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ELECTROCHEMISTRY IN NONAQUEOUS SOLVENTS:
ELECTROREDUCTION OF CALCIUM™
Leonard F. Silvester and Charles W. ‘Tobias .
InorganiciMaterials Research Division, Lawrehce ﬁefkéiéy Laboratory and
Department of Chemical Engineering; University of California
' ' Berkeley, California 9&72@ .
ABSTRACT |
 The electroredﬁcfion of calcium from aqueous solutiéﬁslis prevented by
solvent decomposition. The use of Fhe'apfotic solvents;prbpylene carbonatev(PC)
and_dimethylformamide (DMF) as possible solvent mediumsffé?_the electroreduction
of calcium under ambient conditions is reported. The e#pefimental program included
testing various calcium salts, and-combinations of calciuﬁjéalts plus complexing
agents és potentidl systems for electrodepositidn of caiciﬁﬁ. Ailzsystems
'S£udiéd provedvpo'Be unsatiéfactory. |
In addition, the results of electrochemical cell measureménts for cells ﬁsing

‘calcium metal electrodes with PC 6r DMF as solvent are reborted. The results
indicate the cells show irreversible behaviof in PC.‘ Théjaifficulties of |
 _electrodeposition of calcium from PC are discuséed in relatién to the stability
of thé univalent.calcium ion. |
| Results of én initial stud& on the stability of AlCl3(PC)”sqlutions is also

‘reported.

* ' ' LT _
This work was done under the auspices of the U. S. Atomic' Energy. Commission.



- INTRODUCTION:

‘The electrodeposition and electrorefining of the alkali metals and-alkaline
earth metals, because of their reactivity,'is presentlyldoﬁfined to the use of
molten salt baths operating at elevated temperatures. Tﬁé advent of nonaqueous,
aprotic'solvents‘appears to offer a means of electroreduéfibn of active metals.
at‘ambient femperature; One of the more successful nonaqﬁéqus, aprotic solvents
in use is propylene carbonate (PC), originally proposed:fbf"electrochemiéal_
applications by deris and Tobias®. The work of Jorné® ghdiTobias has estab-
lisﬁed the féasiblity of électroreduction of the alkali metals from PC.

Calcium is présently produced by electroreduction fromlé molten salt bath.
Based on the success of Jorné® and Tobias in electroréductién of the alkali metals
from PC, a study into the possibility of électroreduction 6ffcalcium from non-
aqueous. solvent systems, notably propylené carbonate, unéer ambient conditions
was undertakeh. This report summarizes the results of aZStudy on the feasibility

of electroreduction of calcium from propylene carbonate..

EXPERIMENTAL :

I. Purification of Propylene Carbonate:

To realize the full benefits of nonaqueous solvents ﬁeéeésitates removal of
electroactive impﬁrities. For PC, the electroactive impuriﬁies include water,
propylene oxide, 1,2 and 1,3 propylene glycol, allyl alcbhol‘and various aldehydes.
Table I lists the various impurities, their percent level, and chemical structure
for commercially purchased PC. Table II lists the impurity ievels after treatment
by fractional distillation, and a method involving bubblihgfhitrogeh gas through
8 sample of distilled PC followed by fractional distillaﬁion; One notes that
the levél of all impurities can be reduced below severalipﬁm with the exception
of propylene oxide which is evidently a byproduct of the'diétillation, being
produced in the distillation column®. .

The method chosen for-imburity removal was fractional vacuum distillation.

The commercially purchased propylene carbonate (Jefferson Chemical Company,

- Houston, Texas) was vacuum distilled twice using a distillation column (Semi -

CAL series_3650,'Podbielniak, Franklin Park, Illinois) packed with stainless

steel helices and equipped to provide for a variable reflux ratio (for other

detalls see reference.Z). The initial distillation was ddneﬁat 0.5 torr at a



Table T 3

Imdyurities in Commerical Propylene Carbonate as Recieved

Impurity
water

1,2 and 1,3 propylene
glycols

prooylene oXidé

allyl alcohol
propionaldehyde

formaldenyde
-methonal
acetone

carbon dioxide
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Impurity

water

propylene glycolsv‘A

propylene oxide:
allyl alcohol

 Impurity

water

propylene gycols '
propylene oxide
allyl alcohol

Table II3

Impurities After Purification:

Distillation
Level Notes
bpm ‘
15-30 Propylene gycol can not be reduced o
9 below 11 ppm by distillation methods. -
2 It is produced during distillation

as a decomposition product in the
dlstlllatlon column.

‘Bubbling of No(g) Through PC for FivejDays

Original Level Final Level

ppm e ppm -
5 . R <L
20 co ' 20
10 . <0.4
5 L <0.k4



reflux ratio oft20fl, with a head temperature ofv65°C., Tne:first 20% and last
25% of the distillate was discarded. The middle portion‘vas transferred

to a stoppered flask containing activated molecular sieves (Linde hA,ll/l6"
pellets, Union Carbine Corporation), 4O g. of sieves perZMSO g. of solvent. ‘
The solvent was stored over the sieves for approximately_seVen days. The sieves
were activated by prolonged heating (h8 nrs.) at 350°C. - _

After the approx1mate seven day treatment w1th molecular sieves, the solvent
was redlstllled as follows Activated molecular sieves were added to the distill-
ation flask and the entire distillation assembly evacuated flushed with dry
argon, and evacuated. This procedure was repeated several times before a_flnal
vacuum was pulled on the assembly. The procedure is to degas the molecular |
sieves of oxygen and carbon dlox1de PR

The d1stlllat10n flask, as supplled with the column by ‘Podbielniak, was mod-
ified to accept a solvent holding flask fitted w1th a hlgh—vac stopcock and mated
to a ground glass” JOlnt on the distillation flask. Solvent was poured into the
holding flask; and then injected into the evacuated distillation flask. This
procedure helps in the initial degassing of the solvent_and'prevents the entry
of oxygen into the distillation apparatus. The solventbvas then pumped on for
several hours with argon bubbling through it. ‘The argon‘bubblingvrate was then
adjusted to allow vacuum dlstlllatlon at 0.5 torr. The reflux ratio was 20:1
and the first 25% and last 25% of the dlstlllate was dlscarded

Upon completlon of the dlstlllatlon, the dlstlllate collectlon flask was

then isolated from the column by clos1ng the appropriate valves and removed. It

was then attached to the vacuum line using a ground-glass_Jolnt connection.
The solvent wasvtransfefred to the vacuum line (see below)_under vacuum thus.

preventing any contamination with water.

IT. Vacuum Line:

To insure against contamination of water sensitive compounds and solvents, .
the experiments were carried out on a vacuum line shown invFigure 1. |

‘The solvent distillate flask attaches to the line through the ground-glass
joint A (Figure 1). The purified solvent is transferred into the evacuated
storage flask F. After  the transfer the storage flask is pressurized to one

atmosphere with argon.
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Solutions,of'the salts to be studied are prepared in_either of the mixing
flasks M1l or ME.; The cell used for the electroreductionvstudies‘attaches to
the line at point C. ' o

III. Preparation and Handling of the Salts:

The salts to;he studies Wereustored in a vacuum desiceator over anhydrous
calcium sulfate;"Prior to use, the salt was placed intthejoven at 120°C for
several days. The dired salt was then quickly weighed and:transferred to one
of the mixing flasks, Ml or M2, alone with a magnetic stirring bar. The bar
was held out of.the-salt by an eiternal'magnet. The fleskland its contents
were then evacuated_and_the flask heated using a heat ggn;;jHeating continued
until a vacuum of 10~3 torr was obtained. The flask waslthen allowed to cool
slowly to room temperature. The vapor pressure versus temperature, melting: '
point, and decomposition temperaturevof each salt nas obtelnéd‘so that heating
conditions could be adjﬁsted to prevent decomposition‘or‘sﬁblimation of the
salt, but still allow for removal of water. :

After coollng, the solvent was added to the m1x1ng flask ‘by opening the
approprlate valve. The resultlng mixture was stirred untll a homogenous solution
resulted. The ‘solution was then transferred into the cell”hy openinglthe appro¥

priate valves.

IV. Cell ﬁesign and Operation:

The cell used for the experimental work is shown inoFigure 2. The cell
consists of two ehembers seperated'by a connecting tube With.a glass frit.
The chambers are fitted with standard taper joints, and»to.these attach mating
caps containing the electrode holders - Blectrodes employed‘were either the
metal under study, graphlte rods, of platlnum metal sheets of approx1mately
1 cm® in size. The cell is also equlpped for sampling of- the gas for mass
spectrometer analys1s from above the solution in the anode and cathode compart—'
ments. The solution in each chamber is stirred byla magnetic stirring. bar. |
Current. for the experiments was supplled by a constant power supply (Model C 612

Electronlc Measurements)
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Fig. 2 Electrolysis cell

A. filling valves

B. platinum electrode
C. gas sampling valve
D. magnetic stirrer



The cell operation is as follows: The cell is thoroughly washed in hot
soapy water then socaked in running water over night. Afterwards it is dried
in the oven and attached to the vacuum line. Gas samplinéjflasks (25 cm®

capacity) are attached to the cell at point C (Figure 2);',A'magnetic stirring_

bar is placed in each compartment, and caps are attached,in;place of the electrode

-holders alloWing the cell to be alternately evacuated and then flushed with
argon. T _ | | ' l;l‘f |
The Pt electrodes (l em?) were cleaned by dlpplng 1n 16M nitric acid, r1ns1ng
in distilled water, then evolving hydrogen off the surface for about & hour
using a 0.0l M aqueous sulfuric acid solution. The electrodes were given a f1nal
rinse in distilled water, initially air dried then placed 1n the cell and thor-
oughly dried under vacuum. " The cell was then alternately evacuated to < 1073
torr, flushed with argon, then the solution under study added to the cell. The
valves connecting the anode and cathode compartment were closed'after filling
with solution to prevent'cross contamination of gas samples, | :

- After the experimeht, gas samples, when.required, Were taken by opening
the appropriate valves. The cell is then pressuriZed Wiﬁh-argon, and the electrodes

removed for analysis.

V. Analysis of Deposits: o ‘ ”f

Deposits, when obtained in sufficient weight;,were:removed from the cell
then washed by dipping the electrode in purified PC or cylcohexane. The washed
sample was then transferred to a drying vessel connected to'the vacuum line
where the solvent was removed by evaporation under VacuUm ~The resulting dry

" deposits were then examined visually under a mlcroscope, and finally analyzed

for content by the standard methods of mlcroquantltatlve analys1s4
RESULTS :

I. Electroreduction of Calcium:

. Table III lists the calcium salts studied in propyleﬁe:carbbnate. The
measurements were qualitative in nature in order to be used'asva screening
method for the various electrolytes. The results for each‘salt system are
listed below. | i
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CaFs

CaCLg
CaClo-PCls
CaClp-SnCly
CaClso-SnCl,
CaCls-AlCl4

Ca.Br2
CaBré-SnCl4

Caly
Ca(BF, )z

Ca(PFy)z

TABLE III

Calcium Salt Syétems for Electroreduction from Propyleﬁe Carbonate.

Comments

Insoluble .
Oily Deposiﬁ
0ily Deposit
Insoluble o
Insoluble - _
0ily Deposit =

0ily Deposit
Tin Deposit

0ily Deposit
No Deposit =~ .

No Deposit
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CaF>: This salt is extremely insoluble in PC. Continuéd stirring of the
CaF--PC mixture for up to one week showed no detectableycalcium in solution
upon analysis of the solution. The addition of compleking agents such as
AlF5 (ALF5 is extremely insoluble in PC) or AlCls produced no detectable

increase in solublllty

<

CaCls>: Calcium chloride is only moderately soluble in PCP"Electroreduction of

the colorless solutions gave an oily residue at the cathode.

CaCl>-PCls: The use of PCly (Baker and Adams Analytical Regent grade) as a
complexing agent for the anion does not increase the solUbility of CaClz in -
PC; PCls does diséolve readily in PC. Thevélectroreduéfion of the resulting
clear, colorless solution yielded no depoéit of calcium. The cathode deposit
was red in color with yellow striping. The solution in the;anode compartment
tﬁrned from colorless to green indicating the presence'of:chlorine in the

solution.

CaClo-SnCls : The usé of stannous chloride does not increase the sblubility of
CaCls, SnCls itself being insoluble in PC. ' :

CaCls-SnCl,: The use of stannic chloride does not enhance the solubility of
CaCls in PCs; $SnClk is however very soluble in PC, giving.ciear, colorless

solutions.

CaCls-AlCls: To purified PC, reagent gréde AlCls (Baker_gnd Adams Re&gent»
grade, AlCls—99.2%) was slowly added. The.solution turned a light yellow in
color shortly after addition of a small amount of AlCls. Further slow addition
of the salt-up td éanentration of 1m A1C1l5-PC did not rééult in a further
darkening of the solution. To the resulting solution was added enough CaCly

to make the final concentratlon of calcium ion O. 5m. The resulting mixture was
stlrred for over a day before the CaCl, dissolved. The"aboﬁe operations were

carried out in the glovebox (see reference 2 for detaiisqu.the glove-box) .

The resulting solution was transferred to the mixing flask on the vacuum
by use of specially designed flasks that allowed transfér}ﬁithout atmospheric
‘contamination. The flask is shown in Figure 3. The solutioh was allowed to

stand over activated molecular sieves for one day.




Fig. 3 Solution Transfer Vessel
A. 250'ml flask
B. Teflon valve ~
C. ground glass joint which
connects to mixing flask

-B

11
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The solution was then run into the cell. The eleétrodés were Pt foil.
The initial deposit on the cathode was purple in color then turned black in
color. After this initial, very thin black deposit, argélatinous precipitate
formed at the cathode. The solution in the anode compaftment turned green in
color, indicating chlorine in solution. L - o L

The cathode was removed after the experiment, washed in dry cyclcohexéne,
dried under vacﬁum,"then placed in water. The gelatinous precipitate readily
dissolved, as did the thin deposit. Flame tests for Ca+2 1nd1cated trace

amounts. Thevflamevtest for Nat was, however, very strong.

Repeated experimehts with this system gave the same;résults.

CaBro : Calcium‘bromide_(Research Inorganic Chemical, Sﬁn Valley,,Ca.) dissolves
slowly in PC, usually requiring several hours of stirriﬁgAfor 0.5m solutions. | : )

The resulting solutions aré clear and colorless.
Electroreduction of these solutions gave no deposits for several hours.

During the induction period, gassing at the cathode éf irregular ihtervalS"
was observed. The 1nduct10n beriod was followed by depos1t10n of a flne grain,
very thin, dark coatlng, having no trees. The dep051t proved in each case to
be of insufficient amount for analysis. Further test wofk.with CaBr>-PC
solutions employing Ca(s) metal cathode and anode also yiélded no deposits,
~only an oily residue at the cathodé. Visual examination'uhder the microscope
of the cathode and énode indicated no surfacé»changes. The solution in the

anode compartment turned the color of free bromine.

CaBra-SnC14: Stannic chloride was placed in a side arm,attached in place of

the ground-glass étépper on the mixing flask. The side arh was then immersed

in liquid nitrogen and the SnCl, frozen. Propylene carbonate was then added

to the dry CaBro, previously placed in the mixing flask and the salt was allowed
to dissolve. The SnCl4 was then allowed to melt and come slowly to room
temperature. The gaseous SnCl4 (vapor pressure of SnCl4 (L) at 25°C is 35 torr)l

readily dissolved in PC produc1ng a very lightly yellow cqlpred solution.

The deposition was carried out at 2 mA/cm® and produced a large gray,

treed deposit. The cathode and anode were Pt foil.
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The deposit wa.s washed in dry cyclohexane,'dried, andftransferred to
water. No visible reaction occurred after standing in water for several hours.
Analysis of a samble ofbthe'solution tested negative for calcium. vThe mixture
was then acidified with 6M HCl(aq), and only upon heating did the deposit
dissolve. The resulting solution tested pbsitive'for tin:snd negative for
calcium. o ' ' .

. A sample of the original cell solution was removed_from the mixing flask
and a shinny calcium metal rod added. ‘After several days, crystals of the
same ‘physical appearance as obtalned by electroreduction of the solution

appeared on the calcium metal surface. Analysis 1nd1cated these to be tin.

Cals: The hydrated,sdlt was placed in a glass tube, evacuated, and heated to
300°C. The resulting salt was white in color and readilyfdissolved in PC.
Electroreduction of the solution yielded an iodine colored solution at the

anode and an oily deposit at the cathode. Both electrodes were Pt foil.

To the solution in the mixing flask a small amount of'ethylenediamine
(u N—CH CH2—NH ), whlch acts as a complexing agent for many cations, was
added. Electroreductlon of the resultlng solution gave ‘the same results, no

calcium, only an oily coating of the cathode.

CafBFg)gz Calcium tetrafluorcborate was the most interesting of the calcium
salts tested as Jorné® reports obtaining a gray deposit with this salt that

gave an X- ray analys1s of CaFg(s)

. The salt was dried on the vacuum line, then solvent added The salt
dissolves readily (0.5m) in PC giving a clear, colorless solution. However,

- contrary to the.results obtained by Jorné, no deposit was obtained at either
" the anode or cathode for experiments lasting up to three days employing various

current densities.

Treatment of the SOlution-(O-Sm Ca(BF4)2) in the mixingvflask for three days
with activated mdlecular'seiues (Linde 4A) and subsequent electroreduction of.
the solution gave an initiel deposit, purple in color, at.the cathode which twrned
light-brown with green-yellow streamers from the electrcde'into the solution.

The deposit, very thin in coating, eventually fell from the_electrode.

Subsequent experiments under various conditions of concentrations (0.01 m

to 0.5m) of Ca(BF4)2 run under widely differing current densities (.001 mA/cm®

to ImA/em®) proguced no calcium deposits.
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Treatment of solutions with molecular sieves gavefconsistently the same
result: a light purple, very thin deposit, followed bygeventual solvent decomp¥

osition.

Tests of the solutions indicated that calcium was present in solution

ruling out the possibility of the salt not being a calcium:salt.

Ca(PFg)a: Since this salt was not available'commercially;fit was synthesized
from the reaction of KPFg(aq) with Ca(C10,)-(aq). The supernate was evaporated -
to dryness and the salt recrystalized several times. The'dried salt readily
dissolved in PCi(O.lm) to give a clear, colorless solution.‘ The solution was
treated with molecular sieves. Electroreduction of the»solution gave an initial
purple deposit which disappeared immediately, to be replaced by a light brown
deposit which also disappeared and finally an 01ly depos1t at the cathode. |

Electroreduction of the solution w1thout treatment by molecular sieves,

&

yielded similar results.

IT: Electrochemical Stability Study of Propylene Carbonatej.

Because of the interest in PC for battery research_and electroreduction '
application, a series of experiments on the stability of PC toward electro-

reduction were performed

The solvent was purified and transferred to the vacuum line as described
earlier. Without further treatment, the solvent was run 1nto the cell and |
electrolysis preformed using Pt. foil electrodes. The electrolys1s was carried
out for several days and a gas sample then taken from the anode and cathode
compartments. The samples were analyzed by mass spectrometer for molecular

weights of the various components. After subtracting out the background by

comparison with gas samples taken over purified PC, not subjected to electroreduc-

tion, the major constituents were identified as COso, ethylene; oxygen, and CO,
pPlus lesser amounts of higher molecular weight components. Because the gas

samples from each. compartment gave very similar, and at times conflicting results,

the conclusion is that either the electrode reactions proceed. by several different

mechanisms that result in the same gases product, or more likely that this method

of analysis is unsatisfactory. However, the products obtain clearly indicate
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ring opening and degradation to simpler compounds. One must remeﬁber that
analysis of gas samples, is good only for those products that have an apprec1able

vapor pressure over the solvent

The solvent was, however, clear, and colorless at the termination of the

experiment, with no‘deposits'of any type present on thefenode or cathode.

A study on the electrochemicalcdecomposition of propylene carbonate on
graphite electrodes by Dey and Sullivan® indicated the decomPOSition products
to be propylene (95%) and COz, Hs and ethylene (< 1%). 'Their experiments were
run with 1M LiCl0, as a supporting electrolyte. For futheriwork on the decomposi-
tion of pure PC,analysis should be done by vapor phase cﬁromotography on both gas
phase and liquid phase samples taken separately from theﬂanode and cathode

compartments.

'AlCla-PC: Because the success of the electroreduction of the alkali metals”

from their chloride salts rested on the use of AlCl; as a‘complexing'agent
with chloride to 1ncrease the solubility of the alkali metal chloride salt, the
stability of the AlCla-PC solutions was investigated.

If reagent grade AlCl; was added to commercially available PC that had
not been distilled ih the laboratory, a gelationoué preciﬁitate of A1(OH),
formed immediately. The same result was found for PC cohtaining more than
50 ppm of water. The hydrolysis of Al1Cls in PC produces_ineoluble A1(OH) s

and soluble HC1 The latter in the presence of water act-as a catalysis for

- the hydrolysis of the solvent. The possible reactions ereﬂoutlined in Table

IV. If the water is removed by reaction with AlCls, thenjthe decomposition

of the solvent by HCl under "anhydrous" conditions can still occur. The

possible reactions are also outlined in Table IV. The rate‘of decomposition

of the solvent via the reactions listed in Table IV is not*khown but is

probably slow because of the low concentretion of reactant."The important

point is, however, that the products of decomposition areithemselves‘electro-
active and could act as an initiators for more rapid solventjdecomposition

during electrocheﬁical processes being carried out in the:SOIVent, e.g., electro— '
reduction of some metal. All the products llsted are capable of attacking PC

and forming polymeric chains whlch could yield gelatlnous or 01ly ppt. at the

anode or cathode.
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Table IV
Decomposition of PC in Presence,of Acid or Base (H' or ox~ )

2

A)E (HC1) under anhydrous conditions

. CH_-CH-CH_

37 T2 g* ' CH,-CH-CH,, + CO
=N go - 3 gH gHZ _ _
CH,-CH-CH . . |
o3 g\ ; S CH3-§H—<’§8 |
g T > 3y OH
CL
CHB-SH-iHa-O-g-OH
1 L ) 1 1
rbits oy bl ke,
N\ CH -gn-cae-o-g’ oH
) JED +.Co, 3e | o
CH_-CH-C : | -ECL
3 P 2 L S '
C1 C1

CH.,-CH-CH
By-CH-CE,



B) H+ in presenéé of 520

CH,-CH-CH

3] 12

o\gp

——

also some chloride such as

H CH-CH ~0H
(CH3

c1

CH,-CH-CH,_-C1
32T

-

CH_-CH-CH_-C1 .
31 2

17

vpropylené gycol + pro?quﬁéw# propylene oxide + CO

S
7

53-cla=0501

CH

B
L + -
: loss of H or Cl

CH_.-CH-CH_-C1 : ;

3¢+ 2
propylene or C
in the presence of H20)

OH  _ orooylene gycol (1, 2) + proaJlehe +

- orobylene oxide + 062

2
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As mentioned.earlier, when analytical reagent graée AlCls was added to
purified PC, (H-0<2 ppm), no precipitate of A1(OH), was:viéible; albeit the
solution turned light yellow in color. - The discoloring of the solvent could be
the result of some reaction of AlClg with the solvent, or the reaction of
solvent impurities with AlCls, or from some impurity in th_e,AlCls. The latter
was thought to be the case since reagent grade AlCls'cohtaiﬁs up to 0.1% FéCls
which produces yellOW colored solutions upon dissolving in”Pc. All attempts at

cooling the solutions (AH ~ 40 keal for AlClz(PC)) or "sigw addition of AlCla

to PC produced light‘yellzglzolored solutiohs

Consequently, some very pure AlCls was synthe51zed as follows6 About
500 g. of reagent grade AlCl,; was placed in a glass tube (50 mm X h60 mm)
along with 50 g. of Al metal pellets. The tube was placed in a tube furnace
lying in a horiZontal<position. To one end of the tube_was_attached a receiver
(see figure 4) and to other end a tube connected to an argon gas supply. Argon
gas was slowly bleed through the tube while if was heated foj5oo°c for eight
hours . The AlClsAsublimates at these temperatures and COn&ehses but on the
cool end of the receiver as a free flowing white powder;'>Thé Fe013 also.-
sublimated under these conditions but reacts with the Al[metél, or condeﬂses .

out in the hotter end of the receiver as long, yellow, needie-like crystals.

Sublimated A1Cl; was then élaced in a glass)tube, évécpated to 10'3
torr, sealed off with a torch, and placed in the furnace. The tube furnace
for this operation is placed in a vertical position so th§t the tube containing
the A1Cl; maybe totally immersed inside the furnacé. Theﬁtﬁbe was then slowly
with drawn over a L-6 hour period after it reached the operating temperature
(300°¢C) of_the.furnaée. The tube was withdrawn by attachiﬁg-it to a harness
fashibned.from ﬁirefwhich in turn attached to a string onZa spool driven by a
gear reduction electric motor. The aluminium chloride thus produced condenses.
out at the cool énd of the tube as clear, colorless_crystals, hexagonal in the
plane, which separate like sheets of mica. Any impuritieé.are left in the bottom

of the tube as an oily residue or an ash.

‘The tube was then transferred to the glove-box, brdkeh:OPen; and the
proper amount of AlClg added slowly to PC. The AlCls in this form dissolves
much more slowly in PC and generally gave clear solutions. ~However, on several

.occasions light yellow solutions were obtained. The source of the problem



-C

Fig. 4
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Sublimator

A.
B.
c.

D.

E.

furnace
generator
collector
Argon inlet

"Argon outlet

-A
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could have been'inrthe AlCls, the PC, or a contaminatedVétmosphere in the glove-
box. Solutions prépared with the sublimated AlCls shoWédth visible deterior-
ation (i.e. color changes from colorless) for up to one5mqnth (length of the

experiment).

Electrolysis of the AlCls-PC solution gave Clg(g)batrthe anode and an oily
deposit at the cathode. IS

IIT. Electrochemical Thermodynamic Studies Involving Caléium:

In order to determine whether or not calcium exhibitsfeiectrOChemical

reversible behavior in PC, cells of the followiné type were run:
ca(s) | CaBro(PC) | TiBr(s) | Ti(Hg)

" The cell conétruction is shown in Figure 5. The thallium amalgam was
prepared by cleénihg'thallium wire in distilled water until a shiny surface
appeared, then rinsing several times in water before transferrlng the metal
to a drying tube where the water was removed by evaporatlon under vacuum. The .,

resultlng metal was very shiny in appearance. A known welght of the metal was

then added to a known weight of mercury (Ballard Tripley_Diétilled, San Francisco,

Calif.). The resulting amalgam was then stored in a réservoir attached to the
vacuuh line. From the outlet valve of the reservoir a glass tube was attached
to the cell at point A (Figure 5). The T1Br(s) (Alfa Inorganlcs, ultra high
purity) was dried in the oven at 120°C before transfer tp,a.small holding cup -
that inserts into a mating joint located over thé amalgaﬁrélébtrode, part B
(Figure 5). By turning the cup over, the TlBr(s) could be dlstrlbuted over

the surface of the amalgam.

Two calcium electrodes were used in each cell. They were prepared by
i

machining on a lathe a block of the metal approximately l/h”.x /4" x 2
into rods of 3/16" to 1/8" diameter and of the appropriate;léhgth.

The cell was setup and operated as foilows:

The cell was attdched to the vacuum line with a ball and socket joint. A filling
tube was attachedrbetween the amalgam electrode compartment and the amalgam
reservoir. The amalgam electrode contact was inserted, aﬁd;false caps placed

over the calcium electrode compartments. The dried\TlBrKg)rwas placed in



Fig. 5 Calcium Cell
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the dropper. The cell was then evacuated and flushedksereral'times with argon.
The solution of CaBr, in PC (0.05m) was prepared as described earlier.

The metal electrodes were cleaned by dipping them;in,ansolution composed
of 45 ml of 2-propanol (MC/B Spectro-quality grade) plus,é.ml of 12M HCl(aq)
(Baker and Adams) for several seconds until a bright surface appeard. The
metal was then rlnsed in a beaker of 2-propanol then in dry cyclcohexane .

The electrode, now attached to-the electrode holder, was. transferred through

the air into the cell. After inserting the electrode, the'protectlve coating
of cylcohexane Was removed by evacuating the cell. The result was a bright

" shiny electrode that retained this appearance throughout the experlment The
second electrode was treated in the same manner. L. =
After assembly of the cell, the T1(Hg) (4.13% Tl)e’gfnas‘run into the cell under
vacuum. and the connecting'tube to-the analgam reservoir:sealed off with a torch.

The TlBr(s) was then dumped onto the surface of the amalgam; then the solution

run into the cell. Measurementsiusing-a Fulk Digital Voltmeter were then

begun .

I. Cells in PC:

Four cells of the ahove'type using PC as.a solvent werewrun employing
‘various concentrations of CaBrs (0.0Sm.to 0.0lm). All cells gave erratic
behavior For the first.cell, the initial bias potential between the two
calclum electrodes was 58 mV and continued to 1ncrease w1th t1me in a highly
irregular manner " In the latter cells the calcium electrodes were annealed
by placing them in a quartz tube and heating the metal forlseveral hours under
an argon atmosphere to a temperature where they glowed cherry-red Q:Y7OO°C).
They were then allowed to cool slowly to room temperature'over a period of
several hours. Theeelectrodes were then chemically cleanedtand placed in the
‘cell. This method of electrode treatment gave initial'bias‘potentials of 3 mV.
However, in each case the bias potentlal 1ncreased erratlcally over several

days to a much higher value (60 mV).

The Emf measurements for each cell also exhibited erratic behavior.
Figure 6 is a plot of the &mf for cell #2 versus time. The potential values
for all cells fluctuated around 1.30 + 0.15 volts. During-cell readings, the
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cell &mf would consistently increase going from some in}tidl value to one 50

to 100 mV higher. Such behavior is shown in Figure 7. ':

* Since the speoific conducténce of CaBr- in PC for'thé,concentrations used
in these experiments is about 5 x 10~% ohm~! em-1, which;indiCAtes reasonable
concentration of free ions (LiAlC1l,, strong electrolyte in BC has specific
conductance of 1 x 1073 ohms~lem™1), and since the thalliouS‘bromide-thallium
amalgam electrode is known to exhibit reverible behavior. in PC7, one must
conclude the difficulty lies with the electrode reactionuat”the calcium metal

2lectrode.

II. Cells in N,N dimethylformamide (DMF):

Anodic dissolution of calcium in DMF is known to occur,® consequently
the possibility of using this solvent in revisible electrochemical cells
involving calcium metal electrodes was investigated.

To check for revisible behavior of caleium in DMF,?cellé of the following

type were run:
- Ca(s) | CaBrz(DMF) | iTlBr(s)- ] -Tl(Hg)

The set up and cleaning of the electrodes was done- as descrlbed above.

The solvent was purlfled by the standard method °

Only two cells were run in DMF. Both cells gave‘goodfstability for a
concentration of CaBrp in DMF of 0.0517Tm, and the measuféd-&mf was 1.5838
+ 0.0025 volts. The bias potential was in each case about.B.mV, and steady
with time. The cells gave stable readings within about l/2'h0ur after filling
with cell solution The stable period continued for about four days, after
which the potential became erratic because of small trees that started to grow

on the calcium electrodes
Analysis of the deposit indicated it to bé‘thalliumvmétal. In effect,
the cell died from internal short-circuiting.

When solutions of CaBro and CaClp in DMF were separately teated for

electroreduction of calcium at Pt foil electrodes, no metal deposits were




1.34
>

1.2

1.30

1.28

1.26

Fig. 7 Ewmf versus Time for Readings at One

Minute Intervals for the Cell o 6 0 5 6
ca(s) | CaBr, (pC)| T1Br(s)| T1(Hg) ® o @ |
B o © @ © 0 ©
e S
. 0O
®
1C
e
(O
-0
¢
T - ) 1 4 - - T T 1
] 10 ' 15 ‘ 20 25
».‘rime, min, : .

X4



26

"obtained. No visible reaction occurred at the anode whlle a black depos1t

on the cathode proved to be insoluble in water or ac1d1c aqueous solutions.
Discussion:

The fact that for all of the salts studied, no caloiﬁmgmetal deposit was

obtained can be traced to several possibilities.

One, in several of the salts, the only metals depositea"wereAvery.light
coatings, and the»initial deposit was purple in color. sf?om:Jorné'sg work .
on the electroreduction of the alkali'metals from PC,“aipmrﬁle:colored deposit‘
is characteristic of potassium and/or sodium metal. Flameitests of the deposit

obtained from CaCly-A1C1ls(PC) and Ca(BF,)-(PC) indicated»the presence of sodium.

One source of the alkali metal impurity could be the oalcium salts.
Obtaining calcium salts of purity greater than 98 - 99% (aﬁahmicalreagent
grade purity for ca101um salts) is difficult (ultra pure’ grade < 5 ppm per
1mpur1ty, for many calcium salts is avallable) The spe01f1c 1mpur1t1es vary
with the part1cular salt but usually. contain O. 5 - 1% alkall metal 1mpur1t1es
in the form of sulfates Even though calcium sulfate 1s.1nsoluble in PC, as
are the alkali metal sulfates, the fact thatvthe soluble calcium salts dissolve
without any visible residue 1ndlcates that whatever ‘the form of the alkali metal

impurities, they dlssolve

The disturbing fact, however, is that the 1n1t1al dep01ts of the alkali
metals occurred only in those solutions. treated for more than one day with
activated molecular sieves. The pos31blllty of anion exchange ‘with the zeolite

is presumably minimal as the use of molecular sieves for drylng nonaqueous

solvents and salt solutions, containing the same anions used in this study, is a

. well establlshed procedure.10 - The only exception is fluorldefcontalnlng solutions.

Solutions of tetraethylammonium fluoride in PC show ion exohangell‘with Linde LA
molecular sieves, the soluble species replacing the fluoride ion were thought to

be aluminum fluoride or fluorosilicate complexes.

Since calcium ion is known to exchange with many zeolites; the source of
the sodium contamination is most likely the slow exchange of.calcium with the

sodium present im the molecular sieves (the unit cell formula@for activated




Lindeth.sieves:is Nalg[(AiOE)lg(Si{b)lzj).

o7

The fact, however, that the alkali metals depos1t 1n prefence to ca101um l

suggests that the dep051tlon of calcium from PC has a much higher actlvatlon

energy for electroreductlon than the alkali metals.

This point suggests a second poss1ble explanatlon of the experiments

which is based on some thermodynamic considerations. Unfortunately, the followig

must be based on aqueous solution values as the necessary data in PC for calcium

does not exist.

Looking at the reaction:

ca’(aq) + H'(aq) = Ca2+(aq) + §H2( )

‘(1)

the Gibbs energy. maybe ‘calculated for reaction (l) by con31der1ng the following

reactlons A ‘
Ca. (aq)‘: ca*(g) | :f' (2)» AG°(2>3£,70 kcel
ca*(g) = ca®t(g) + lem ) _AGO(jjsg;QTA keal
ca®*(g) = Ca®*(aq) (%) AGO(R)L; -362 keal
e~ +,H+(aq)‘;‘%H2(g) o (5) AGO(557= -115 keal

‘Addlng reactlons (2) through (5) yields
2G9(1) = 70 + 27k - 362 - 115 = -lSB‘kcai
or subtracting out the &° for'the hydrogen half reactioﬁ,we ebtain,
Ca (aq) = Ca2+(aq) + le~ | - (6) &0(6)“%%f5.8 volts

By similar reasoning, one can compute

ca(s) = ca+(aq) v le” | (1) €9(7) = +0.2 volts

The calculation indicates that Ca+ is unstable in aQueous solution.

at the analogs to reaction (6) and (7) in the gas phase Qhelfinds,

calg) = ca’(g) + le'(g)‘ | (8) agP lhO‘kcal

ca’(g) = ca+(g) + le™(g) | (3) A = 27u kca1

Looking -
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Adding the reverse of reaction (3) to reaction (8) yields
ca(g)+ Ca2+(g) = 2ca™(g) (9) AG° = -134 keal 5

in other words, in the absence of solVating effects, Cef(g)‘is stable. Referring

reaction (9) to solid calciﬁm we have : ;;:“i;t : o !
ca(s) = calg) (10) 4G° = 38 keal S
ca(g) +Cca®H(g) = 2ca*(g) - - (9)  AC° = -134 keal ]

adding yields A o o . ;f‘f_ , T
ca(s) + Ca®*(g) = 20a*(g) (1) 8% =96 keal.

The analogous reaction in water is

I

ca(s) + ca2*(aq) = 2ca*(aq) . (12) AG° = 153 keal

Comparison of reactions (11) and (12) indicates that SOlvetion of Ca®*t by water
effecttly stabilizes thls species with respect to Ca+(aq), cau51ng auto.
oxidization-reduction of Ca'(aq). The Glbbs energy of reactlon (12) converts

to -5.6 V.

The implications of reactions (ll) and (12) is that when solvatlon is not
.highly important eleetroreduction would be more favored. Propylene carbonate
is known to have weak acidic and basic>properties,12 and- consequently does not
normally exhibit hlghly specific coordination phenomena such as found in solvents
like dimethylformamide or dimethylsulfoxide. The solvatlon 1n PC.of calcium is
presumably weaker than in water and consequently should ﬁavbr electroreduction__
of calcium. In fact, electroreduction ma&vtake place butfeﬁly to Ca* which in .
turn reacts with the solvent and is oxidized to Ca®+. The reaction of Ca® with = |
PC could conceivably be via a radical reduction mechaniSﬁeSimilar to that
proposed® for the reduction of PC in the presence of maghesiﬁm salts. 'Data

supporting the existence of Ca’ exists for DMF® and molten -~ salt mixtures!3.

The evidence is based on proposed kinetic mechanismsethat are consistant
with observed electrochemical kinetic data. The isolation of an univalent

calcium salt has not been reported.
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The idea of Ca*(PC) as the initial product in the electroreduction of
calcium from PC may be the key to ratlonallzlng the results obtalned by Jorné?

using solutions of Ca(BF4)2 in PC.

Using Ca(BF,)-(PC) solutions, Jorné obtained avdepésiﬁlwhose X-ray analysis
indicated CaFa(s). A highly spectulative explanation of .Jorné's results is the

following: A study of lithium-isotope-exehange reactiohs?4fusing cells of the
type o
7Li(s)|7LiF(s)|KBF4(PC)|CLiF(s)|®Li(s)

indicated that the Li(s)ILiF(s) couple is reversiblevin,selutions.of KBF, in PC.

The reaction for the couple is
Li(s) + BF(PC) - LiF(s) + BFg(PC) + le= (13)

Boron trlfluorlde, through a gas at room temperature, 1s hlghly soluble in PC.

The cell works by taklng advantage of the equlllbrlum

Quite possibly, Jorné s experimental condltlons were exactly rlght for the

follow1ng reactions to occur .

ca?t 4 le- e_ca+ N _ h;i . ‘ i (15)

ﬁ cat +.BF; > CaF %_BFg' : R (16)
CaF + Ca2* > CaF' + Cat eve3v _ (17),

CaF' + BF, - CaFa(s) + BFS | hhi{ o (18)

The net reaction may be written as the sum of the two reactidns

caft + le” - Cat L (19) .
and :

Ca?+ + 2BF; - CaFa(s) + 2BFg ~ . (20)
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The last reaction 1s not an oxidation- reduction reaction and could be prevented
from happening spontaneously by a hlgh activation energy or lack of a suitable:
site for crystal nucleuation. The presence of ca’t spe01es,-however may have
proved an alternate route for reaction (20). The results obtained by Jorné

could not be reproduced in this study. The reasons are. not known.

From Table III, one notes that all ca101um salts tried were 2:1 electrolytes

The anions were all halides, or some anion. 1nvolv1ng halldes These particular
salts were chosen since they are relatively 1nexpens1ve_and3readily available.
Electrodeposition experiments on solution involving these salts_do not indicate

what role, if any, the anion played in the reactions at?thefcathode.

With 2:1 electrolytes of‘calcium_the possibility ofpion{association exists.

The following equilibria would be important.

CaXp @ CaX™ + X~ . (1)

CaX™ @ Ca®* + X~ o (22)

If reaction (21) is significant in PC, then the anion might have some effect on

the electroreduction of calcium since the species near the cathode would be Cax‘t.

To check the possibility of anion interference, calcium'2?2”Salts should be
tested. This would make the ion ass0c1ated pair neutral and thus presumably a
nonparticipant in the electrode reactions_ Also, if the 1n1t1al reaction of
calcium in PC produces univalent calcium,'the anion could be critical towards
stabilizing these speCies. The idea 1s that reductlon would proceed through the

reduction sequence
Ca?4_+ le'.e’Ca+
Ca® + X~ > CaX
2CaX - Ca2t + Ca(s) + 2X-
and/or the sequence
ca®t + le;be Ca*t
ca’ + X > CaX

caX + le” - ca(s) + X~
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In either scheme.the anion is not consumed but functions as a strong "solvating"

medium for the intermediate.

Such a stabilizing effect on the proposed univalent-calcium could also be
provided by the use of chelating agents or macrocyclic esthers. The complexing

agents might be hgutral ligands in a solution of the calcium salt under study,

15

or a small quantity of a'second calcium salt capable bf'forming ion pairs. A

possible second salt might be the calcium salt of didecylphosphoric acid,16 and

a neutral carrier might be a synthetic lipophilic ligandl7’18

19,20

or binding agent
such as ethylene dinitrilotetracetic acid . Such complexing agents would

in principle ndt.be-consumed in the electrochemical reduqtion of calcium.
_Alternatively"rather large quantities of some chelating_agént might be necessary.
The chelating agent would maintain the concentration of'frée Ca2+ ion at éome

fixed level, but below some critical level that allows electroreduction to proceed.

The calcium cells run in PC were all erratic and unstable, suggesting
irreversible behavior. Surface impurities from the'cieaning procedure may have -
rendered the éalcium metal electrode passive, or tﬁe cléén metal may have beén
passivatgd by reaction with solvent impurities. Freshly cleaned calcium is

known to be highly-reactive.go

Work done by Butler and Hunter-’ using cells of thé?type
Ca(s)|CaC1,(0.01u, PC)|Ca(Hg)

suggest irreversible behavior. Though the Ca(Hg) electfodé is known to operate
.reversibly22 if the proper precautions are taken, the inﬁéstigatorsvdid_not employ
an external reference electrode (e.g., T1C1l(s) T1(Hg)) and consequently were

unable to localize the source of the irrevisibility.

The combined evidence of electroreduction and elééffébhemical thermodynamic
experiments strongly suggest that for the systems studied_calcium behaves irrever-
sibly in propylene‘carbonate.. This conclusion does not rﬁlevout the use of PC as a
solvent for other calcium systems; but certainly suggests that calcium systems
involving mainly free, uncomplexed,'calcium ions in PC_ﬁill not work. A good
possibility exists that the use of cation complexing agents such as macrocyclic
ethers, or saturated nitrogen chelates, could be used wifﬁ’PC as a solvent to give
electroreductiph of calcium. Therefore, before PC is énti?ely ruled out as a

solvent, experiments involving cation complexing agents”éhoﬁld be performed.
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