploit the highly electropositive metals as battery negatives. The
high negative potentials and the low equivalent weights of metals such as
lithium and calcium imply a high energy density battery.

When coupled with transition metal fluorides, cell potentials of the
order of 3.55 V are generally realized, at least on open circuit (Table II).
Thus, the electrolyte is required to be stable to 81 kcal/equivalent. In
these solvents, then, the fluorides are reasonable oxidizing agents. To
put this point into context, rhe thermodynamic cell potential for chlorine,
an active oxidant, coupled with lithium i~ about 4 V.

Stability to reduction is generally measured first by observing
the presence or absence of gassing from the metal electrode immersed
in purified solution, as well as alteraiions in the appearance of the
solution. (The high purity of the solvent is to be emphasized. Besides
obscuring results, the impurity can be directly involved in the decompo-
sition of the bulk solvent and/or the coating of the negative described
below. )
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Table I High Energy Density Electrode Couples at 25 °G{4154)

Cell Potential, Energy Density,

Reaction E° W-hr/1b
2Li + F2 - 2LiF €. 05 2740
2Li+ S - LiyS 2.6 1350
2Li+ CuCl, =~ 2LiCl + Cu 3.06 505
2L1 + CuF2 - 2LiF + Cu 3. 55 754
2L+ NiF2 - 2LiF + Ni 2.83 620
2Li+NiCl, - 2LiCL+ Ni 2.57 437
3Li+CoFg =  3LiF+Co 3.64 965
2Li+ CoF, = 2LiF + Co 2. 88 633
2Li + CuO - Li,O+ Cu 2.25 587
2Li + NiO -  Li0O+Ni 1.79 492
4Li + Ni382 - 2L12$ + 3Ni 1. 80 388
Mg+ CuF, - MgF, + Cu 2.92 566
Mg+NiF, =  MgF,+Ni 2.21 445
3Mg+2CoF5 =  3MgF, + 2Co 2. 89 691
Mg + CuO - MgO + Cu 2.30 538
Mg + NiO - MgO+Ni 1. 83 451
Mg + AgO -  MgO+Ag 2.98 491
Ca+CuF, -~ CaF, + Cu 3.51 604
Ca + NiF, - CaF, + Ni 2.82 501
Ca + CuO - Ca0 + Cu 2,47 503
Li+ AgCl - LiCl + Ag 2. 84 231

A purified LiClO 4-PC solution was tested for compatibility with
lithium by measuring, quantitatively, the rate of gas evolution in an
equilibrated solution. 14 No evidence of gassing was found after 5 days
at 25 °C. Also, the surfaces of the lithium samples remained clean and
bright with no signs of corrosion films. The same results were obtained
with mixtures of PC and ethylene carbonate. Furthermore, the solutions
were not discolored nor was there sediment or cloudiness present in the

solution.
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Drzcomposition reactions of an electrolyte by lithium need not
involve gassing, but would generally involve charge transfer (oxidation
of the lithium). Electrochemical techiniques have been used to study this.
Since the Li/Li+ electrode is reversible, lithium test probes are
difficult to use. The use of other metals such as platinum could possibly
obscure results due to differences in overpotential for the decomposition
reactions. Fig. 1 shows a cyclic sweer (80 mV/sec) on a platinum
probe 1mmersed in IN LlclO4 in distil’ed PC. Potentials are measured
versus a L1/L1 reference electrode 1n the same solution. 15 4 detailed
interpretation of this pattern is given in reference 17 together with
confirmatory chronopotentiometric measurements. Briefly, cathodic )
peak no. 1is due to the reduction of residual water, ~ 2 to 3 ppm. Peaks 2 !
and 3 are apparently due to the formation of lithium platinum alloy (a
bright platinum electrode held at this potential develops a black coloration
and, when immersed in water, will evolve gas). With time, this current
decays to zero as the surface becomes saturated with alloy.

The anodic currents appear due to the oxidation of cathodically
formed species, among them adsorbed hydrogen. From this data it ‘Y
is apparent that the electrolyte is kinetically stable from at least O :
to +3. 8 V versus Li/Li':'. The currents observed can be accounted for
by the impurities in solution and by a specific alloying reaction.

In some cases, the solute can affect the electrochemical measure-
ments of stability over and above direct participation in charge transfer
reactions. This cyclic sweep experiment was repeated with tetraethyl-
ammonium perchlorate as the solute. A cathodic current characteristic of
water reduction was not observed, even though small amounts of water
were known to be present in the electrolyte (enough to cause considerable
current flow in LiCl0,/PC). The addition of LiClO, restored the pattern
to the form shown in Fig. 1. Tetraethylamraonium perchlorate can also
perturb the positive eiectrode. For example, the reduction of thin films
of CuF2 on copper were inhibited in an R 4NC104/PC solution, even
though R 4NF is more soluble than LiF (Table XV).
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Therrnodynamic stability of PC solutions in the presence of
lithium has not been established. The basis for raising this question
is the repeated observation that clean lithium amalgam electrodes
apparently decompose PC solutions at potentials of 1 V positive to
the Li/Li+ clectrode. 30, 100 This process has not yet been fully
investigated, so the conclusions must be regarded as tentative.

Smooth, polished lithium electrodes were exposed to solutions
containing C10,, PF6—, AsF6", and BF 4_. No particular incom-
patibility was noted. 4 In the ‘presence of potassium ions, a charac-
teristic blackening of the electrode always occurred at or near the
liquid surface. No other evidence of chemical activity accompanied
this phenomenon: the solutions always remained clear. It is possible
that the differences in potential between potassium and lithium may be
sufficient to cause a displacement-corrosion reaction.

" Jtis also required that the electrolyte be stable over the tem-
perature of interest in developing battery hardware. For the purposes
of this discussion, the temperature range of interest is —40 to +160 °F,
essentially the ambient temperature range for the planet.

Little work has been done on the stability range of PC electrolytes.
It has been shawn59 that the solvent itself will decompose at +140 °C in
an inert atmosphere. Decomposition between 70 and 110 °C is slow, if
it proceeds at all. (The lower temperature is that of the condenser in
vacuum fractional distillation of the solvent; the higher temperature is
that of the still pot.) It would seem, therefore, that PC itself should cause
no major problem from the aspect of high temperature stability.

Unfortunately, high temperatures may result within the cell from
the waste heat generated via the vsitage inefficiencies of the plate dis-
charge. A 100-W-hr/lb battery with an equilibrium potential of about
3.5 V discharging at an average cell voltage of 2.5 V wili have to dump
approximately 70 W-hrs/Ib of waste heat. This may or may not be
readily accomplished, depending on cell design and rate of charge and
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Few battery systems have reached a development stage in
which this factor is important. It has been observed, tiowever, that
in charging plates in PC-KPF6, discolc%'iation of theelectroi"yt’e would
occur depending on cell configuration.

One of the more popular solutes used in conjunction with PC
is LiClO4. Perchlorates are strong oxida%ts when hot, and HCIO4 is
routinely used to destroy organic matter in some analytical procedures.
It would be expected that similar oxidation reactions would take place
between LiClO4 and battery materials at high temperatures. The use
of this solvent-solute combination in practice would depend very much
upon the temperature.

Testing thermal stability consisted of heating the electrolyte
(IN LiClO4 in purified PC) in an open container with various plate
materials and observing the temperature at which violent reactions
took place. It was found that the electrolyte could be heated to boiling
with no problem other than slow thermal decomposition. However, the
inclusion of carbon or finely divided sulfur produced a more viclent
reaction (see Table III). Although cells will not be operated at these
temperatures, it has been observed that such decomposition reactions
can take place in charging cells which are defective or which have high
overpotentials in generating current.

Table III. Stability of 1N LiClO 4-PC Solutions

Material Temperature, °C Result
LiClO, in PC Heating to dryness Stable
LiClO, in PC 180 (5 br) Stahle
LiClO, in PC + NigS,, Heating to dryness Stable
LiClO 4 in PC + N1382 (+ sulfur) 215 Burned
LiClO 4 in PC + acetylene black 215 Exploded
LiClO 4 in PC + sulfur (flowers) 260 Burned
LiClO, in PC + aluminum (filaments) 260 Burned
LiClO 4 in PC + lithium (sheet) 240 Stable
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B. Solution Purii;y

As-received PC can contain a few tenths of a percent each
of water, propylene oxide, propylene glycol, propionaldehyde, and
others (e.'g. , 59). Nonionized impurities such as these can be expected
to influence plate performance as well.as the measurement of electro-
1yte properties determined in dilute solution, e.g., solvent conductivity,
dissociation constant, solution ionic conductivity, diffusion coefficient,
and.ionic activity coefficients. When solutions of increasing dilution
are formed for the appropriate extrapolation, a solute concentration
range 1s eventually reached which approximates the concentration of
1mpur1t1es arising from the solvent. For example, 10 ppm water, the
approximate limit of many distillation purification procedures, represents
about:0.-6 mM-water. Thus, solute concentration above 6 mM must be
used to ensure, a priori, that no more than 10% of the lithium ions in
solution are free of chemically bound water. The inference of basic
ion structure from conductance data generally requires data more pre-
cise than+ 10%.

The fact that water can interact with lithium ions, at least in
LiClO4-PC solutions, has been demonstrated from chroropotentiometric

'data. 32 The nature of the Lit - 2O species apparently changes with

water concentr .e1t10n]‘71 and lithium ion concentration. Many equivalent
coriductance versus C? plots show a deviation from linearity at about
the water « Jncentration. This observation may be the effect of water or
may actually represent the decrease in ion-ion interactions.

1 Positives

The most obvious interaction of water with positive plates
is to increase plate solubility. An example of the solubilizing effect of
water is shown in Table IV for CuF2. The concentrations of water in
the first column represent added water. These values are probabiy low,
since the salt, LiClO4, and the CuF2 also contained water, some of which
was accessible to the solvent. Nevertheless, the trend is apparent.
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Added HZO’ -
ppm ppm m mol/ml Cqu, ppm/HZO, ppm
120 635 12.5 5.3
400 765 15 1.9
810 1270 25 1.57
2220 2640 52 1.19
6050 8900 175 1. 47

Table IV. Effect* of H20 on CuF 2‘.Solubilitsy""t
Cqu Solubility

* Equilibration time was 1000 hr.

The data on repetitive experiments are scattered. However,
the ratio of concentrations shows the same general trends, i.e., a
minimum of about 1. 2 for water concentrations of ~2000 ppm where
the effects of other impurities should be of minor importance.

The presence of other "natural" impurities in PC have also
been reported93 to increase the solubility of CuCl,. The results are
given in Table V. The solution was 1M in LiA:Cl,, containing 5%
by volume organic component.

Table V. Solubility of CuCl2 in PC Solutions93

Composition Solubility, mol/l1
PC 0.008
IM LiAICl, 0. 006
1M LiAICl 4t allylalcohol 0.036
IM LiAlCl 4 propionaldehyde 0.023
0.037

IM LiAlCl 4 + propylene oxide

- 11 -




It was suggested that the increase in solubility was due to
-specific interactions between the halidé and the solverit.
The solubility of cadmium iodide is another example. Itis
.quite soluble and forms a viscous solution in PC which has been
dried, but not distilled. The solubility in carefully purified PC is
 1ow (0. 166 /100 g solvent), °°
) ... The-end result of increased solubilization of the positive is
f«t’ ‘géne‘rglly self-discharge of the negative via deposition of base metal
ions onto the surface of the lithium negative. If sufficient base metal
is ﬁ‘l solut101., the entire lithium electrode could be consumed. This
is. seldom the case. With lesser amounts, the lithium electrode could
become 1solated with an inactive metal coating. The more common
effect is the: development of base metal dendrites across electrolyte
space, -eventually short circuiting the battery. The amounts of water
requiréd for such effects have not been well established.
Effects of water on posmve plates are also hydrate forming
reactmns of the type:

aat?

b -4,
B RV P - P

CuF2 +2H20 —'Cqu 2H20

This reaction is not fast, but occluded water will eventually convert to
water of hydration. The properties of the hydrate can be different from
the proiaerties of the fluorides themselves. It is often observed that the
h};drate is not as electrochemically active as the parent compound.

A third mode of interaction is that of electrochemical discharge at
. | the positive electrode. When coupled to a high potential negative, a
cathodic current can be sustained by the presence of water. Indeed, this
is the basis of early magnesium-sea water depolarized batteries. The
detrimental result of such a discharge process is the buildup of pressure
from the hydrogen reaction product. Fortunately, water discharges at a
low potential, e.g., 1.4 to 1.6 V versus Li /Li+ (on platinum), 17 and need
not constitute a significant practical problem. However, with low potential
positives such as the transition metal sulfides, the cathodic discharge of
water must be considered in cell construction.
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2. Negatives

Active hydrogen impurities will, by definition, react
with lithium metal negatives to (1) consume plate material, (25 «
develop a film on the electrode, and (3) generate hydrogen.

Trace impurities, while not consuming much of the available
plate material, can in principle develop insoluble films of reaction.
product on the electrode surface, thus isolating the electrode from
the electrolyte or at least inhibiting electrode discharge. In this
context, then, how much active hydrogen impurity is needed to form
a film on the electrode? Both quantity of electrolyte and impurity
concentration are important.

Consider the following order of magnitude calculation. A
smooth lithium sheet of geometrical area 1 cm2 with a roughness
factor of 3 would have approximately 4 x 1015 lithium atoms (3 x 10~ 9
mol) exposed to the electrolyte. We will assume an electrolyte space
of 2 mil (5 x 107 cm) which is filled with electrolyte (e. g, LiClO, in
PC). We will further assume that ull the impurities are available for
reaction with the lithium metal and that all of the lithium surface is
available, i.e., each lithium atom constitutes one reaction sice. (The
effect of lithium ion-water complexes on this reaction has not been
established.) In such a system, a monolayer of film would result from
4 ppm water and/or 200 ppm propylene glvcol.

Levels of purity below these values are achievable in practice;
in fact, 5 to 10 times the electrolyte could be used per cm2 of exposed
lithiumn within the purity levels achievable before a monolayer was
developed. Note also the benefits of increasing electrode surface area:
the more lithium exposed (per cmz) the more tolerant the system will
be to electrolyte impurities.

The exact nature of the reaction product at lithium in water-PC
has not been established, i.e., it is not known whether Li20, LiOH, or
both are formed. In moist argon, it has been observed53 that the first
product formed on a lithium surface is LiOH. As the amount of water

59

is increased, lithium hydroxide monohydrate is the product (LiOH - HZO)‘

..13_

B
R

RN

s
-




Now, is a thin film of, for example, glycolate and/or hydroxide
necessarily detrimental to the anodic oxidation of lithium? Very little
quantitative data are actually available on this point. We have found,
as have others, that there is no particular difficulty in discharging
lithium electrodes in PC solutions containing sufficient impurity to
form many monolayers of insoluble oxide and/or glycolate. During
some-experiments, visible gassing could be observed. The implica-
tion, then, is that the film is porous rather than passivating. Although
some of the surface must be blocked, sufficient lithium is exposed to
sustain discharges at least up to 10 mA /cm2

Recent data22

have indicated an order of magnitude lower
exchange current for the Li/ Li* reaction on solid "clean" lithium
‘in purified dimethyl sulfoxide (DMSO) than with a lithium amalgam.

It has fiot yet been determined whether this effect is real or the result
of surface impurity films.
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‘ At room temperature, lithium is inert to dry oxygen. Samples
of metal heated to 40 °C in dry oxygen showed no increase in weight.
Nitride formation, however, is quite rapid.

In at least one instance the presence of water appears to actually
increase solution stability of lithium ancdes. A thoroughly dried solu-
tiun of LiClO, in tetrahydrofuran (THF), when exposed to lithium metal,
- will decompose resulting in solid deposit collecting on the electrode.
| The same solvent containing traces of water (~50 ppm) is stable to all
‘ appearances and will sustain the anodic discharge of lithium. Similar
’ observations have been made by others. 46 The oxide-hydroxide film
may physically block the electrode from the solvent, and/or the water
may interfere chemically with a step in the solvent decomposition
mechanism. Since the lithium electrode discharges and solvent is needed
at the electrode for discharge, the latter mechanism seems more likely.
That the mechanism is complex is also illustrated by the qualitative
: observations that THF in the absence of solute is stable, as well as
- LiClO, solutions of THF containing 10% PC.
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Another effect of the interaction between lithium and solvent
impurities is the generation of hydrogen gas. The extent of this
problem is illustrated by the following order of magnitude calcula-
tion. The 3 ppm of water in the volume of solution described above
will generate about 4 x 10_5 cc hydrogen. Assume a battery of
plates with (1) an electrolyte thickness of 0. 25 mm, (2) a lithium
ribbon anode thickness of 1 mm, thick and (3) a positive plate
thickness of 2 mm. Assume further than there is a 2. 5-mm gas
space above each set of plates. The increase in gas pressure then
from the generated hydrogen is only 4%, but from 300 ppm (0. 02 M),
i.e., at the levels employed earlier in the development stage of
such batteries, the pressure increase is 400%.

Thus, with a configuration of the type described, and with
present purification procedures (see below), gas pressure problems
need not be significant. Indeed, the absence of gassing problems
represents one of the significant advantages of lithium batteries over
the conventional LeClanché and "mercury' batteries. However, it
is to be emphasized that, in the example cited, a minimum amount
of electrolyte was used as well as a parallel plate configuration, i.e.,
a minimum volume of plate material. The use of fully flooded plates
or a LeClanché configuration, but with an excess of electrolyte to
decr- ase ohmic losses, will increase practical gassing problems.

C. Purification Procedures

'The effects of active hydrogen impurities have been discussed
above. These materials can reach the electrolyte from a variety of
sources: (1) the solvent, (2) the solute, (3) the positive plate materials,
(4) the separators, (5) the binders, and (6) leakage through the seals.
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1. Solvent

Most solvent impurities are generally byproducts of
synthesis; water is most likely absorbed during handling and ship-
ping. Purification is necessary for electrolytes intended for basic
electrochemical studies as well as for battery construction.

Distillation, with and without prior chemical treatment, has
been used extensively to purify the solvents commonly studied in
organic electrochemistry, e. g., acetonitrile (AN) and dimethyl
formamide (DMF). A detailed survey of these procedures is given
in reference 20, A substantial reduction in impurity content of PC
is achieved by fractional vacuum distillation (~ 1 mm at 117 °C).

The residual low boiling impurities aie removable by stripping into

a gas stream. The remaining 3 to 10 ppm water are reduced below

the detection limit of the gas chromatograph (1. 5 ppm) via percolating

the solvent down a column of powdered molecular sieves (dried at

350 °C under argon). Distilled PC remains coldrless after this treat-

ment, while the as-received solvent turns pink. This distilled product

contains about 20 ppm of the 1-2 propylene glycol. Since the 1-3 glycol

is satisfactorily removed by distillation, the 1-2 glycol must result
 either from azeotrope formation with PC or from slow continuous decom-

position within the still.

Preparative gas chromatography may be particularly useful for
accomplishing the more difficult separations such as acrylonitrile from
AN and propylene glycol from PC.

Extensive application of preparative gas chromatography has been
inhibited by a number of problems, e. g., poor separations and low
capacities. Most of these have been recertly solved. The remaining

problem anticipated is that of extensive decomposition of PC within
the injection part at temperatures needed to vaporize large volumes
of solvent. Co-injection with a low boiling aprotic solvent could also
simplify matters.
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2. Desiccants

The effectiveness of various dessicants in removing
water from PC is summarized in Table VL

Table VI. Desiccants for HHO in PC* Solution5
Desiccant Final Concentration, ppm
Ca0O. MgO 170
LiCl 200
Li powder S50

* Initial concentration of PC solution was 240 ppni.

The LiCl had been heated under vacuum for 15 hr at 110 °C; the
water content was <0.002 at. %. The experiment consisted in
agitating 50 ml of liquid with 2 g of desiccant for 5 days. Water
concentration was monitored by Karl Fisher titration (this analytical
technique may have a solvent "blank" of 10 to 20 ppm water).

Table VII shows the rate of water removal as a function of
agitation time. The experiment consisted of agitating 1 g of lithium
powder with 100 g of solvent in selaed containers.

Table VII. Removal of HZO from PC With Li Powder5
Agitation Time, hr H20 Content, ppm
0 270
5 140
17 50
30 23*

* Limit of detection.
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The possibility of ion exchange with the molecular sieves
must be considered. Passing pure solvent down a dried column of
sievzs results in an increase in specific conductance to about
S x 10—5 ohm ! cm—l, indicating some leaching of ionic material.
Solutions of LiClO4 in PC were analyzed via flame photometry before
and after equilibration with sieves; no significant contamination by

sodium ions was found. Similar results were obtained for LiCl in
DMSO.

3. Solutes

The principal electroactive impurity arising from the
solute is generally water. In some cases, other electroactive impurities
are also found. For example, LiPF6 as received has been observed to
contain small amounts of electroactive impurities such as HF and HPF6.
The presence of other contaminants was indicated by X-ray diffraction
data, 40 although the materials were not identified.

The presence of soluble heavy metals is undesirable, since they
can deposit out on the lithium negative. In practice, problems of this
type seem to be minimal. When dealing with transition metal chlorides
as positives, it is impoitant to avoid soluble chlorides within the electro-
lyte which, as will be shown, have a solubilization effect on these positives.
Fortunately, most of the alkali metal positives are relatively insoluble
in PC.

A study was made of the residual curreuts at a mercury pool
electrode as a function of LiClO4 concentration (Fig. 2). 13 It is evident
that as the concentration of LiClO4 increased, the residual current
increased, indicating that some electroactive impurities can result
from the solute as well as from the solvent.

A number of procedures have been devised to prepare dry LiClO 4
The "anhydrous" salt, as received, contains about 1.5% water which
cannot be removed by heating to 120 °C under an inert gas or under
vacuum.
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One successful approach has been to fuse the salt under vacuum
" and below its decomposition temperature. 95 A 1IN LiCIO 4 solution in
I"C, prepared from this commercially available material, had a water
- content of about 2 ppm.
: Recrystallization, a classical technique for purifying solids,
“has also been applied. 4 LiClO 4 recrystallized from ethyl ether
apparently has-a low but measurable water content.

Dry LiClO4 in PC can also be achieved by treating a solution
prepared from the "anhydrous” salt58 with molecular sieves. Repeated
passes down the column are ineffective in reducing the water content
below ~ 2 ppm. This implies a strong complex between lithium ions
-and-water, which is consistent with spectroscopic58 and electrochemicall
data. The amount of exchange with sodium and potassium ions in the
sieves is apparently small and does not noticeably affect the performance
of lithium electrodes.

_ Lithium chloraluminate (LiAlCl 4) has been extensively evaluated
in prototype lithium batteries, particularly those employing rechargeable
transition metal chloride positives. This compound can be formed

by the direct combination of LiCl and A1C13. If done in situ, e.g., by
the addition of LiCl to a PC solution of AlCls, considerable discoloration
of the electrolyte is observed due to the high heat of formation of AICly-
If the procedure is carried out slowly and with considerable stirring, clear
solutions can be obtained.

A more effective preparative procedure92 has.been vacuum fusion
of LiCl and AICl4 in the stoichiometric ratic of 340 °F. The addition
of this material to PC produced no visible signs of chemical reaction as
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the salt dissolved.

AlCls, as received, is usually about 98% pure. Among the impurities
are aluminum hydroxide, aluminum oxychloride, and varying amounts of
ferric chloride, e.g., ~0.03%. The ferric chloride would be detrimental
as mentioned; the hydroxide would probably be innocuous; little is known
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about the electrochemistry of the oxychloride. Apparently, small
amounts of organic material are present as well.

Probably the most effective method of purifying AlCl3 is by
sublimation under partial vacuum. Unfortunately, FeCl3 is also
sublimed. To some extent, the impurities can be removed by
electrolysis of an AlCl3 melt at 120 °C.

In PG solutions, it would be expected that AICl, (actually
AlCl 4") would react with water impurity to produce aluminum hydroxide
and HCl. The HCI should be more electroactive than water, possibly
causing enhanced corrosion of lithium and support grids. Indeed,
it was found that the addition of water to an LiAlICl 4 electrolyte
enhanced corrosion of aluminum support grids. 38

The traditional purification technique used by electrochemists
working with aqeuous salt solutions has been in situ pre-electrolysis.
Unlike aqueous systems, the reaction products formed by electrolysis
of organic solvents between inert electrodes are not necessarily gases
which leave the system but are generally soluble and often electroactive
organic compounds. For example, electrolyzing a IN LiClO4-PC
solution of 5 mA /cm2 between two platinum foil electrodes (2 cm2
area) for several hours resulted in minor improvement in the catholyte
(lithium deposition) and a significant deterioration in the anolyte
(electrolyte oxidation). A much larger "background™ current was
observed in the anolyte during a subsequent potential sweep on a
platinum microelectrode, i.e., so:mne of the decomposition products
were electroactive. The anolyte was also observed to have changed
from colorless to a light clear yellow. It is therefore important in
carrying pre-electrolysis to provide acceptable half cell reactions if

in

pre-electrolysis is to be used.
It is also important, from the same argument, to provide an

acceptable counter electrode reaction in studying individual half cells,
particularly if the counter electrode is in close proximity to the test

electrode.
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One set of acceptable charge transfer reactions is the dissolution
and deposition of the principal cation, e.g. ,

Li =Lt 4+ e

This, of course, limits the choice of cations to those capable of redox
behavior: magnesium, aluminum, and terraalkylammonium ion solutions
would be excluded. The available potential span is also limited to

about + 100 mV about the equilibrium potential. Nevertheless, it

would be expected that active hydrogen compounds would be decomposed
by the fresh metal surface continuously formed at each electrode. A

" preliminary study was therefore made of this technique with an electro-

lyte containing IN LiClO4 in PC.

A 5-mA constant current was passed for about 12 hr between
two lithium wire electrodes (immersed area about 3 cmz). After elec-
trolysis, the lithium electrodes were removed and the background
current recorded on platinum microelectrodes in both the anode and
-cathode compartments. It was found that the background current in the
anolyte was slightly higher than before, but within experimental error,
while that in the catholyte showed some decrease. When stirring was
stopped for about 1 hr, a copious amount of finely divided lithium was
deposited on the cathode, completely f1111ng the catholyte compartment.
Holding a lithium electrode at +1.0 V versus Li/ Li* for s. eral hours
resulted in no significant improvement.

The main reasons for onlya small improvement in background
currents as a result of pre-electrolysis are probably the ease with
which solid electrodes are passivated during electrolysis and the use
of small electrodes.

A 1.0F LiClO 4/PC electrolyte was electrolyzed at a mercury
pool for 1 hr at-1.5 V versus an Ag/AgCl past reference electrode
(approximately +1. 3 V positive to a Li/ Lit electrode). As can be seen
in Fig. 2, the residual current was reduced appreciably with this
larger electrode. 13
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Most likely, this potential will not affect the discharge and
removal of water due to the high overpotential of hydrogen on
mercury.

4, Positives

The presence of impurities in the positive plate material
may be beneficial, detrimental, or innocuous.

One of the more detrimental and ubiquitous impurities is water,
either adsorbed or as a hydrate. The removal of trace quantities
can be a major endeavor.* Drying at 120 °C is usually ineffective.
Transition metal fluorides are prone to form particularly stable
hydrates which, rather than evolve water on heating, will form oxy-
and/or hydroxy-fluoride compounds.

For example, it is observed that Cqu. 2H20 decomposes
to CuOHF - Cqu, CuOHF, as well as an unknown material.

Drying transition metal sulfides at 120 °C also appears to be
ineffective, at least for the nickel compounds. However, it appears
that some of those compounds can be taken to ~ 300 °C without undue
decomnvosition and with considerable evolution of water.

Treating cupric chlorisie with thionyl chloride has been used
in an attempt to remove water. 87 It has been shown that this technique
is not successful in drying nickel fluoride. 74

Probably the most effective answer to this water problem is
to prepare the plate materials under anhydrous conditions. This
philosophy is the basis of studies 16 on the electrodeposition of CuF2
from anhydrous HF-KF and the sym:hesis9 from copper metal and
Fo.

Note that the formation of decomposition products during
preparation is not necessarily a serious problem unless (1) they
consume a significant portion of the plate material, and/or (2) they
form impervious surface coatings which screen the plate material

from the electrolyte.
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III. SOLVENT-ION INTERACTIONS

In the nomenclature of reference 86, PC, like DMF, DMSO,

AN, acetone, and nitrobenzene, is a dipolar aprotic solvent. ‘By de-
finition, labile protons are not present so that hydrogen bonding .cannot
take place and interactions can only involve the less mobile solvent di-
poles.

An estimate of the solvent-solvent interactions, i.e., whether
such liquids are to be considered as structured, is given by the Kirkwood
"g" factor. 97 This term, more precisely a measure of the hindrance of
-otation for the polar solvent molecule, is defined in a modified for.n of

the Onsager equation as:

_(€-€9(€+6) (9KT)

; 2

€@, +2%  4rNu
where €is the dielectric constant, € is the dielectric constant at in-
finite frequency, N is the number of molecules per crn3, u is the dipole
moment, k is the Boltzmann constant, and T is the absolute temperature.
Molecules in which the charge distribution is exposed are characterized
by "g" values differing from unity. Values of "'g'" greater than unity indi-
cate association between molecules so that the dipoles reinforce one another.
Values less than unity indicate a "contra-association" of the dipoles.

1 1t

Values calculated for "g" for various liquids are given by Table VIII.

Table VIII. Kirkwood "g" Factor

Liquid g €
H,0 2.6 78
pG{39) 1.04 65
+-8L(39) 0.71 39
gc(39) 1.19 (at 40 °C) 89 (40 °C)
Acetone 1.0 21
Nitrobenzene 0.8 35
- 25 -
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Apparently, then, PC, like acetone, is a relatively unstructured
solvent. Although the carbonyl group of PC constitutes a localized, ex-
posed negative dipole, the positive end is spread over the remainder of
the molecule and is quite diffuse. Thus, extensive "co-association" as
in HyO-or HCN is not possible.

More direct estimates of solvent structure could be obtained from
the temperature dependence of the refractive index, specific heat, density,
and viscosity, These data are not yet available.

The dipoles are also the centers of interaction of solvent with ions.
It would be expected, for example, that cations would be strongly solvated
by the localized negative dipole. This is observed (see below). Similarly,
it would also be expected than anions would be poorly solvated by the diffuse
positive dipole. This is also observed.

_ Superimposed upon these ion-dipole interactions are the effects of
the mutual polarizability of the ion and solvent molecule which determine
the extent of interaction of the dipoles and ion charge centers.

Before listing data and presenting a general picture of solution
structure, it is pertinent to consider briefly the concentration units. It
is postulated that the solvent must be considered as a chemical reactant.

Thus, for simple reactions such as salt dissolution, the most fundamental
unit is that of mole fraction, i.e.,

NB = B/ (nA + nB)

where n A and ng are the number moles of solvent and solute. In those
cases where n A>> g, i.e., in dilute solution, then

Ng = nB/ n,
which is approximately proportional to the common molarity and molality
scales.
Thus, the solution properties taken at dilute solution, e.g., AH®,
A°, should be free of ambiguity from this "units" consideration. The ex-

tent of complication in concentrated solutions can be inferred from the
following discussion on "density effects. "
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Much of the description of PC-solute structure is based on a com-
parison of measurements with those made in i1qu:ous solutions. This
cannot be done rigorously using the ususl mols ity and molality scales.
The number of moles per unit weight or volume are considerably different

. for the two solvents. For example, 1£ of water contains 55.3 mol; 1 £ of
Eﬁ' PC contains 11.77 mol.

’ , Comparisons of properties are particularly influenced by this fact

' %‘ at higher concentrations. For example, the maximum soiubility of LiBr in
{ A PC is about 2.4M. The mole fraction is approximately 0.18. The same
l/: mole fraction in water corresponds to about& 10M solution. Thus, itis

E |- solution properties at these concentration levels which should be compared,
{E{% i.e., equal mole fraction not equimolar or molality solutions.

The data given in the following sections generally use molarity con-
centration units, since these were the units of the original work. Insufficient
density data are available to make the transfer in units.

A. Density Effects

Table IX gives the densities of some solute-PC combinations

e el

considered for battery development. The density of PC has been measured
by a number of groups; the reported data range from 1.198 to 1.203.g/ cc.
Table IX. Densities of Solute-PC Solutions TS
Moles Solvent
2 Density, Displaced Per/ Mole
1 Reference Solute Concentration 25 °C Solute
99 — — 1.1995 _
E | 60 LiCIO, 1M 1.259 0. 46
e 50 LiBr 2.43M 1.372 0.15
A3 " 0.75M 1.235
E f* 62 LiAICl, ~IM 1.257
g 37 " 1.25M 1.255
; 40 LiClO4 0.25M 1.212 0.54
o § 50 Nal 1. 1M 1.336 0.28
i 50 KI 0.2M 1.227 0.30
e b 50 ZnClg 5.28M 1. 602
62 TMA-PF Saturated 1.209 0
74 TMA-PF 0. 1156M 1.206 0
74 Me N-PF6 1.8M 1.296
41 KP "6 0.25M 1.227 0.68
: - 27 -
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From density data, it is also possible to get some feel for the
changes in structure of a solvent upon addition of a solute. The
general picture of an ion in solution is a sheath of solvent clustered
about the charged species. This effect should result in a contraction
of the solution. However, the space occupied by the bare ion can no
longer be occupied by the solvent, resulting in a displacement. This
displacement will be large if (1) the solvation energy is low, i.e.,
there is a small degree of clustering, and (2) the ion size is large.

Table IX also shows the number of moles of solvent dispiaced per
mole of solute. These data were calculated as follows. From the density
of PC, there exists 11.77M/£. A 1-£ LiClO, solution coniains 1259 g of
which 1153 g(11.31 mol) are PC. Due to the presence of salt, 0.46 mol is
missing. It is possible to calculate, at least approximately from ionic
radii, just how much PC would be displaced if the atoms and molecules
were effectively billiaxrd balls.

As can be seen, these data depend upon very accurate measure-
ments of density, and the results can best be regarded as qualitative. Pre-
cise measurements at 25 °C of the density of PC solutions containing LiCl
indicate the following relationship

d =1, 1995 + 0. 047 m — 0. 0949 m>

where m is the molality.

Similar data are shown in Table X for salts in aqueous solution.
Before these data can be compared, it is necessary to determine the
relative volumes of ions and solvent. Table XI shows the computed volumes
occupied by the 1 mol of salt ions based on ionic crystal radii. Also
shown are the volumes occupied by a mole of PC and water.
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Table X. Densities of Solute-H?O Solutionse

Moles Solvent

Concentration, Displaced Per Mole
Solute M Density Solute
LiBr 1.235 1.0746 1.45
NaBr 1.05 1.0803 1.50
KI 0. 65 1.0761 2.77

Table XI. Computed Volumes Based on ionic Crystal Radii

Moles Solute per Equal Volume
Ion Volume
of Salt, Solvent

Salt cc/ mol PC H,0
LiBr 19.2 0.23 1.07
Nal 27.8 0.33 1.16
KI 31.5 0.36 1.70
NaBr 20.9

These values are to be compared with the data given in Tables
IX and X. Let us first consider the data for water. The amount of scl-
vent displaced is greater than that computed from ionic radii, particularly
for the larger ions. This is best explained in terms of disruption of the
extensive hydrogen bond structure of the solvent.

The computed values for PC displaced by Nal and KI are essentially
those observed; the values for LiBr observed are less than those predicted.
It is difficult to say whether this difference for LiBr is outside experimental
error. Qualitatively, the solvation energies in PC teuding to contract the
solution are probably of the same order as the solvent-solvent interactions.

The density of PC-tetramethylammonium hexafluorophosphate solu-
tion is essentially that of the pure solvent. Both the anion and cation are
large, and the molecular weights of each are about the same as the sol-
vent. The impiication, then, is that they simply replace two solvent mole-
cules with a salt of the same s..e and weight.
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B. Heats of Solution

The energetics of ion solvation have been investigated by direct
measurements of the heats of solution of a variety of alkali metal and
tetraalkylammonium salts in PC. 116 By comparison with similar data
for water solutions, it is also possible to determine the enthalpy of trans-
fer from one solution to another, and thus have a direct estimate of rela-
tive solvation. These data, it must be emphasized, are enthalpies of
solution and not free energies. The importance of the entropy contribution
should be major when dealing with structured liquids such as water (see
below).

The calorimetric data were taken at a series of salt concentrations
and extrapolated to infinite dilution, the standard state. Some of the data
$0 obtained are listed in Table XII; standard enthalpies for transfer of salt
from water to PC are shown in the fourth column.

Standard enthalpies of transfer for the individual ions ("cable XIII)
were obtained from these data by assuming that for Na to be zero. Ad-
mittedly, there is not a physical justification for this; nevertheless, the
data should be self-cousistent and give a relative order of solvation en-
thalpies.

It is not possible, however, to convert these AH® 5o into enthalpies
of solution for the individual ions in the exact way as A, and individual ionic
conductances.

A semiquantitative estimate of the enthalpy of solvation for Na' has
becn calculated via the Born equation, i.e., -81.3 kcal and ~101.7 kcal

for Hy,t in water and PC, respectively. The individual ionic enthalpies are

calculated in Table XIV with this value for other icns in PC. In these cal-
culations, the initial state is the gaseous ion.

The enthalpies of solvation for the alkali metal cations in PC are
generally higher than for unions, as predicted. However, the differences
between Rb' or Cs' and halogens are not all that large. This probably
reflects a lower degree of specific solvation of these larger alkali ions
by the solvent.
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Table XII. Enthalpies of Solution and Transfer 116

AHosol AHtr (HZO ~PC),

Salt H,0 PC keal/mol
Trifluoroacetates

Li -6.33 2.36+0.4 8. 64

Na -~1.99 3.32 5.35

K +1.24 3.73 2.52

Rb 1.89 3.78 1.89

Cg 1.53 3.04 1.52
Tetrapheriyl borates

Na -4.79 -10.72 -5.93

K +9.41 +0. 74 ~-8. 67

Rb 11.73 2.41 -9.32

Cs 12. 40 2.38 -10.02
Perchlorates

Li -6.35 -9.51 -3.16

Na -3.32 -3.05 -0.37
lodides

Li —-14. 95 -15.05 -0.10

Na -1.81 -5.04 -3.22

Me,N +10. 08 +5. 34 -4.74

Et4N 6. 67 6.08 -0.59
Tetramethyl ammo-

nium

Br 5.92 5.27 -0.65

I 10.08 5.34 -4.74
Tetraethyl ammonium

Cl ~3.07 +3. 30 6.37

Br +1. 49 4.90 3.41

I 6. 67 6.08 ~0.59 &
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Table XIII. Relative Ionic Enthalpies of Transfer (H20 —PC)

H .

Ion kcal/ mol

Na© 0

Ao
Me 4N‘ ~-1.45
+

Et 4N +2.65

Cl™ +3. 83

Br +0.35

1 -3.22

C10 4’ -6.37

CF3CiO2 +5. 35

BPh 4 -5.93

+

Li +3.17

Kt ~2. 80

Rbt -3.43

Cs+ -3.96

Table XIV. Individual Ionic Enthalpies of Solvation in PC
solv
(Relative to Gaseous Ion),

Ion kcal/ mol

Lit ~124.8

Nat ~101.7

kt ~84.3

RbT ~79.0

cst ~75.0

Cl~ : -79.4

Br = -74. 4

U -68.0
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The solvation enthalpies for Lit and Na* are substantially more
negative than for the anions, possibly indicative of definite solvate forma-
tion. Li' is known to form strong solvates with acetone and DMSO. 10 )
Strong solvent interactions have been reported for Na® in DMF and DMSO. 102

It has been shown on the basis of aromatic nucleophilic substitution )
reactions, 86 that the solvation energies in some dipolar aprotic solvents
increase in the series F_ < Cl~ <Br <1 . The enthalpy data in Fable XIV
for anions in PC are somewhat consistent with this order, except that solva- ‘
tion of C1~ is greater thanBr and 1 .

Interpretation of the AHtr between water and PC requires considera-
tion of the additional solvent-solute interactions in protic solvents. In
such solvents, anions are solvated by ion-dipole interactions on which are
superimposed a strong hydrogen bonding, greatest for small jons.

If, to a first approximation, the solvation energies for the halide
ions in PC are considered equal (see Table XIV), then the expected order
of transfer enthalpies for the halides and Cl10O 4— ions is consistent with this
hydrogen bonding explanation. This assumes that the entropy effects on ion
transfer are essentially the same for each of the ions discussed. This
assumption would be less valid as ion size is increased, since breaking
of the water-hydrogen bond structure would make a significant contribution
to the overall free energy change.

C. Solubility of Salts

A salt dissolves in a solvent if either the ion pair solvation or
the total anion solvation, cation solvation, or "dissociation or ionizing
power" of the solvent, which is usually reflected in its dielectric constar..,
exceeds the crystal energy of the salt.

Of the many theories and equations that have been used to predict
changes in solubility and variation with solvent, the majority depend only
upon changes in the electrostatic properties of the solvent. These should
be, and indeed are, valid only for a group of solvents of similar coordina-
tion power. To some extent, water and the n-aliphatic alcohols have simi-
lar coordination properties, and the solubilities of ionic salts in these media
are a smooth function of the dielectric constant. Solubilities of ionic salts




in five cyclic esters: ethylene carbonate, PC, v-butyrolactone, vy-valero-
lactone, and cyclopropanone, are not a smooth function of the dielectric
constant. -

] Table XV lists the solubilities of a number of salts in PC. The most
obvious feature of these data is that the maximum solukilities of salts in
PC are much less (2 to 3M) than those in water, even though the dielectric
constants are similar. )

In Table XVI, some of these solubilities lgaVe been converted into
approximate free energies. Comparing these with the measured enthalpies
of solution (Table XII), itis apparent that entropy effects can have a con-
siderable bearing on the net solubilities, at least for the iodides and perchlor-
ates, For example, the lower solubility of these salts in PC in water
implies that AF for the pi'ocess: salt {HyO) — salt (PC), is a positive value.
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g _} ', _ Since AHtr for some of these reactions is negative with LiClO & NaClO0 4,and
E 1 Lil, then, from

SR

= = AH - -

- AF =AH-T (SPC SHZO)

%

Ay
EAN

SH 0. must be greater than SPC' In these cases, the solvent-solute struc-

turé in water must be more disordered than in PC. It is generally con-

cluded 97 that ions dissolving in water increase disorder by interrupting

'&; the hydrogen bond structure. In PC, dissolving salt must fot lead to as

much disorder or it rhay actually increase order via orientation of the

X solvent. It should be noted, of course, that those structural properties

o of the water molecule leading to a more ordered initial state are also

those involved in solvating ions, e.g., hydrogen bonding centers to anions,

. and thus this one structural parameter of the solvent influences both AH
BE ' and AS.
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The solubilities of a series of alkali metal salts appear to follow
more the order expected from entropy considerations than the measured
enthalpies of solvation (Table XIV), i.e., the larger halide anion salts are
more soluble even though AH® soly are lower. For a given halide, the rela-
tive solubilities tend to follow the enthalpy of solvation of the cations. The
fluorides are exceptions to this generalization: RbF is more soluble than LiF.
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i Table XV. Solubilities in PC
: Salt Concentration Reference
‘ LiF <5 x 10™%M 62
LiCl * 3.8 x 10”2M 52
4,0 x 1972M 25
] LiBr 1, 43m 50
: Lil 1. 365m 50
0. 02M 116
g LiPF 0.763M 74
; LiPF, 0.55M 8
LiCIO, 2. 1M 63
LiBF,, 0. 42M 8
NaF ~5 x 10™°m 50
: NaCl ~3 x 107%m 50
4 NaClO, >2M 116
~ NaBr 0. 08m 50
1 Nal 1. 10M 116
Nal 1. 1lm 50
: NaBF , 0. 093m 50
NaPF 0. 86M 8
i KCl 4x107%m 50 . |
KBr 6 x 10™3m 50 §
4 KI 0. 23M 116 i
: KI 0. 223m 50
; KBF 0.012m 50
$ KPF, 1. 24 41
RbE 0. 061M 74
* Tetramethylammonium 6.5x 10”2M 62
; fluoride
!
|
i
3
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Table XV (Cont. )

Salt Concentration Reference
TMA. PF¢ 0. 15M 63
CaCl, 4.9% 10 3m 62
CaF, 2 x 10™4Mm 65
CaF, (IM LiCIO ) 2.7 x 1073\ 65
CaBr, 0.745m 50
Ca(BF ), 6. 45 x 10 °m 50

_ Table XVI. Approximate Free Energies of Solution and Solvation
Salt : AF 4 AF

_ solv
LiCl +3. 87 kcal/mol -30
LiF >46.3
NaF +35. 4
NaCl +7
KC1 +3. 81 -38

*KBr . +2, 0*

NaClO 4 +0. 4:”=

Nal. +0. 8

KI +1. 3: ’

LiBr +. 3* -30.7
Lil +0.6 -37

]
Assume A+ ~ 0.5.
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D. Complex Ions

The transition metals tend to form complex ioas with anions and
with solvents. The equilibria of silver chloride in PC solutions contain-
ing excess chloride have been studied potentiomet:rically19 in a constant
ionic medium (0. 1N tetraethlammonivm perchlorate) at 25 °C.

From these data, only mononuclear complexes (A gCln) were found
corresponding to the reactions:

AgCl(s) =Ag"+CI” (1)
Agh +CI™ = AgCl(sol) )
AgCl +CI™ = AgCly~ 3)
AgCl,™ +Cl=AgCLy® ()

The solubility product for AgCl in Eq. 1 was computed to be 1071987,
The overall formation constants for the soluble complexes are:

log 8, = 15. 15+0.15
‘ log B, = 20. 865 + 0. 015

log B = 23.39 +0.06

R
ke
s

.

Hece., B 1 is defined as the equilibrium constant for K, for

(AgCL) =K, (agh) €17
Similarly,

By =XiKy

By =K1KoKg

in pure PC, the solubility of AgCl is 2 x 10 °M, and the predominent

species is the undissociated AgCl complex. In chloride solution, the total
solubility of AgCl is approximately equal to the chloride concentration, with
AgCl,™ as the predominant specizs. Reference 1¢ gives the concentrations
of the various soluble species in saturated AgCl solutions containing excess

chloride,

Table XVII is a comparison of these data with those observed in
23
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: Table XVII. Solub111t and Complex Fprmation Equ111br1a2 for
3 lin HZO and PC

‘ ] Item H,0 PC
E Dielectric constant 78.54 65.0
E | log K o [AgCl(s) =Ag" +Cl17] -9, 42 -19. 86
1 : log K_; [AgCl(s) = AgCl (sol)] +1.0 -4.7
3 log K, [AgCl(s) + C1” =AgCl, ] -4,70 +1. 00
I log B; [Ag+ +C1™ = AgCl (sol)] +2. 85 +15. 15
- _; log B, (Ag +2C1™ =AgCl,)) +4.72 +20. 86
- log B (Ag" +3 C1™ =AgCy 27) +5.04 +23. 39

3 : *Conditions: 0. 1M ionic strength, 25°C.

It is apparent that the solubility and complex formation equili-
bria are vastly different in the two solvernts. Because of the strong
] complexes, the total solubility of AgCl is greater in PC even though
the solubility prodict is more than 10 orders of magnitude smaller in
» PC compared o5 water. Since the dielectric constants of the two solvents
are not markedly different, this tendency to stabilizing complex ion forma-
tion can be interpreted in terms of low specific solveat-cation solvation
energies; low at least when compared to the free energy of chloride ion
complex formation.
i The studies of AgCl equilibria were extended to PC-water mix-
tures to evaluate the specific solvation properties of the two solvents.
The water concentration range was varied from 0. 0004 to 3.57 M/ 1.
Above this concentration, two phases exist with the perchlorate supporting
electrolyte. The details of the experiments were essentially as described

107
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above.
The variations in specific formation constants with water content

are described by formulas of the type
logBl--'-lS 3 -3. 25(CI1I O)2
The expresszon for the solubility product is
1
H
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A It is a curious coincidence that the total solubility of
&k AgCl in the absence of added chloride is almost exactly the

' same (2 x 10-5M), independent of the composition of the sol-
] vent. This coincidence is even more remarkable because in
PC the predominant species are Agt and Ci~ ions.

Although large changes are observed as the water
concentration is increased from zero to the two phase boundry
(approximately 3. 6M), the equilibrium constants for solubility

: and complex formation of silver chloride in these water satu-
HENE ratgd PC solutions are still very different from those in pure
. 2
- A qualitative explanation of these large changes may
I 1 be found in a discussion of the factors influencing the free
= energy of solvation of ions in the mixed solvents. The sol-
 , ubility product Kgq reflects the free energy change for the
I < reaction

s AgCl(s) = AgT +Cl1

. and is larger (iess negative log Kg() the more strongly the
ANy ions are solvated. Thus, a medium of higher dielectric
*t constant, or stronger specific interactions between the ions

4 and solvent, would tend to increase Kgg. As the medium
‘ is changed from propylene carbonate to water, the dielectric
3 constant changes very little, but the hydrogen bonding of the
E; solvent to chloride ions is very much less in propylene car -
2 E bonate than in water. Thus we may attribute the observed
. changes in Kg( largely to the differences in hydrogen bonding
between chloride ion and solvent. Since propylene carbonate
' is probably a relatively weakly coordinating ligand, the free
1 energy of solvation of the cation probably dees not change
very much as the composition of the solvent changes. Cf
course, the separation of the observed variation in Kg( in-
to contributions from solvation of the carion or anion is a
nonthermodynamic procedure, and we can discuss rigorous-
ly only the variation of the sum of the two free energies of
solvation.

The other constant for which simple qualitative
arguments may be clearly made is Kg92, whicn reflects
the free energy change for the reaction

AgCl(s) +Cl1 = AgClz_
Here we observe directly the difference in {ree energy of
solvation for two anions. If there were no snecific inter-
actions with the solvent, we would expect K9 to be some-
what greater than unity simply because Ag(ﬁ ~is a larger
ion than C' . As the dielectric constant of the medium
increases, we would expect the effect of size to be less
and thus expect Ky9 to approach closer to unity. The
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observed values of Kg9 decrease below unity at water concen-
tration around 0.5M, and are nearly five orders of magni-
tude smaller than unity in pure water. Hydrogen bonding of
the solvent to C1~ would tend to decrease Ky9, and this ap-
parently causes the overwhelming change as the solvent is
changed from propylene carbonate to water. Coordination

of the solvent to silver would be expected tc increase Kg

and this may be a partial contribution to the observed value
Kg9 = 10 in the anhydrous solvent, but is certainly a much
smaller effect than hydrogen bonding. This observation tends
to confirm the previous statement that most of the increase
in Kgp with increasing water conten_E was attributable to in-
creased solvation of C1™ and not Ag™.

The intrinsic solubility of AgCl reflects the free
energy of solvation of the neutral complex AgCl and this
varies only slightly oger the range from anl%y%rous propylene
carbonate (Kg1 = 1079) to water. (Kg1 = 1079 9). If anything,
this variation implies that the coordinate bonding of propyl-
ene carbonate to silver is greater than water, but the effect
is much smaller tharb the variations involving the solvation
of the chloride ion. 107

Such chloride complexes may also exist with lithium ions, although
they are probably weaker than with silver. For example, it has been ob-
served that wher the titration experiments of the type described above are
done with LiClO 4 rather than Et 4NC10 & the unsaturation-saturation sec-
tion is much distorted; the break occurs at a .ower C A g/ CCl ratio,

The presence of Li-Cl solution complexes or strong ion 1§azirs is
also consistent with the departure from linearity of A versus C plots
above 0.025M LiCl in PC. Unfortunately, the influence of trace water
on these measurements is not known.

1. PbCl,

The solubility of this material in pure PC is about 7 x 10 7M.
In 0. 1M chloride, the solubility25 rises to about 10_2M. A PbCl1 42_ complex
has been suggested. o1

2, TIC1

Thallous chloride (T1C1) has also been studied.24 The equiv-
alent weight _f this material is too high for use in lithium batteries. How-
ever, preliminary stuciies99 indicate that the T1/ v couple may be of
value as a well poised reference electrode, e.g., +0.0Z mV for aged T1
(Hg)/ T1Cl. Table XVIII shows the solubilities of TICl in PC containing varying
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amounts of Et 4NCl and a constant 0. IM Et 4NClO 4

Table XVIII. Solubility of TIC1 in PC

Y
0 7.6 x 10°'M
0. 0109 6.28 x 107/
0. 1004 7.86 x 1070

As can be seen,. the sclubility is very low, and the solubilization
by chloride ions is also very low. Apparently, the chloride complexes,
if they do exist, are weak.
The equilibrium constants are: KsO =-12.2, K sl <~6. 4 and
K g2 = 4 1,
In this regard. TICl seems to resemble NaCl which has a solubility

in PC of ~ 3 x 10—6m. No data are available on possible Na-Cl complexes.

By analogy with aqueous systems, these are expected to be weak.

3. CuCl

The solubility of CuCl, in PC was determined62 by chloride
ion titration to be 4.9 x 10™3M at 25 gC. The solubility of CuCl in LiAIC] 4
has been reported93 as 4.62 x 107SM. From the discharge of CuCl elec-
trodes it was concluded that, like AgCl, the solubility of CuCl is equal to
the free chloride ion. Apparently, CuCIZ_ complexes are formed.

4. Physical methods

Aluminum trichloride is soluble (~3.2M) in PC. Because
of its Lewis acid properties, it would be expected to coordinate strongly
with the negative dipole of PC,

A direct study of ion structure has been made with NMR techniques
for the products of AlCl3 dissolution in PC. From the A1%/ spectra, it was
inferred that the major ionic species are Al (PC)I:]3+ and AIC1 4_, and these
ions are quite similar to those found in AN. High resolution I—I1 spectra
of IM AlCl3 -PC indicate peaks due to coordinated PC as well as bulk PC.

From rthis and the A127 data, it is shown that the Al coordination number (n)

is six, in agreement with the coordination number of Al * in AN and other
solvents.

- 41 -

. e

65

g oL B s, ]

Sl S VRS 1ot

e

« i

i




¢ At o e o

NMR studies of LiCl solutions of AN containing A1C13 are consis-
tent with the formarion of AIC1 4_ from the coordiaating species Al(AN)3:,; .
The observed population of this aluminum state decrecses linearly to zero
at 1M LiCl.

Further studies64 indicate that the population of the coordinating
species is reduced by the addition of LiCl10 4 to the A1Cl3 -AN solution.
The implication is that A1(C10 4) 4_ is formed in spite of the ordinarily

‘coordinating tendencies of ClO . It was noted, however, that
ClO was less effective than Cl™ in complexmg Al(AN)3+

NMR studies64 were made of the F19 resonance for tetramethyl-
ammonium hexafluorophosphate (TMA* PF6) in PC and in DMF. A doublet was
found as expected from splitting by the presence of phosphorous, and no
other peaks. Thus, the fluoride atoms are all chemically equivalent and the
equilibrium for the dissociation reaction

PF6_ — PF5 +F
is weil to the left.
Direct evidence of Li*water interactions is also available for similar
solvents from NMR data. For example, the effect of water in AN on shifts
of the Li" NMR spectra has been interpreted51 to indicate either some pre-

ference of LiT for water compared to AN in the solvation sphere, or an
overwhelming preference for water in the inner solvation sphere.

5. Activity coefficients
Very little data are available on activity coefficients in PC
electrolytes. One sr,udy99 has determined v for LitC1™ from equilibrium
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poténtial measurements on the cell Li/ Lit, Cl /TICl, TI (Hg).

sentative data at room temperature are shown in Table XIX.

[

Taple XIX. Activity Coefficients for LiC1-PC Solutions

Repre-

(25°C)
Concentration, m 'Yi
0. 01631 0. 6046
0. 02003 0. 5647
0.02713 0. 4801
0. 03197 0. 4420

Even at low concentrations, there is a significant departure of
s from unity. This is explained in terms of a strong icn pair or com-
plex ion formation between chloride and lithium ions.,

E. Conductance: High Concentrations

Extended data on the specific conductance of concentrated salt
solutions are of obvious value in selecting electrolytes for batteries and
in designing specific cell configurations, The acquisition of such data in
nonaqueous solvents is relatively straightforward. Table XX shows the
maximum conductance for a variety of salts in PC. Further listings are
given in reference 54. Of interest is the observation that dissolving the
gases PF5 and BFg in PC gwes rise to conducting solutions, 107
ably through 2 PFg =PF, Ty PF5 .

Almost all solute PC combinations have maximum specific con-
ductances below 102 ohm " ecm ™!, Most conductance maxima are
of the order of 1N, implying very little strong specific solvation with
ions in solution. Contrast this situation with the specific conductance of
LiC10 4 dissolved in THF — a solvent which does appear to coordinate with
lithium ion. Unlike the PC solutions, condiictance continues to increase
with concentration until saturation is reached.

presum-

At high concentrations, ion association becomes important.
Neutral ion pairs are formed as well as larger charged ion multiples.
In effect, the solvent becomes unable to satisfactorily shield one ion from
another. As a result, the specific conductances versus concentratioa plots
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LiPF 6
LiPF 6
LiBr

LiBr
LiBF 4
LiAIC1 4

A 1(313
NaPF6
NaPF6
Nal

NaCl0 4
KI

KI

KPF 6
KPF,
KPF 6

KCNS
KCNS
KBr
PF5

Table XX. Conductivities in PC~Salt Solutions

Concentration
IN .:
1.IN
0.9
0.25m
0. 76N (saturated)
0. 55 (saturated)
2, 4m
1, 15m
0. 42(saturated)
IN
0.75m
1.0IN
IN
0. 86 (saturated)
1.1m '
0. 1IN
1. 22N
0. 1N
0.2m
0.5N
Saturated
0.25m .
0.7m
1.55m
0. 96m
Saturated
0. 056m
0.5m

-44..

Conductivity,
ohm ~tem ™}
5.6 x 1072
4.97 x 1073
5.2x107°
4x1073 .
5.83 x 102
4.49% 1073
5x 1074
1.8x 1073
2.5% 1072
6.57 x 10~3
5.1x% 1079
7x 1073
1.67 x 1073
6.8 x 1079
5.8x 1073
1.5% 1073
6.75 x 1072
2.3x107°
4.4%x 1073
6.8% 1073
3.12x 1073
4.7x 1073
.8x 1073 ]
.95 x 1073
.25 % 1073
.8x 1074
9x 1074
.3x 1079

] = N1 00 O

T

Reference

66
66
2
79
74
8
S0
27
8
66
47
6674
74
8
50
74
2
74
50
74
8
79
40
29
29
29
WH#3
107

A




Table XX. (Cont.)

Conductivity,

Salt Concentration ohm ~tem ™} Reference
TMAPF, 0. IN(Saturated 2.8x 1073 74
PhMe,PF,  0.25m 5.37 x 1070 111
RbE 0. 06m(Saturated 7.4% 1070 74
CaBr, 0.75m 3.3x 1074 * 50
Mg(ClO,),  0.4M 4.7x1073 27

|

Table XXI. Critical Distance of Approach for Ion Pair Formation

Solvent D Ter R
HZO 78.3 3.52
AN 36.7 4,2 :
Pyridine 12,0 23 ;
Benzene 2,27 121
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turn over and o decreases with increasing salt concentration.

The relative effect of the dielectric constant on this shielding-ion
association question can be estimated with following relationship for the
critical distance in.vol\éed in ion pair fOrmation97

= leze
2DKT
At this distance, the mutual electrical potential energy of the two ions
is equal to 2 KT. Some values for r_ are given in Table XXI for a 1:1
solute such as LiClO 4

Obviously, ion-ion interactions in PC are going to be effective over
greater distances, i.e., at lower solute concentrations. Note, howeve.,
that the critical distance for PC is only 1.2 times larger than water, yet
the maximum conductivities achieved are much lower and ion association
is much more pronounced,

The difference at high concentrations can be explained in terms of
the lower specific solvation energies of ions in PC. The solvent mole:ules,
being less strongly held by the ions, are more readily dispiaced by tte
coulombic attractions between ions of opposite charge and neutral ion pairs
are formed. Furtheimore, the solvent is unable to prevent more ex:ensive
complex ion formation between these neutral ion pairs and the pooriv sol-
vated anion. These molecular scale interactions are also manifest by an
increase in the macroscopic viscosity (see, for example, Table XXVI).

As mentioned, there are also al.utfive times fewer solvent mole-
cules per unit volume of PC as compared to water.

The differences in ionic conductivity at low concentraticns, i.e.,
in the absence of ion-ion interactions will be discussed below.

As shown in Table XX, there is a choice of solutes and con-
centrantiuis which yielc electrolyte conductivities in the range of 4 to 8

x 1073 ohm ™t em ™1, In choosing an electrolyte for battery operation,
it is desirable to minimize the potential loss across the electrclyte space.
The equations for this proczss are written in terms of the product concen-
traton times diffusion coefficient where the maximum current flow is pro-
portional tc (DC). Ionic mobilities have been related to diffusion coefficients

-47..
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via the Nerst-Einstein equation97

and thus
2

F
Ay+rg= A =—— (D, +D,)
1772 RT 1 2
What are listed in Table XX are the specific conductances (c); these are

related to A via

2
F°C

= (D; +D,)

RT = 2

CA=c¢

Thus, to a first approximation it would seem that the o data, regardless
of concentration, are a good indication of the effectiveness of the electro-
lyte. However, it was implicitly assumed that the salt was completely
dissociated, which is obviously not the case ¢.c high concentrations. Thus,
the conductivity estimate of D will refiect only the ion migration aspects
of ion transport and will not "see" the neutral soluble salt which can also
diffuse across the electrolyte.. Thus, argument can then be made that the
higher salt concentrations, for a given specific conductivity, are more
desirable for maximum ion transport.

In most systems being studied (see Section IV), cations are dis-
charged into the electrolyte at the anode and consumed (via precipitation)
at the cathode. The important current flow then in determining the per-
formance of the electrolyte is actually that of the positive ion. Thus,
to obtain a better evaluation of the capabilities of the electrolyte diffusion,
coefficients of the individual ions are needed.
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F. Transference Numbers

The conductance data in Table XX are for the salts. Relating
these numbers to ionic conductivity and to ion structure in electrolytes
requires knowledge of transference numbers; however, very few of
these are available for nonagueous electroiytes in general and PC in
particular.

A variety of the experimental techniques that have been used )
to measure transport numbers in aqueous solutions are described in T
reference 97. Most of the available data onPCwere taken by the Hittorf
method. Applications of this technique require: (1) one or both electrodes
must be reversible, i.e., free of side reactions such as electrolyte
decomposition, and (2) the solution must be very accurately analyzed.
Care must also be taken that convection does not occur between com-
partments and upset the concentration distribution.

[t is generally observed in the PC solutions studied that, although
the experiments are done in a thermostated vath so that some convec-
tion is present, the electrolyte will heat due to the ohmic losses within
the poorly conducting solution. 2 Silver has been used as an anode
when dealing with chloride ion. The Li/Li+ electrode is sufficiently
reversible15 and can be used as the anode.

Table XXII summarizes some transference data for salt solu-
tions in PC. Two factors are apparent: (1)t L+ is less than 0. 5 for Li+,

in common with aqueous solutions, and (2) there are very few references
available on the subject.

Table XXII. Transference Numbers in PC

Salt Concentration t, Anode Cathode Reference
LiCiO 4 IN 0.19£0.08 Ag Ni 63
KPFé 0. 45m 0. 11 - Ag Pt 74
LiClO 4 Infinite 0. 39* 46

dilution
LiClO4 1IN 0. 20 34
LiClO4 (AN) IN 0. 32 64

* From chronopctentiometric data.
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From these data on conductances and transference numbers,
ionic conductivities can be computed and, via the Nernst limiting law,
the diffusion coefficient at infinite dilution can be estimated. Thus,
for LiClO gandat v of 0.4, ) . 18 approxirnately 10.

Thus,

=2 66 x 10~ LZ- [+12 22
ll'f‘lz

A

T /Z Z /

D’ = 34 X 10—6 cm2 sec_l

This value is of the same order as that repocted in reference 46 deter-
mined via chronopotentiometric data.

G. Conductance: Dilute Solutions

Informartion on solvent-solute interactions is also achieved by
analysis of equivalent conductances at infinite dilution wher:, by
definition, ions act independently of one another.

Obtaining accurate data is complicated somewhat by the low
values of conductance in nonaqueous solutions. The acquisition cf
such data also requires careful attention to purity of materials,
particularly the solvent (see Section II). The need for removal of
ionically conducting impurities is obvious and this can be achieved
to some extent by careful distillation. Note that final purification by
passage over molecular sieves is not acceptable, since small amounts
of ionizable impurities are introduced.

A particularly pronounced examnple of the apparént influence of
impurities on A measurements occurs in the case of LiAlCl 4 in PC.
This compound will apparently hydrollyze trgé:e water to give aluminum
hydroxide and HCl. The A versus C? plots™“ for A1(3113 are poorly
behaved below 0. 0625M AICI3 unlike the A versus C? plots for AlCl3
in the presence of LiCl (C; ;5 A0.78x C AlCI3 ). Thesedatafor LiAlCl,
are available over the concentration range 0. 603 to 1.OM. A large change
in slope occurs below 0. 04M; the high concentration range i« linear. A
was extrapolated to 34.5 units, although the extrapolation is somewhat
uncertain.
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Problems of working with highly purified dilute salt solutions
can be alleviated somewhat by using extrapolation functions taken
from treatments which have considered some ion-ion interactions,
and thus using data for higher concentrations of salt. One such treat-
ment, using the Shedlovsky extrapolation function,9 7 is described in
reference 11. Solvent purification was accomplished bya double
vacuum fractional distillation. The concentration range of LiClO 4 Was
0.002 to 0. 014N; a value of 26. 39 was computed for A. o This value
was fed back into the Fuoss-Onsager equation and a value of 2. 46 R
computed for the distance of closest approach of the ions. From ionic
crystal radii, the unsolvated value for this parameter is 2. 04 151,
suggesting that the solvation is weak.

A detailed discussion of the Shedlovsky and other extrapolation
fractions is given in reference 97. Briefly, it has been ollnserved in ,
aqueous solutions up to C = 0. OIN that a plot of (A + B, C?)/(1- B, C?)
against C would yield a straight line which, when extrapolated to C = 0,
would yield the true limiting conductivity, A o {The B1 and 82 terms
are computed from a variety of physical constants, including the dielectric
constant and viscosity. )

A somewhat less empirical function, developed by Robinson and
Stokes, 97 attempts to explicitly take into account finite ion size. This
equation gives a fair account of conductances of aqueous 1:1 electrolytes
up to 0.05 to 0. IN. The upper limit will be somewhat lower for non-
aqueous electrolytes because of the stronger ion-ion interactions.

Most Ao daga reported, however, have been achieved with dilute
solutions and A—C? plots. Table XXIII lists values of A o S0 obtained
together with three values of A (and the concomitant concentrations)
used in the extrapolation (where available).

The conductance data taken from references 63 and 64 have been
corrected for the conductivity of the pure solvent. Although a desirable
prozedure, this can of course lead to some errors when the "blank"
conductivity approaches that of the solution. Data are shown in Table XXIV
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Table XXIII. Equivalent Conductances for Selutes in PC

Concentration,

A

. 1921 2
‘Solute M A ohm ~eq ~cm Reference
LiCIO, 0. 000625 2.1 25. 6 63
S 0. 0025 23.15
10.01 2.1
— —_ 26. 395 116
—_ — 26.3 11
LiBr 0. 00062 . 24.0 26. 2 63
0. 0025 23.9
0.01 21.5
Tetrabqtyl- 0. 0057 16.5 17.2 45, 64
ammoniumni .
e raohenyl 0.00228 15.7
borate _ 0. 0045 15. 2
Tetrabutyl 0. 00065 26. 8 27.5 64
ammonium
amrmont 0. 0052 2.3
LiCl 1.766x 107%  22.5 26. 2 62
- 1.06 x 1070
2.65 x 1072 5.49
KPF 8. 15 x 16~4 46.50 29. 50 74
8. 15 x 1070 26. 40
2. 45 x 1072 23. 85
NaPF 1.0x 1074 35. 26 26. 55 74
1.0x 1079 25.56
3 x 1072 21. 64
Terramethyl- 2 x 107 32, 14 33.6 62
ammonium
hexafluoro- 1x 10_3 30. 44
phosphate 1.65 x 1075 27. 09
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Table XXIII. (Cont.) 1
Concentration, AO,
Solute M A ohm™~! eq? cm? Refererice
Nal 1.0x 1074 38, 22 74
1.0x 10 28. 21
1.0x 1072 26. 47
NaClO, 28.3 116
KI 1.0x 1074 37.52 74
1.0x 1070 29, 85
1,25 x-1072 27. 38
K1 — —_— 3], 50
Nal _ —_ 25 50
Table XXIV. Conductance of BC and Dilute Solutions
Concentration Conductance,
Salt M ohm_1 cm"l Reference
_ _ 7.6 x 10°° 40, 61
_ _ 2% 1077 50
_ — 5% 10~ 28
LiCl 1.7x 1074 4.26 x 1070 62
11x 1070 1.83 x 107 62
LiClO, 1.56 x 104 3.9x 1070 63
5
1,25 x 1070 2.97 x 10 63
- 53 -
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for the measured cenductivity of pure PC and some dilute salt

solutions which would be used in determining A For the better
solvent, "blank" conductivities are about 2% of those at 1077M
salt; for the poorer material (2 x 10 7), this can be 50%.

Apparently, the solvent can slowly leach ionizable impurities
from glass containers so that solvent conductivity should be checked
immediately before use. For example, the specific conductivity of
one batch of PC stored in glass under argon rose from 6.38 x 107"

1. 05 x 10'6 in 4 weeks. 13

First of all, it is apparent that the available A data are too
limited for extensive general conclusions. It is also apparent ‘that
there is lictle difference in the spread of values, at least for the
alkali metal salts. In this aspect, 86 PC solutions are similar to salt
solutions in DMF and DMS(). The differences in specific conductivity
are, therefore, more the result of solubility effects rather than major
differences in A o In addition, the limited data do not parallel the
enthalpies of solvation, i.e., Table XIV. The AF of solvation data are
too limited. Lastly, it is not yet possible to determine whether there

exists in PC, as there does in water, a critical range of ion sizes such
.-that: (1) small ions acquire a solvent sheath and end up larger and with
lower mobility, and (2) large ions do not solvate, but are slower moving

merelv on accoint of their size.

H. Viscosity Effects

!
|

1. Conductance

X»%'—h{»

A discussion of viscosity is given in reference 97. To a
first approximation, viscosity (n) represents the resistance of a solvent
medium to the movement of a particle, To the extent that this approxi-
mation is obeyed, good agreement is found between measurement and
theory. For example, the Walden rule: A0 1, = constant, where 7 o is
the viscosity of the medium, is generally obeyed more by solutions of
tetraalkyl ammonium ions than by smaller alkali metal ions. Conversely,
to the extent that the Walden product is obeyed, viscosity differences
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between solvents per se probably account for differences in ionic
conductance (A o). In concentrated solutions, considerat.on must
also be given to the alteration in electrolyte viscosity brought about
by the ion-solvent and ion-ion interactions.

Consider first the effects of solvent viscosity on conductance
at inifinite dilution. The viscosities of PC and a number of organic
solvents are presented in Table XXV.

Table XXV. Solvent Viscosity, 25 °C

Solvent Viscosity, cp
PC 2.53
BL 1.75
DMF 0.8
AN 0. 34
Methanol 0. 54
DMSO 2.C9

Table XXVI lists the Walden products for a number of solvent-
solute combinations at infinite dilution. The last two columns of the
table are normalizations of conductance (Ao) to unit viscosity. The
expression U % A%C/'n S is intended to normalize the conductance of a
PC solution to the viscosity of the solvent (s). For example, what would ]
be the equivalent conductance of LiCl in PC if the solution had the same )
viscosity as water? The term Mg A;/T’PC represents the converse, e.g., f
what would be the equivalent conductance of LiCl in water if the soluticn ks
had the same viscosity as PC? i

In effect, the use of linear extrapolations of this type in com- £
paring solvents assumes applicability of the Walden product.
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Tablé XXVI. Walden Preducts for Solvent-Solute Combinations
, o Nor 7, A
Solute Solvent AO A7 PC_PC ﬂs 5
¢ : . s PC
LiCl PC 26.2 66. 6
MeOh 92,20 50. 5 123 20
a H;0 114.99 115 67 44.5
a8 LiBr PC - 26.2 66. 3 |
A o DMF 79.1 63 25
ol i AN 127.2 43.2 18
S T HyO . 116.8 116.8 63 46
% TBA® Br C - 27.5 . 68.6
L % DMF : 87.0 69.6 ’ 27.9
I . AN 161.6 55 21.8
LiC10, PC 25.6 64,8
E | Lo DMF . 80.4 64.2 25. 4
 TMA'PF,  RC 33.9 85.5
h DMF 90.5 = 72.4 28. 6
BE AN 402 136. 5 54
Y " KPF, o 20.5  75.5
] AN 185 56. 4 22,2
+BL. 53.5 . 93,8 37
NaPF, PC 26.55 67. 2
) N AN 190. 2 65 25. 6
KI PC 31 . 78,5
‘ MeOH 115.2 62 24.6
H,0 150. 4 150. 4 79 59
Nal PC 28 71
H,0 172.1 127 71 50
- 56 -
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Thus, in the comparison of water and PC salt solutions at
infinite dilution, it would seem that viscosity ditferences can correct
for about half the differences in conductarice. If we compare PC and
methanol, there is an over-correction, i.e., normalized to unit vis-
cosity PC solutions are better conducting. The same applies far AN
solutions in five out of the six examples. The correct conductances
for DMF and PC solutions are about the same,
2. Concentration dependence
The viscosities of a number of concentrated PC salt
solutions are shown in Table XXVII.
Table XXVII. Viscosities of PC Salt Solutions
Solute Concentration 7, CP Reference ‘
—_ — 2.5 —_ '
LiClO, IN 7.1 63
0. 25m 3.6 79
LiAlCl, 1.03m 7.2 62
LiAlCl 4 0.75m 4. 42 37
1. 25m 7.57 37
LiBr 2.4m 86. 1 50
KPF Im 5.7 40
5 ’ 0.75m 4.6 40
K1 0.2m 3.12 S0
E NaBF, 0. 25m 2.72 79
1 Nal 1. Im 9.6 50
i; TMA-PF ¢ Saturated 2. 66 62 i
;' A1013 1.03 5.72 62
ZnCl, 5.3 1736 50
i
|
|
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Specific solvation of ions must be considered in explaining
the date. Strong interactions generally result in increased viscosity

.of the solution. Perhaps the most pronounced examples of this in

the data available are Nal at 1. 1M (96 cp), LiBr at 2.4M (86. 1 cp),
and:ZnCl, at 5. 3M (1736 cp). The ZnCl, value is particularly

. interesting because of the high solubility. Also of interest are the

viscosities of AlCl3 and KPF 4 solutions which are lower than those of
commonly used Li"CIO4 and LiAICl,.

The observation made above concerning (A 017) products at infinite
dilution for the same solute in different solvents avplies Lere as well.

The conductivity of 0. 56M KPF in AN (5 = 0. 490) is 3. 16 x 1072 chm™* e,
that in PC is 25 x 107 ohm™ em™; [np (A, PC)/my ] is 4.2 x 1078,

Thus, the conductivity of PC solutions is lower than can be accounted for
simply by viscoéity, i.e., the effect of ion solvation on specific conductance
is not the sarfie as.on viscosity.

As mentioned above, on a mole fraction basis, the 2. 4M LiBr-PC

.solution i$ equivalent to a 10M H 20 solution and it is these solutions

which should ‘be compared.

As with the conductance theory, the mathematical relationships
é,onnecting viscosity with salt concentration are, at best, %giod up to a
few tenths molar. Probably the most accurate of these is:

Mel =;)’-75= 1+B, C%+BZC

B P2 collection of physical cons;ants (invelving solvent properties,
ionic changes, A and temperature) is numerically small, at least in
water solutions. B2 is a highly specific parameter and correlates strongly
with the entropy.of solution of the ions.

The concentration dependence of viscosity40 for KPF 6-PC solutions
is shown in Fig. 4 together with the variation of specific conductance. The
viscosity difference between the pure solvent and electrolyie is only 0. 3
unit at 0. 2M above the concentration range where the above equation applies.
Thus, to obtain good values for BZ’ precise measurements of viscosity
are required — a formidable proble:n.

_58_

H

T

- < -
<, e - 73 . -~ - .
Rt VPRSI S ] LS M




A S
O

3SI0dILN3D ‘A LISOISIA
© o) < ) 2£
(024
g
, 5
o~ @
B ;
O
[N
[
b4
- ®
\, o & Z
- —r . A o=l
o [
3 3 :
= 2 o
DN N
o '
nmw ¢
(O]
< =
o b
Q
=3
<
=
Q
O
<
© 0 < o © .
o emd
8 &8 & 9 o B
o o o o
| WO, WHO IONVLONANOD D14103dS
R AR TSRS -

O o e B T T ———




T
P YR S -”}ww;.w.»w»g R R A e v R oy S TS S 5 N Y ey Gy T (,»,rd"ﬁ A
L .

Walden product data53 are also given in Table XXVIII. With
this-€éxample, it is apparent that even with a series of the same
solute-same solvent, viscosity does not change in the same manner

-as the-conductivity.

Table XXVIII. Walden Product Data”® for KPF g in BC

Concentration, M/1 A n An
0.26 14.8 3. 16 48.9
. 0,42 13.1 3.55 46.5
0.58 11.0 4.05 44.7
0.75 9.2 4.60 42. 4
1.20 6. 08 6. 40 38.7

It should be re-emphasized that the addition of large amounts
of solute can displace significant amounts of solvent. For example,

"in the 1. 2M ~KPF6 solution, there is a 7% decrease in the amount of

solvent. A rigorous comparison of such macroscopic properties to

_illustrate solution structure should be carried out for a fixed number

of moles of solvent, since indeed the solvent is a reactant.

I. Solvent Mixtures

A -practical approach to improve the conductivities of specific
PC-solute combinations is to increase the dielectric constant and/or
decrease the viscosity by adding a second solvent. A number of examples
of this approach are available, Ethylene carbonate (EC), also a cyclic
ester, added to PC (4:1) increases the dielectric constant by 35% with
little change in viscosity. The conductivity of a KPF6 solution increases
from about 7. 6 x 1070 chm™} cm Y to 1,16 % 1072 ohm™L em™L. The
'viscosity and dielectric properties of PC-EC mixtures40 are shown in

Table XXIX.
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Table XXIX. Properties of PC-EC Mixtures

EC, wt 9, Viscosity at 25 °C  Dielectric Constant
0 2.52 64.6
20 2.52 69.1
40 2.52 74.6
60 2,52 80.5
80 2.55 87.2
100 Solid Solid

Fig. 5 contains plots of the viscosity, dielectric constant, and
specific conductance for KPF 6 in PC-EC mixtures relative to the values
in pure PC. Apparently, dielectric constant is the most important para-
meter. However, to some extent, the dipoles available for solvation
are also measured by dielectric constant,

40

Table XXX illustrates the changes in viscosity and conductance
for IN L-iClO4 solutions diluted with benzene. 60 The changes proceed
in the anticipated direction; however, they are small.

Table XXX, Conductivities and Viscosities60 of LiClO4 in PC and Benzene

4 Viscosity Conducitivit:'z/i
£ Solution Viscosity, cSt (No Salr) ohm™ ~ cm
PC, 1005 6.01 1.96 5.6x 107
1 Benzene, 10% 5. 36 1. 67 6.3
Benzene, 25% 4. 20 1.45 6.5

EALAR ARSI MO

More pronounced results are achieved by the use of a more miscible
diluent. Nitromethane (NM) has been used for this purpose;39 a IM solu-
tion of LiAlICl 4 in 3:1 NM-PC had a conductivity of 1. 03 x 1072 ohm™t cm’"l.
Data are shown in Table XXXI fer 1IN LiClO 4 in a mixture of PC with tetra-
hydrofuran (THF), a low viscosity compound which also specifically solvates

lithium ion.
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Curve (A) — specific conductances (29 to 30 °C) of IM KPF6.
Curve (B) — viscosities (25 °C) of IM KPF.
Curve (C) — dielectric constants (25 °C) of solvent.

" 100% values (1M KPF-PC): specific conductance

=8 10x 107 ohm ! cm ™t at 29 °C; viscosity
= 6,25 cp at 25 °C.

Fig. 5 Properties of KPF6 solutions versus PC-EC solvent composition
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Table XXXI1. Conductivities and Viscosities of LiCl{J 4 in PC and THF

Conductivity,

Solution ohm™! cmL Viscosity, ¢St
PC, 1003, 5.6 x 1075 6. 01
THF, 10% 7.9 4.01

25, 9.6 3.01
509, 11.3 2.10
75% 10. 3 1.39
100 4.5 1.02

As with the PC solutions, the maximum conductivity of the 1:1
THF-PC mixture occurs at about 1N LiClO,. In 0.5M LiClO 4 the
conductivity is 8.9 x 1073 ohm ™t cm"l; in 1. 5M, the conductivity is
11.3x 10"3 ohm ™t cm_l. A similar improvement in the conductance
of LiAlCl 4-PC solutions upon the addition of THF is noted in reference 39.

Combining this effect with that of adding EC can give some further
improvement. A 50% THF plus 1:1 PC-EC solution, .IN in LiClO,, has
a conductivity of 12.3 x 1073 ohmi ! cm™! compared60 to 113 x 1070
oam™ ¢m™! for 1:1 PC-THF.

This specific coordination effect is further emphasized by the data
in Table XXXII. Here, salt solutions in mixtures of PC-EC with nitro-
methane (NM, viscosity of 0. 6 cp) are compared to mixtures with THF
(viscosity).

The differences beiween solutions containing NM and THF are
pronounced for the LiClC}4 solutions and minimal for the NaPF 6 and

Et 4NPF 6 solutions.
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Table XXXII.

Salt
LiClO,

[\IaPF 6

Et4N' PF6

Conductivities of Various Salt Solutions

Solvent

1:1 PC-EC + 50% THF
+ 509, NM

i:4 PC-EC + 25% THF
+ 259 NM

1:4 PC-EC + 25% THF
+ 259 NM

B -
e T

Conductivity,

ohm_1 cm_1

12.3x 1070
0.26 x 1075

8.7 x 107>
10.0x 107

4.2x 1070
5.7 x 1()—3
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IV. ELECTRODE REACTIONS IN PC ELECTROLYTES

A. General Mechanisms for the Discharge of
Positive Electrodes

One of the major problems in developing a working lithium
battery is to uncover a positive plate material which will discharge
well. Materials have been selected primarily on the basis of a high
thermodynamic energy density (see Table II). However, many of the
materials so chogen have not been rarticularly amenable to electro-
chemical reduction. Those that are reducible have had problems with
excessive plate solubility and/or will support only low current drains.
This limitation by the positive plate is of course not unique in organic
electrolyte systems, but is a traditional problem in the development of .
effective ambient temperature batteries.

1. Heterogeneous mechanisms

Most comfounds that have been suggested as positive plate
materials for lithium batteries are insulators or poor semiconductors at
best. Thus, it is not possible for the electrons to penetrate far into bulk
of the crystallite in order to reach the solid-electrolyte interface, This
is readily apparent from a simple Ohm's law calculation. For example,
Ag,0 has an electrical condu.:‘?:ivity49 of 1070 ohm™t e, If the IR
potential drop across a 1-cm” face of this material does not exceed 200 mV
at 1 mA /cmz, then the thickness of the layer must be less than 2 x 10"6 cm
or 200 A.

In some aqueous systems, the lack of electronic conductivity can

be supplemented by a high field migration of hydrogen or oxide ions through
the solid to compensate for the charge delivered to the positive plate. There !
is no evidence for significant ionic or electronic conductivity in pure CuCl,
CuF 95 NiF 2 and most of the other positive plate materials in PC electrolyte 2
systems studies. Thus, any solid-solid charge transfer (heterogeneous reaction)
would have to be restricted primarily to the 'points of contact between the
conductor and crystallite. If metal is produced as a reaction product, the
interface should propagate and the discharge should continue. If not, then
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once the interface contact points are consumed, a high ohmic over-
potential will result. It would be expected that the performances of
such materials would depend critically on electrode structure and
discharge rate. Indeed this is the case. Examples are given below.
_ A few materials have Ddeen used as positive plates in aqueous
électroiy’tes which are reasonable electronic conductors, e.g., PbO2
and AgC.. “The latter compound discharges well in PC electrolytes.
Unfortunately, the solubility is excessive for exploitation in battery
hardware.

Apparently, a number of transition metal sulfides are also elec-
tronically conducting, electrochemically active, and relatively insoluble,
such as cupric Sulfide49 and Ni3SZ. 57 It has not been established whether
the conductivity is inherent in the pure material or is the result of minor
metal impurities. Successful prototype batteries have been built with
both materials, as will be discussed later.

2. Homogeneous mechanisms

The second general discharge mechanisms for positive
plates is a homogeneous charge transfer whereby the plate material first
~dissolves, diffuses to the conducting substrate, and then discharges. This
. mechanism appears to operate, at ;east to some extent, for the discharge
of AgzO in aquecus caustic as well as CuCl in LiAlICl 4-PC. It has recently
been shown that the Cu/CuF , discharge most likely also involves a soluble

intermediate {see below).
It would be expected then that maximizing the rate of dissolution
would increase the rate of current withdrawal from a cell. In general,

the rate of dissolution of a material is given by the equation113
_CD
T

where D is the diffusion coefficient of the cation in c:m2 sec“l, C is the
concentration (solubility in mol cc"l), and d is the jump distance in cm.
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The C and D terms are electrolyte dependent and should, at least in
part, account for the observed variations in electrode performance
with electrolyte composition.

The equation would predict that increasing C would incre:zse
performance and, in general, this is observed. Very few experimen-
tal accounts are available on the diffusion coefficient in PC; however,
less viscous electrolytes, such as those based on AN, are generally
more effective for the discharge of positives than those based on PC,

This homogeneous discharge mechanism for positive battery
plates contains its own seeds of destruction if the solubility is high.
Once in solution, the heavy metal ions can diffuse and/or migrate to
the negative electrode as well and plate out. This consumes plate
material and builds up dendritic shorts across the electrolyte gap.

o

3. Effect of reactuion product

Thus far we have considered only the discharge of the
oxidized ion. In understanding the behavior of a practical electrode, it
is necessary to account for the fate of the positive plate anion as well,

For cxample, the oxides, sulfides, chlorides, and fluorides of
lithium are relatively insoluble in PC. It would be expected, therefore,
that in PC, precipitation of these anions with lithium ion will occur at
the positive, blocking active surface and plugging pores. Indeed, LiF
has been found in the pores of discharged CuF2 electrodes. 40 The
physical character of the precipitate (i.e., porous or passivating) can
be expected to depend upon the electrolyte. This may account for some
of the variability of discharge performance with electrolyte solute. It
was assumed that the solid and solution were in equilibrium; however,
supersaturation can result., Some evidence of this at low temperatures
is given below.

The chlorides present a unique set of problems in PC and most

other solvents. It has been shown (see Section III) that AgCl, CuCl, CuClz,

and PbCl2 will react with free chloride ions to form soluble complexes
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(free chloride ions are produced on the discharge of the positive).
This phenomenon has a major effect on the operating life of batteries
employing transition metal chlorides.

4, Effect of solute on performance13

The electrolyte solute can alsc affect the use efficiency of the
positive plate material. As an example of this, three plate Li/CuF2
cells were discharged at 2 mA /cm2 to completion. These cells were
kept identical except for the choice of solute: 1.0F LiClO n 0.75F
LiBF 4 and Mg(ClO 4)2. The efficiency in LiBF 4 electrolyte was about
kalf that in LiClO g™ 32%. The performance in Mg(ClO4)2-PC was
very poor: < 2%". Interpretation of the data in terms of fundamental
mechanisms such: as plate solubility and reacrion product properties
has not been given.

B. Electrode Discharge: Inorganic Positives

Very little work has been reported on individual half cell equili-
brium potentials in PC electrolytes. Sorne of the limited d-ta are shown
in Table XXXIII. Such information would aid in understanding the
relative solvation properties of ions in PC (e. g. , reference 86), and
could be used to establish the solubilities of positive plate materials.

Table XXXIII. Reduction Potentials (0. 5M LiClO 4-PC)

Potential
_ Couple, 0.0IM Ion PC ¥-BL AN H,0*
4 Ag/Agt 0 0 0
Cu/Cu’ ~0.15 -0. 21 ~0.58 .3
Pb/Pb?t ~0.83  -0.82  -0.42  -5.87
cd/ca?t -0.94 096  -0.66  ~L12
Li/LiT (0. 5M) -3.67 -3.60  -3.20  -3.74
*Calculated. -
- 68 -
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As mentioned, most battery systems studied in PC electrolytes.
involve an inscluble compound as the product of the cell reaction (see
Table II). Thus, if the electrodes are reversible and the product is in
equilibrium with the electrodes, then the total cell potential is indepen-
dent of the solvent-solute combination. L

The general information accumulated on specific electrode
reactions is discussed below. This is followed by a brief summary
of the behavior of some of these systems in working batteries.

1. Ag/Agt

Apparently, the Ag/Ag+ charge transfer reaction is
reasonably well behaved in PC solution, and alsodoes not involve any major
kinetic limitations. It has been observed19 at a silver electrode in
AgClO 4-LiC10 4-PC that for small anodic and cathodic current drains,
only ohmic resistance polarization is ncted. In constant ionic strength
'nedia, the Nernst equation is obeyed within *! mV, the error of the
potentiometric measurement. Equilibrium was reached within 1 min.
Solutions saturated with AgCl showed similar reproducibility, but often
required as long as 0. 5 hr to reach equilibrium.

Silver electrodes anodized in PC solutions of LiBF 4 LiClQ 4 and

KPF6 accepted charge readily, producing soluble silver.

2. Ag/AgCl

The anodic oxidation of silver metal in LiAICl 4-PC

produces AgCl at 100% efficiency7 for current densities up to 70 mA /cmz.

A cyclic voltamogram is shown in Fig. 6 for a silver wire in
LiAlCl 4-PC. These data are also indicative of a reasonably reversible
system. The anodic reaction is the formation of AgCl, and the cathodic
reaction is its discharge. Integration of the peak areas confirms the
100% charge-discharge efficiency. 110

Although reduction of AgCl proceeds rapidly in LiAlCl 4-PC, it is
subject to the problems of solubilization by excess ClI™ and poor electronic
conductivity of the active material. Prototype batteries have been built;54
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however, the practical application of these would have to be based
on some advantage other than energy density.

Cyclic voltammograms withAgin AgCla-PC also show the
formation and discharge of AgCl. In this system, 110 the current
peaks are separated by about 1.2 V.

The anodization of silver in MgCl2 also results in AgCl form-
ation, as expected. The subsequent cathodization current peak is dis-
placed by about 1 V from the anodic peak. 105

It has been reportedl'03 that AgCl would not discharge in }KFF6
solutions, regardless of solvent. This was ascribed to the precipitation
of KCI which may form passivating films on the undischarged AgCl or
may plug up the pores.

3. Ag/AgO

As mentioned, AgO is a reasonably good electronic con-
ductor, 13 with a reeistivity of ~ 107! ohm™ em™L. Positive plates have
been formed from this material using a mixture of AgO with graphite
and polynropylene. As would be expected, the amount of graphite was
not critical and actually little, if any, was necessary. Discharg.s of 2
mA /cm"" yielded 95% utilization at a plateau of about 2 V. However, after
a wet stand, a good deal of silver was found in the 1F LiClO 4—PC electrolyte,
implying a high solubility of AgO in the electrolyte. As a result, this com-
pound is not an acceptable positive plate material when used in combination

with an LiClO4 -PC electrolyte.
4. cu/cu?t

The Nernstian behavior of this couple was investigated
over the Cu2+ concentration range of S x 1072 to 107*M in IN LiClO 4
Potentials were measured with respect to an Li/Li+ reference glectrode
separated from the copper test electrode by a porous glass frit. The
electrode was well behaved: a straight line was obtained for a plot of
AE versus log (Cu2+) over the entire concentration range. However, the
slope was 60 mV, decade, indicating n = 1 for the equilibrium potential
determining reaction. Thus, the reaction must be either

60
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Cu?t + e cut
or

cut+e = Cu0
but not

Cu 2++ 2 = Cu0

Furthermore, for a linear Negnst plot, the concentration of Cut must
be well defined, This implies the reaction

Cu+ Cu2+ =2 Cu'{'

It has been shown86 for other nonaquéous solvents, that cut is
stabilized relative to Cu? “t 1 such a reaction were also posible in PC,
then a copper metal electrode immersed in a Cu2+ solution should show
a weight loss from this corrosion reaction; indeed, this has been
observed. Unpublished polarographic work73 on Cu' in 0. 10F

EtN 40104-PC suggests that the equilibrium constant for this corrosion
reaction is of the order of 10. Thus, we have a process which will
supply a well defined amount of Cu+ from Cu and Cu2+

If the reaction

2-!-_*‘e

Cu = Cu+

were to account for the equilibrium reaction at open circuit, the Nernst
equation would take the form
0 +RTjp L 4 RT RT ln (Cu2+)

2+ 1
Cu“’, cut F K2

E=E

it 2+ .
where K is the equilibrium constant for the Cu~—Cu™" corrosion
reaction.
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An n = 2 dependence should still be obtained from the Nernst
plot, not the n = 1 which is observed. Thus, the equilibrium potential

reaction is most likely

Cu+ +e = CuO

The inability of PC to stabilize Cu2+ with respect to cut as in water,
results in a shift of potentials of the two ions with respect to those in

water.
A chronopotentiogram for a solution of Cu2+ in IN LiClO 4-PC

shows two transitions. Quantitative analysis of the first transition

shows an = 0. 54. To be consistent with the Nernstian behavior, n=1,
then « would be about 0. 5.

The second transition in the chronopotentiogram is presumably
the reduction of Cu2+ (in equilibrium with Cu+) to Cu metal.

5. Cu/CuF, _

This couple has received considerable study as a possible
positive plate material. The Cu/CuF 92 coupie is apparently irreversible
in most organic solvents, due possibly to the low avzilability of F.
Anodizing Cu metal in KPFé produces soluble Cu rather than CuF2. A
typical chronopotentiogram for CuF2 reduction in LiClO 4-PC is shown in
Fig. 7. This low surface area test electrode was formed by clectro-
depositing a thin, porous film of CuF2 onto Cu m,etal15 from an anhydrous
KF-HF solution. In this manner, the classical problems of porous elec-
trodes and inert binder materials were avoided. Electrode composition
was confirmed by X-ray analysis.

It has been shown that (1) the initial potential drcp is not due to IR,
(2) stirring causes a decrease in ir, the charge recovercd from CuF,
reduction, (3) a decrease in LiClO4 concentration causes a decrease in ir
in the same sense as the solubility of CuF2 is decreased, and (4) an increase
in H20 concentration causes an increase in it in the same sense as the
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solubility of CuF2 is increased. These results imply that, as would be
expected from its high resistance to electronic current, CuF2 is reduced
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via a soluble intermediate rather than through the solid state. The
behavior of the soluble Cu2+ was discussed above and is consistent
with the observations on the Cu/CuF2 electrode.

It has been shown that Cut reaching the electrode is quickly
reduced. This leaves as possible rate limiting steps in the Cu/CuF2
electrode (1) the dissolution of CuF Y (2) the diffusion of Cu2+ to an
electronically conducting surface, and/or (3) the reaction of Cu2+ with
Cu0 to produce cut. If the reaction (3) cannot take place rapidly, then
the cell potential will assume that of Cu2+ discharge which, as shown
above, 1is below that of the Cu+ discharge.

Similar results40 have been found by others for the discharge of
electrodeposited Cqu. Particularly interesting was the pronounced
dependence of use efficiency on the solute and solvent. For example,

a Cu/CuF, electrode in 1m KPF,-PC was relatively unstable and gave
a poor discharge curve. However, excellent results were obtained in
Im LiPF()-PC; an average discharge efficiency of 68% was achieved.

Only negligible capacities were observed for discharge in KPFC,
and LiPF6 in nitrosodimzt(:)hylamine. Explanations for these phenomena
have nct been advanced.

Electrode structures which would maximize the contact of CuF2
particles with electronically conducting surfaces should improve per-
formance. This would come about from two effects: (1) minimizing the
diffusion path for Cu2+, and (2) increasing the points of contact of conductor
and insulator for solid-solid discharge, i.e., .

042 LiF

CuF(s)+ € +2 Li" = Cu
Positive plates were made from CuF 9 of varying particle sizes

mixed with graphite and discharged at 2 mA/cm”. The -325 mesh material
discharged to about 65% utilization; the +170 material13 discharged to

459
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Attempts have been made to study the Cqu discharge on
h;ghly porous working CuF2 electrodels uséi:ng cb.onopotentiometry,
coulometry, and cyclic voltammetry. ™’ secause of the extended
pore structure, rigorous interpretation of the data is difficult.

The theory of porous electrodes is not yet well enough defined
to yield quantitative data from such experiments; nevertheless, some
of the predictions are observed in practice, e. g., approximately double
Tafel slopes are obtained from steady state polarization curves.

For such high surface area electrodes, cyclic potential sweeps
are best regarded as pseudo-steady state polarization curves, giving
a qualitative picture of the discharge capabilities of the electrode under

"~ study. The significance of the peak current is questionable, as well as

parameters derived from it.

Coulometric experiments on a mercury pool with dissolved
copper species from a CuF2 electrode should be more accurate. In
these, 14 the n value was never greater than unity. However, even here
difficulty was experienced in attaining reproducible data.

It has been shown that the operating efficiency of CuCl2 electrodes
in aqueous solutions was appreciably improved by the addition of small
amounts of sulfur to the electrodes. The same approach was applied to
the CuF2 electrode. A blend of 85. 3% Cqu, 8. 5% graphite, 4.2% poly-
ethylene, and 2% S was used in the cathode fabrication.

The open circuit potential was increased by about 0.2 V. This
irnprovement persisted for only a short time interval on discharge. In
general, however, there appeared to be no significant synergistic improve-
ment in performance. 12 The two materials, CuF 9 and S, appeared to
discharge independently of one another.

The addition of SbFS to CuF2 had a clearly detrimental effect on
both discharge capacity and capacity retention after start.“ Addition of

CoF3 and MnF3 appeared to have no significant effect on the characteristics

of the test cells.
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The mechanism studies predict that the performance of a
porous CuF 2 electrode will be influenced by the amount of soluble Cu
present, and this is confirmed by studies on porous electrodes. The
solubility of Cqu in PC is, as has been shown, very sensitive to the
presence of impurities in the solvent. The usual value measuredés’ 93
is about 2 x 1()_4M. °

In salt solutions, another solubilization mechanism is possible:
a metathetical reaction of the type

2 LiClO 4 T CuF 9 = Cu(C10 4)2 + 2 LiF

The extent to which this reaction takes place depends on the activity of
the solute and the solubility concentrations of the other three salts.
Precise data of this type are not available to permit quantitative calcula-
tions of the effect.

It has been observed, however, (Table XXXIV) that there is a
variation in solubility of CuF2 with the specific solute. 1 The possible
effects of solute impurities have not been studied. The trend is in the
general direction anticipated. NaF, and presumably KF, are more
soluble than LiF, and the solubility of CuF2 in sodium and potassium
salt solutions is less than in lithium solutes.

Table XXXIV. Solubility of CuF 5 in PC Solutions, 1 28-Day
Equilibration Time

HZO Content, Cu2+ Solubility,
Salt ng/l ppm
LiC104 90 660
NaClO 4 72 160
KPF6 97 77
KAsF6 61 96
NaAsF6 160 ¢4
LiAsF6 260 1152
- 77 -
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As would be expected from a solubility dependent discharge
mechanism, those solutes providing for low CuF2 solubility also
provide for low use efficiencies.

It has been argued that the inclusion of complexing agents
specific for Cu would repress the availability of the soluble Cu to
the negative plate. However, as has also been pointed out, 14 CuF,
will continue to maintain its solubility product as the soluble ion is
chelated. Thus, eventually the added complexant will be consumed
and the net solubility of Cu will be highly complexed Cu and Cu2+.
Indeed, this is observerd. This maintenance of solubility product also
complicates the idea of building up the size of the soluble Cu ion, via

chelation, to prevent its penetration of separator membranes.

6. Cu/CuCl

This couple is reversible in LiAICl 4-PC. The anodic
charging of Cu metal electrodes in a dry PC solution, 1M in LiAICl 4
produced a partially soluble greenish-white salt on the electrode.’!
This was shown by X-ray diffraction studies to be solely CuCl and
not CuCl,. The faradaic efficiency was 100%. In establishing this
factor, it was necessary to take into account the quantity of cut
dissolved in the electrolyte. As shown in Section III, CuCl has a
solubility of 4. 64 x lO_sM/ 1 in the electrolyte at 25.°C, essentially
that in pure PC. Only one plateau was observed; there was no evidence
for the formation of CuCl2 at n =+0. 5 versus an approximate Ag/AgCl
reference electrode.

The discharge of CuCl appears to be quite rapid with no signifi-
cant kinetic limitations. 34,39,91 The major problem in considering
the cathodic discharge of CuCl is to account for the poor coulombic
efficiencies which were inversely proportional to the discharge current
density. For example, an efficiency of approximately 50% was obtained
at0.5to0 2.5 mA/cm2; an efriciency of ~ 70% was obtained at 10 mA /cm2.
It was also observed that the color of the solution in contact with the
working electrode changed from a light to deeper yellow on discharge.
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An analysis of the solution showed that the cut concentration in the
electrolyte increased during the discharge cycle, o1 e.g., to

2.72x 10_21\/[/ 1. Apparently, CI” produced on discharge will react
with CuCl in the electrode to form soluble CuCl‘z', consistent with the
general complexing abilities of CI” in PC electrolytes discussed above.

Consistent with this explanation is the observation34 that adding
an excess of AICI3 to the electrolyte does decrease the effective solu-
bility of CuCl. Practical application of this result was prevented by
the apparent incompatibility of free AlCl3 with lithium. This point
requires further clarification in view of the purity problems associated
with A1C13.

The usual approach to avoid self-discharge from partially
soluble positive plates is to employ microporous separators between
the plates. Although this was attempted with a microporous polyethylene,
extensive copper deposits were found at the negative and within the

separator.
Ion exchange membranes are a possible alternative. Conventional

membranes do not swell properly in PC and provide for high resistivities.
The exchange capacities of a strong cation exchange resin [Rexyn 101 (H))
for LiT in PC is about half that for the same materials in water.

A truly permselective membrane should exclude the co-ions and
permit only the counter ions to transfer. Therefore, for a univalent
counter ion, the transference number through an ideally permselective
membrane should be unity. As shown34 in Section III, t . in LiClO 4-PC
is about 0. 20. Experimental testing was done with v-butyrolactone (v-Bl)
rather than PC. It would be expected that these results would be comparable
to PC as a solvent. It was found, 33 for an AMF cation exchange membrane
(C-60-81), that t . increased to 0. 98. The sorption by the cation mem-
brane of CuCl™ from Y-BL was only about 10% that of the anion exchange .

material.
As would be expected, the use of such membranes in a working

cell leads to an increase in electrolyte IR drop. Thus, application of
these devices would be restricted primarily to low rate cells.
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Ni/NiF,
Nin, unliké CuF 9 is highly insoluble. Although
‘precise quantitative data on this point are not available, deposits
of nickel are not found. on the lithium electrode or in the separator.
tis likely, therefore, that the discharge mechanism is restricted
‘primarily to a heterogeneous charge transfer reaction.

The particle size of NiF2 and the physical structure of the car-
bon used in forming the porous working electrode were critical. The
best performance was obtained with NiF2 particles sufficiently small
to:be amorphous to X-ray diffraction. 74 Of the various carbons sur-
veyed; acetylene black and its web-like structure proved to be the
*most efféctivé conducting substrate. The resulting electrode does

*****

74

The dlscharge curve is s1m11ar in form to that of the low surface
area Cu/CuFZ, i.e., an initial drop followed by a semi- plateau section.
This:drop is also found at low current densities (<0. 2 mA/cm ),
implying a kinetic limitation. 74,104 However, further work is required
before definite conclusions can be made.

Cyclic sweep experiments indicated that nickel electrodes were
difficult to oxidize anodically in any of the common fluoride containing
-eiectrolytes. 105 These observations raise some questions as to the exact
chemistry of the charging reaction of Li/NiF 9 batteries (to be discussed
further).

Very little anodic and cathodic currents were observed in
LiClO 4-PC and LiBF 4-PCIflolr %\Ioiéwire electrodes on which NiF D) had

- been chemically formed. ?

The same inactivity was observed for cobalt fluoride electrodes

(.e. g, references 54, 106, and 111).

8. Other fluorides

An ext2nsive program is in progress to develop selected
lithium batteries for application as power sources for aircrew survival
transceivers and beacons. The positives initially chosen for study were
ZnF 9 Csz, and ZnClZ. Reports on this work are not yet availabie.*

*Air Force Aero Propulsion Lab., Wright-Patterson Air Force Base,
Ohio (Contract F33 657 C 0438).
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9. Oxygen reduction

This reaction has been studied in NDA24 and in PC, 43
The reaction ‘n both systems appears to be irreversible with the
formation of 0,. Indry IM LiCIO 4 PC at -0.5 V versus sce
(aqueous), the reaction proceeds with a current density of about
100 p,A/cm2 of apparent surface area.

10. /8%

Perhaps the most thorough study of the discharge of
elemental sulfur in organic solvent electrolytes is given in reference 31;-
this is the source of the data given below unless otherwise noted.
The thermodynamic energy density for the cell reaction

2Li+S—>Li?_S

is about 1350 Whr/1b with an equilibrium potential of 2. 6 V. In practice,
somewhat higher open circuits are often observed (e. g., 2.8t0 3.4 V),
depending on the choice of electrolyte.

The traditional problem in discharging elemental sulfur is the
formation of soluble electroactive polysuliides. Organic electrolyte
solvents are no exception to this effect. For example, the discharge of
the cell (Li/KClO 4 DMSO/S, C) was accompanied by the formation of
a solution (initially pale blue-green) around the cathode which quickly
darkened to red. After a short time, the electrolyte was an opaque red-
black. Spectral evidence is consistent with the presence of polysultides
with two to five sulfur atoms. A dry porous carbon plate when impregnated
with this solution had an appreciable cagacity when discharged against lithium.

Similar behavior was observed5 for the discharge of a sulfur
positive (50% C binder) in an excess of LiClO 4-PC electrolyte at 10
mA /cm2. After about 1. 6% of the material had discharged (2.4 V),

a yellow-brown material was observed to move off the electrode into the
electrolyte. It has not yet been established whether the formation of
polysulfide versus sulfide ion is potential dependent. About 5% utilization
of the sulfur was achieved to a 2-V end point; about 109, to a 1-V end point.
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Complete cell discharge data are reporied in reference 31 for
prismatic cells. The sulfur was mixed (85/15) with carbon, then
mixed with a 40% sodium silicate solution and spread onto nickel foil,
compressed at 11000 psi, and air dried overnight. The lithium elec-
tfode was lithium ribbon pressed onto an expanded nickel grid. Filter

- paper or polypropylene mesh served as the separator. Residual
water in the positive plate would not discharge until about 1.6 t0 1.1V
(versus Li/Li’). As mentioned, the electrolyte was IM KC10, in DMSO;
slightly improved results in terms of coulombic efficiency were obtained
with 7-BL additions.

Two discharge curves for these systems are shown in Fig. 8.
Efficiencies in the range of 11 to 15% are routinely obtained. Investiga-
tions are now in progress on LeClanché type cells with little or no free
electrolyte. Because of the electroactivity of the soluble polysulfide,
considerable attention must be given to the stability of the system in
the partially discharged state. i

11. Ni/Nickel Sulfide

The preliminary experiments with this positive material
.are described in reference 57, and will only be outlined here.

There are six stable nickel sulfides: Ni352, Ni655, Ni7S6, NiS,
Ni3S 4 and NiSz. The equivalent weight and energy density of this series
of compounds vary as shown in Table XXXV. The higher energy density
of the Li/NiS, couple reflects the discharge of the (S-S)Z_ ion as well as
the reduction of divalent nickel. LiZS and Ni were assumed to be the
reaction products.

At low current densities, the effect of IR drop within the electrode
itself should be minimal; under such conditions, a more accurate evalua-
tion of the electrode discharge potential should be possible. Compare,
therefore (P;ig. 9), the discharge potential regions of NiS2 versus Ni 332
2t 1 mA/cm®. 1t would be expected that a high potential should result
froni the discharge of the (S-S)z- ion, approaching that of elemental sultur.
Indeed, this is observed. Further work is necessary, however, to determine
whether this S-S bond is actually broken or whether Li2S2 is formea.
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Table XXXV. Equivalent Weight of Li/Ni-Sulfide Couples

Compound kquivalent Weight, g* Energy Density, Whr/lbf
N%3S2 67 388
NT6SS 58 450
N1786 54 482
NiS 52 _ 500
Ni3S 4 42 620
NiS, 38 685

*Includes the weight of the required lithium, but not the electrolyte.
*Based on an open circuit potential of 1.8 V.

The amounts of graphite binder used for the sulfides are listed
in the figure. Since N1332 as prepared is electronically conducting, it
would be ¢ ¢pected that little binder should be needed. However, the
conductivities of discharge intermediates, if any, are not yet known,
and graphite was added as a precautionary measure.

All discharge curves show an initial section of high potential
and short duration which may arise from an impurity such as sulfur.
The discharge curve for a sulfur-carbon electrode falls approximately
in the high potential section of the sulfide discharges. Thus, if sulfur
is present in the electrode, it probably discharges above 2 V (versus
Li/Li+). Further experimentation confirms that this high potential
portion of the curve is indeed due to an impurity.

A variety of prototype cells have been constructed with N182 and
Ni:,)S2 positives. The data shown in Fig. 10 are for N1382 discharged
ina L.2Clanché configuration: active material was mixed with aluminum
filaments, moistened with IN LiClO 4 in PC, and packed into an aluminum
can. A lithium rod enclosed in a fiberglass separator was used as the
negative. This cell was discharged at 5 mA (~ 0.5 mA /cm2 based on the
negative electrode). The coulombic efficiency of the discharge to a
1-V cutoff was ~ 70%.

_85..




n
]
w «
1190 ad4£1030ad ur €g €1N Jo a8xeyosigy ‘01 ‘Brg ”. N |
|
(1Y v S¥ °1) R
A0°T 031y 897 -
SHNOH 3 “
oce 002 00! 0 e
- ol o . h
, ﬁ_..w ! ! A
: -~ 3 ﬁ
2l < _ \ _
/ o P
, ~———O— 5 P
. 2} M m
9 TR
|
v
; |
R
o o
(Vut  °G) 1199 (1yBtem 1€201 3 G °G) “.a il
- odA1 gyouernery v % oz +ésfin T4
; & !
A N
|
.
i
4, B

.
R o R s %ﬁ.&%ﬁm@ﬁmﬁw&%ﬁﬁiﬁpﬁﬁm%.wu?.ﬁéé TN AR S At




RIS AR X T FREH e Ty s O
AR RER Gy

12. ‘Mn(MnOZ

There are few results available on the use of this
common positive plate material in PC electrolytes. At a constant -
current density of 0. 4 mA /cm2 in LiClO 4-PC, the voltage gradually

decays® from ~ 3.5 to 1V in~ 100 hr. In LiCIO,-DMSO, the cell
Obviously, there is a pronounced

voltage decays to 1 Vin ~ 180 hr.
The reasons for this are not

dependence of performance on solvent.
yet known; data are also not available on the use efticiency.

13. Cu/CuS

Cupric sulfide has been reported to be electronically
conducting and highly insoluble in some organic solvents. Successful
batteries have been built with this material using primarily tetra-
hydrofuran (THF) as the electrolyte solvent. The discharge curve®®
shows two plateaus (Fig. 11), presumably associated with monovalent
and divalent copper.

C. Electrode Discharge: Organic Positives

In contrast to the many studies of organic positives in aqueous
media, reports are sparse on the discharge of organic cathodes in
organic media. Since this is particularly true of organic compounds in
PC, the following discussion will also include data on other solvents to
indicate more clearly the types of phenomena involved.

The principal reason for the interest in these ¢ mpounds is a
potentially high energy density when coupled with a lithium negative.

For example, a battery employing the Li/m-dinitrobenzene {m-DNB)
couple would have a maximum energy density of 1305 Whr/lb. This
calculation is based upon a 12-electron charge and a potential of 2. 25 V.
Among th€ principal problems in forming cells with such compounds are:
(1) lack of electrical conductivity, (2) irreversible charge transfer
resulting in poor efficiency, (3) solubility of the starting material, and

(4) solubility of the partially discharged preduct.

- 87 -

i
N
I
i
i
¢
¥
#
+
kN
ke
g
’{J
ba
£
Iy
f
)
)
p
k3
E
B
)
g
g
i
K
3
%
3
2
P——
=




00¢

alxeyosip Jo suonpuon Juijerado
30 105330 pue Lxaneq adfy (14 v 07) 0z-TT 3o @8xeyosid 11 314

SYNOH
0S¢ 002 (0,2]) 00l oS o

JOUVHISIA 40 NOLLvdNa

S0

Uol=y

S110A

\

A\
/ .
// gl

JOVITOA JOUVHISIA

- 88 -

— e Soare———

-t~

~

I

[

T e

“«




Th= most serious problem appears to be the low coulombic
efficiency. Although g large number of electrons can, in principal,
be transferred pcr molecule, only one or two are generally achieved
at useful potentials. Thus, it would seem that practical exploitation
of organic positives in aprotic electrolytes must be based on achieving
high potentials rather than low equivalent weight.

Three classes of depolarizers have received the most attention
in fundamental studies of electrode reactions in organic solvents: nitro
compounds, aromatic hydrocarbons, and quinones. The essential dif-
ferences from their behavior in aqueous media arise from the low
proton availability of most nonaqueous solveats. Work on the reduction
of aromatic hydrocarbons in dioxane-water mixtures and DMF is parti-
cularly pertinent. 52

The first wave in the polarographic reduction of an aromatic
hydrocarbon (Ar) in an aprotic solvent is the reversible addition of
one electron to form the radical anion (Ar)*. The formation of (Ar)~
has been established by both optical and electron paramagnetic
resonance (EPR) spectroscopy. 6 (Ar)~ can undergo protonation,
dimerization, or other follow-up chemicai reactions. If prétonation
of (Ar)~ occurs at the electrode surface, (ArH-) can be further reduced.

if the species (Ar)- is not protonated, it can undergo further
reduction to the dinegative ion. Such species are often rapidly protonated
byproton abstraction from the solvent or from trace acid impurities,
e.g., H20.

A number of experimental studies bear out these generalizations.
The reduction of anthracene in 969 dioxane-water mixtures revealed two
one-electron waves; in 75% dicxane-water, the second wave decreased
markedly as the first wave approached a diffusion current corresponding
to a two-electron wave. Pyrene in DMF had two one-electron waves, while
in 75% dioxane-water, the total wave height corresponded to the addition
of six electrons per molecule.

..89_




Polarographic dat:a75 indicate that in, nonaquebus solvents,

e. g. acetonitrile, electroreduction of m-DNB occurs in three
discrete steps. Reversible reduction to the m-DNB anion radical
occurs at an E, (versus sce) of -0.90 V. Further reversible reduc-
tion to the dianion occurs at an E; =-1.25 V. An irreversible
reduction occurs at an E; of —2. oL V.

' The limiting curraents correspond to two successive one-electron
steps followed by an irreversible three-electron step at —2. 01 V. Thus,
the reduction of m-DNB in a typical nonaqueous solvent involves a five-
electron change rather than a 12-electron process, and the theoretical
capacity is 45 A-min/g. The large negative E, for the final sfage in
‘the reduction process effectively negates any coulombic utilization at
this potential level, since the.overall ceil voitage is greatly decreased.

Voltametric studies of m-DNB and some of its derivatives in
LiClO_4rPC and DMF also indicate that the reduction proceeds through
three steps in the potential range O to —2.5 V (versus sce), and that
except for the dinitrophenols, the first reduction step involves a reversible,
one-electron step vielding free radical anions. 42

Ph (NOZ)Z +e =Ph (NOZ)E

The stability of this radical is dependent upon the nature of the substituent
groups and, except for the phenols and compounds with iodine substituents,
the radical anion has been readily observed by electron spin resonance
(ESR) spectroscopy. In addition, it has been shown that the second
reduction step results in another electron being revexsibly added to the
anion radical:

- - 2

Further reduction involving three to five electrons is strongly influenced
by molecular structure, the effect of substituents on the stability of the
dianion, and the nature as well as purity of the reduction media, e. g.,
the proton availability of the solvent.

-90-

LR w o

© e o dan s oo e L R “‘,\.,; W K e -




O
Ty

Various mono-substituted aromatic nitro compounds have been
studied in some detail by polarographic and ESR techniques in non-
aqueous media. 47,67 The initial reduction step involves again the
reversible formation of an anion radical. Such anion radicals are
usually long lived, and detailed studies have been made on their
solvation by water, alcohols, and metal cations. 69,73 A further
reduction step occu. s at more cathodic potentials. This step is
irreversible.

The monohalonitrobenzenes exhibit unusual electrochemical
behavior in DMF. 44,68 In situ electrolysis of o-bromonitrobenzene
in an ESR spectrometer does not yield the expected o-bromonitro-
benzene anion radical, but yields the characteristic 54-line nitrobenzene
radical anion spectrum. That bromide is actually eliminated was shown
by the formation and dissolution of a mercury bromide film on the
electrode on subsequent cyclic voltammetric sweeps. It was observed
that all three mono-substituted iodonitrobenzenes also lose iodine,
yielding the nitrobenzene anion radical as a stable intermediate in the
reduction process. Thus, the first peak (E; =~1.09 V versus sce) in
acyclic voltammogram of p-icdonitrobenzene2 is a two-electron reduction
eliminating iodine. The second peak (E; =--1. 23 V versus sce) is the
formation of the nitrobenzene anion radiacal. Elimination of chlorine
from o-chloronitrobenzene and of bromine from p-bromonitrobenzene is
relatively slow. In these cases, initial reduction to the balogenated
nitrobenzene anion radical occurs first, followed by a further two-electron
reduction, involving halogen elimination, to the nitrobenzene radical anion.

Voltammetric and ESR studies of the nitromesitylenes, mono- and
dinitrodurene, and symtrinitrobenzene have inadicated similar complications
in the electrode mechanism following the initial formation of the anion
radical. 10,48

Substituted benzoquinones, naphthoquinones, anthraquinones, and
pheranthraquinones have all been studied in nonaqueous solvents using
polarographic techniques. 8,115 ESR spectra of the radical anion have
been obtained and solvent effects studied. Correlation of reduction potentials
with molecular orbital energy levels was also reported. 8 The reduction
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process is quite simple involving two successive one-electron transfers
which merge in the presence of proton donors to a single wave. Metal
ions such as Lit cause the disappearance of the second wave, while the
first wave is unaffected85 except for a shift to more anodic potentials.
The formation of an Mg2+ -Q* complex in DMF has been studied by ESR
and dc polarography, and a formation constant of ~ 400 has been obtained

by both techniques.

Other classes of organic compounds which have received some
attention are nit:riles96 and anhydrides.90

ACL-85 was found to be insoluble48 in LiCl-CH,Cl,, (CH3) 4NCl-
CH,Cly; in LiCl-PC the solubility of ACL-85 was 0,06 g/cc. '

“Constant current discharge of dissolved ACL-85 in LiPF 6~ NDA
and LiPF6,-DMF using an HP-10 Speer carbon working electrode has
been reported. Coulombic efficiencies, based on a six-electron change
per molecular (2.€~ per N-Cl group), were generally less than 22%.
However, a low rate discharge of ACL-86 in LiPF6-NDA was ~ 70%
efficient. 40 ‘

Compatibility studies of ACL derivatives and trichloromelamine
with Li and Mg anodes showed that the following combinat...\s appear
suitable for battery use:40

Li/ACL-59 (1. 0M) in LiCl-AlIClsPC
Li/ACL~59 (1.0M) in (CHg),NPF .-80% EC, 20% PC
Li/ACL~70 (1.0M) in LiCl-AlCl3-PC
Li/TCM (0. 2M) in LiCl-AlCl5-PC
The solution was saturated with depolarizer in some of the above systems.

ACL-70 in IM LiCl-AlCl3 is apparently a promising system, at least
for low current discharge.
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Other studie326’ 36 have also indicated the usefulness of
ACL-70 as a depolarizer, An energy density of 144 Whr/Ib has
been obtained in an Li/LiClO,, methyiformate/ACL-70 system.
Coulombic efficiencies of ACL-85 versus Mg in acetonitrile seem
to indicate that only one N-Cl bond is available for reduction.
Dichlorobenzoquinonemine was evaluated in a similar manner as the
ACL compounds and, although considerable capacity was noted, the
cell voltage was poor.

Tetracyanoethylene ( TCNE) is an electrochemically active,
PC-soluble compound. A well defined reversible charge transfer
couple is indicated via cyclic voltammetry of TCNE in 0. 1M tetraethyl-
ammonium p-toluene sulfonate-PC. (A Pt button electrode was used
with a scan rate of 9 V/min. 77) This is expected from prior polaro-
graphic studies of this compound which indicated a reversible one-
electron reduction to a stable radical anion.

If reverse current chronopotentiometry is carried out in an
LiClO, solution (with I, ;.. =0.4141_, 4 .. ), the TCNE/TCNE -
couple becomes irreversible, as is evidenced by the large separation
of the anodic and cathodic plateaus. The formation of a very stable
Lit-TCN™ complex, which requires an appreciable overvoltage for
oxidation, seems plausible. Under proper conditions, stable LiT-TCN
salts have been prepared.

The 1:1 ratio of the forward and reverse transition times, in
0. IM tetraalkylammonium p-toluene sulfonate, indicates that a recharge-
able TCNE cathode may be feasible in a secondary battery. A 100%
recovery of discharged material is indicated, at least on the time scale
of these experiments.

A forced discharge at 50 mA was run on a2 0. 2M TCNE solution
using a Pt fuel cell electrode (1 cm?') with vigorous stirring., The dis-
charge voltage initially rose to ~500 mV versus sce. Steady state current
potential measurements under the same convective mass transport con-
ditions indicated a limiting current of approximately 60 mA.
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Thus, it can be concluded that the electron transfer reactions
of TCNE are rapid and reversible in PC solutions employing tetra-
ethylammonium p-toluene sulfonate as the solute. The presence of
lithium ion inhibits the subsequent oxidation of the reduction product.
Simiiar effects have been noted in the reduction of quinones and various
mono-substituted aromatic nitro compounds.

D. Electrode Discharge: Negative Electrodes

Li/Li*
This electrode appears to be well Izhaved in L1010 -PC

solutions as long as the solvent impurities are removed. As shown
in reference 15, micropolarization tests on a lithium rod about the
equilibrium potential indicate only ohmic losses. Minor instabilities
have heen noted, however, on electroformed lithinm. Lithium appears
to deposit with 100% faradaic efficiency as long as care is taken to
include in the calculation the alloying of lithium with the metal sub-
strate, 17,94

Detailed mechanistic studies to provide Tafel parameters and
exchange currents have not yet been described in the literature. Pre-
liminary data30 for the Li/Li+ couple in PC and DMSO are shown in
Table XXXVI. This behavior is confirmed in working cells. If the
electrolyte is pure, there have seldom been major problems in storing
or discharging lithium in PC.

Table XXXVI. Standard Exchange Currents for Li = Lit+e

.0
Couple i, mA /cm2

Li(Hg)/1 1_,1 (H 0) 1000

L1(Hg)/L1 (DMSO ) 9

Li(s)/ Lit (DMSO) 3

Li(s)/Lit (PC) 1.4
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The data on solid lithium are preliminary so that an extensive
discussion is not warranted. Suifice it to say that the reaction is
slower in DMSO and PC than in water.

Lithium has a low density (0. 53) as well as a high potential.
Thus, a lithium electrode would occupy ~ 3 times as much space as,
for example, zinc, but 0.7 time as much space per Whr.

2. Li/Li(Hg)

Solid lithium, like other smooth electrodes, is subject
to adsorption-chemisorption poisoning by impurities in the electrolyte.
This, or course, complicates basic studies of electron transfer
reactions involving lithium. An alternative is to use lithium in the form
of an amalgam. To relate such studies to bulk lithium, or any thermo-
dynamic reference state, it is necessary to know AF for the reaction:

Li(s) + Hg = Li(Hg)

as well as the activity coefficient of lithium in the amalgam.
It has been shown in reference 94 that the activity coefficient
(mole fraction scale, reference state infinite dilution) is given by

log 7, = (14.6£0.4) X, ;

The standard potential difference between Li(s) and Li(Hg)
electrodes is 0. 8433 = 0. 0002 V; AF =-19. 459 + 0. 005 Kcal/mol. A
saturated amalgam at 25 °C contains 1. 33 mol & Li.

3. Ca, Mg

The calcium anode will aiso sustain significant current
densities, e. g, 10 mA{cm2 in KPF g -— 80%; EC/20% PC, with
moderate polariz.tion. 8
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Cyclic sweep experiments 107 on magnesium indicate hi§ﬁ

anodic current in LiAlCl 4 electrolytes, but no cathodic curreit.
Very low anodic and cathodic currents were observed in solutions
of LiClO4, MgClz, LiPFé, and LiBF 4 Calcium electrodes also
showed low activity in LiClO4 and LiAICl 4 solutions. Somewhat
better behavior was found in KPF6 and LiBF 4

4. Na,K

A PC solution containing 20 g/1 AICl3 was saturated

with either KCI or NaCl and electrolyzed with a silver cathode. A
light blue deposit of potassium was formed with an efficiency of 36%;
a grey-brown deposit of sodium was formed with an efficiency of 59%.
From similar solutions containing LiCl, a dark grey, poorly adherent
deposit of Li was formed with 1009, efficiency. KAICl 4 and NaAlCl 4
are formed by the addition of AlCl3 to the respective chlorides.

Electrolysis of MNal solutions produced a light layer of Na cnly
after the solution had been purified. Similar results were obtained
for depositing K from a KI solution. 50

In all cases, high current densities (> 3 mA /sz) were required
to develop visible deposits. The faradaic reactions below these current
densities were not established, nor were electrode potentials measured.

5. Other metals

It was not possible to deposit (from PC solutions) Mg, Ca,
Al, Ti, Nb, or U from soiutions of MgBrz, CaBrz, A1C13, TiBr4, NbClS,

or UCl 4 respectively. 50
Deposits of Zn, Cd, Fe, Mn, Co, and Bi were formed by electrolyzing

solutions of ZnCly, Cdl,, Fely, MuBr,, CoCl,, and BiCls, respectively, °°

E. Performance of Secondary Electrodes

As indicated in the previous section, the Li/Li+ coupie in PC-
lithium ion solutes is reversible and hence amenable for use in secondary
batteries. As expected, there are difficulties in developing nondendritic
electrodeposits when electroplating from an unstirred bath containing
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soluble metal ion. The problems are reminiscent of those found in
charging zinc plates from aqueous caustic zincate. The nature of
the deposit is apparently a function of over-potential current density,
solute, and impurity content (e. g., 78).

As with the primary systems, the secondaries are also limited
by the performance of the positive plate. The general problem is to find
a lithium salt (1) which will dissolve in PC to provide a highly conducting
electrolyte, and (2) whose transition metal analogue is highly insoluble,
electrochemically active and, when coupled with a lithium negative,
will provide a high energy density. With possibly one exception, no
systems are available which fulfill these criteria.

The anodic oxidation of a transition metal in a PC electrolyte
may be formally considered as first generating soluble metal ion which
then precipitates with an anion from solution to form the electroactive
positive plate material:

M-Mt e
M+ X - MX

To prevent the accumulation of M+ in solution, there must obviously be
a sufficient supply of X .

1. M/MC!
Silver and copper chloride electrodes are reversible in
LiAlCl 4-PC. Apparently, the formal reaction then is

Ag - Ag++ e

+ - %
Ag'+ 1/4 AICI,” ~ AgCL+ 1/4 Al

It has been shown (Section III) that A13+ will form stable solvates with PC.

It is probable that species of the type A1012+ and AICIT also exist.
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Prototype secondary cells have been built with AgCl (see
reference 54); unfortunately,the energy density is low. As mentioned,
the chlorides are subject to solubilization by free chloride ion. Forming
plates by charging from LiAlCl 4-PC does yield the chloride. On dis-
charge, the chloride ion would be picked up by the solvated aluminum
ion so that.free chloride would not be present, assuming sufiicient A13+
is available.

It is not certain, however, whether the lithium electrode is com-
patible with A13+. The use of excess AlCl3 does lead to corrosion
problems. 92 o

2. M/MF

Attempts have been made to electroform transition metal
fluorides by charging metals in the presence of complex fluorides such as
PF6_ and BF 4_, since simple fluorides are insoluble. The desired
reaction is

Cu+2PF6"—>CuF2+2PF5+2e

(PF5 is a gas with a high solubility in PC).
It has not vet been demonstrated that F~ can be abstracted from
PF 6—’ at least at the charging rates used. The fluoride in equilibrium

with PF6" via
PF5 +F = PF6

is also available for precipitating LiF. Which ion (Li+ or, in this example,
Cu2+) gets the fluoride depends on the relative solubility products of LiF
and Cqu. Since lithium salts appear to induce the solubility of CuF 9

(see Section IV.B), the implication is that LiF is more insoluble than Cqu.

" Hence, it would be expected that little fluoride ion is available to form

CuF,. Indeed, little CuF, is formed by anodizing in PF6— ow BF, -PC
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solutions. If sufficient current is passed, the formation of Cu(PF6)2

can be anticipated. Presumably this compound is more soluble than .
Cqu. Dissolved species are indeed found107 on charging Cqu in

PC- LiPF6.

It has been reported that NiF2 can be recharged from a solution
of KPF6 in PC. Apparently this reaction is not straightforward, as
discussed below. Dissolved species are also found after charging Zn
in KPF6-PC as well as Cd in KPF6-DMF.

Attempts have been made to provide a constant source of fluoride
ion by mixing LiF in with the positive plate material. This has been
relatively unsuccessful. No data are available on the use of more
soluble NaF and KF. / .

Selecting an appropriate anion for a secondary battery system
as well as selecting an appropriate charging rate have been hampered by
the lack of sufficient data on the solubilities of lithium and transition
metal salts.

Regardless of the charging mechanism, there is one important
limitation not present in aqueous electrolytes: the small amount of salt
soluble in PC. As shown in Table XV, solubility of ~ 2M is the upper limit
in PC, as opposed to >7M for aqueous caustic. Thus, the amount of anion
available to form the positive plate, even if it is the major, is limited.

- Of course, additional material could be loaded into the plate.
Besides adding to system weight, this would cause problems in plate
integrity on cycling and rates of dissolution charge acceptance.

3. Li/NiF,

One of the more widely discussed lithium batteries is a
secondary system based on the use of nickel fluoride as the positive %
plate material. The data given below were taken from references 74 and
104.

The best cell pexrformances were obtained with plates containing
amorphous NiF, mixed with about 20, acetylene black. About 10% plastic
binder was used to fix the paste to a nickel 2lloy scieen. Monwoven poly-
propylene was used as the separator; the cases were molded polypropylene.
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The negative consisted of porous lithium on a nickel alloy
screen. This electrode was formed by mixing dispersed lithium
metal with a conductive diluent, such as nickel powder or carbon,
and a binder such as carboxymethyl cellulose. The compounded
paste was spread onto a screen in a mold cavity and then compressed.

‘he electrodes were dried in a vacuum to remove the solvents used
in the paste. ’

The electrolyte was KPF6 dissolved in PC. A 0. 5M solution
has a conductivity of 7 x 10"3 ohm"'i cm“l and a viscosity of 3.73 cp.
Transport number studies 4 inZicated that ~ 90% of the current was
carried by the PF6_ ion.

Cells built with the same solute, but with v-BL were inferior
to those with PC. A low capacity was observed and the cells could not
be recharged. Furthermore, v-BL was difficuit te purify and keep dry.

Experiments indicated that LiPF6 was somewhat superior to
KPF6 or the solute. However, this compound is not stable at room tem-
perature in the solid state (decomposes to LiF and PF5) and is difficult
to purify in situ.

A typical performance curve for the Li/KPF,, PC/NiF 2 C
battery is shown in Fig. 12 for a full cell discharged at the 12-hr rate
to 67% of its capacity (based on the positive plate material). At lower
rates (v 1 mA /inz) two discharge plateaus are observed, one at 2.5V
and the other at 1.5 V.

This cell is capable of recharge; the data displayed in Fig. 12
were obtained after recharging at a constant potential of 3.6 V (below the
decomposition potential of PC).

Although the cell will indeed accept charge, the electrochemistry
of the anodic reaction is not well understood. The electrolyte does gain

lithium ion, which is to be expected. However, analysis of the electrolyte

indicates a substantial decrease in PF 6— content, The positive electrode

was tested for Ni(PF6)2; none could be found. As shown in Fig. 12, this
change in electrclyte composition is accompanied by an improvement

in performance.
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4. Li/CdF,

A recent patent109 describes a secondary battery
based on the system Li/KPF6, PC/Csz, Cd. Inone test for 21
cycles at 5 mA/in. ©, a plateau of 2 V was obtained. Positive plate
efficiencies from 17 to 42% were obtdined. Three plates were
analyzed for total cadmium content after discharge and compared
with the amounts originally present. There was no apparent change
in cadmium content even though the discharge took 3 days. No
information is available on the chemistry of the recharge reaction,
i.e., whether CdF2 is indeed formed by anodizing cadmium in the
presence of PF6—.

Anodically charging cadmium in v-BL and DMF containing

KPF6 does produce soluble species. 107

5. Li/AgF,
A secondary battery has also been claimed based on
Li/KPF6, PC/AgF‘z, Ag. The assembled cell was subjected to cyclin%o8
for 40 cycles at low current. A plateau at 3 V was observed on load.
AgF2 electrodes anodically chargedliél_/O. Sm LiBF 4-PC showed
poor charge retention after 15m wet stand.

F. Low Temperature

Little work has been reported on PC electrolytes at temperatures
other than ambient. PC itself freezes at —42 °C, although it can be super -
cooled at least 25° below its freezing point. A value of -60° was found for
a crystal-liquid mixture. Some solutes can provide for a pronounced
freezing point depressions. PC-LiAlCl, remained a liquid7 down to
at least —80 °C.

Some studies have been made with the Li/CuF , system at low
temperatures. As would be expected from the solubility discharge
mechanism, performance is inhibited as the amount of soluble copper
is reduced.

had




The Li/CuCl2 cell was studied73’ 87 over the temperature

range of +165t0-65°F. It was reported that at -40° performance

was satisfactory with a flat discharge plateau for the 5- to 10-hr

rate. Good performance could be ohtained at a 5 °F ambient if

the cell was preheated by a direct short across the terminals. Sub-

sequent discharge also showed evidence of polarization heating. The

PC electrolyte was presumably diluted with a low viscosity solvent.
The performance of the Li/Ni3$2 cell has been evaluated at

temperatures down to —40 °C. This positive material is relatively

insoluble at room temperature, so that the effects observed on lower -

3 ing the ambient temperature should be less influenced by decreased
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: dissolution of the plate material.

1 b N1352 was formed within the pores of a commercial nickel

T plaque. A cell containing this electrode, a lithium ribbon negative

i ’ and IN LiClO 4 in PC, was partially discharged satisfactorily at

£, & 1 mA /cm2 with no difficulties at room temperature. When discharged

gé at 0 °F (18 °C), however, the polarization was quite severe and no

RN % plateau was observed.

L 5 The poor performance of the cell at 0 °C, when using PC/1.iClO,

P 1 as electrolyte, is most likely due to phenomena at the positive. It was

thought that a less viscous electrolyte might provide a better medium

for ion transfer within the pores of the positive plate. Previrnus work

had revealed that a THF-LiClO4 (IM) solution had a viscosity considerabl:s

less than that of a PC-LiClO 4 (1M) solution (see Table XXXI). At ambient

temperature, the conductivity was approximately the same in both cases.

Experiment revealed that 100% THF could not be used, since Li was

unstable in the dry TI-IF-I.,iCIO4 solutions (see above). However, a mix-

wre of 759 THF-25% PC containing 1M LiClO4 proved to be satisfactory.
A discharge curve in this mixed solvent electrolyte at =30 °C

showed a voltage plateau, and high use efficiency was obtained.
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