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The alkali metals were electrodeposited from various solutions in propylene carbonate (PC). Li, Na, K, 
Rb and Cs were electrodeposited from solutions of their chlorides and A1C13 in propylene carbonate (PC) 
at ambient temperature. In addition, lithium was deposited from LiC1, LiBr, LiC104, LiPF6, and LiBF4 
solutions in PC. Sodium was reduced from NaC104, NaPF6, and NaBF4 solutions. Potassium was ob- 
tained from KPF6 solution. 

A new process is proposed for the production and electrorefining of the alkali metals at ambient 
temperature. Alkali metal amalgam from the commercial mercury-chlorine cell is transferred into an 
A1C13-PC electrorefining cell, where the alkali metal is dissolved anodically from the amalgam, and de- 
posited in a pure form at the cathode. 

1. Introduction and general background 

Electrodeposition of metals from aqueous solution 
is restricted primarily by thermodynamic limi- 
tations. Metals which have significantly higher 
electrode potentials than hydrogen cannot be 
deposited from aqueous solution; the solvent is 
decomposed instead, resulting in hydrogen evo- 
lution. The alkali metals are the most reactive and 
cannot be deposited in solid form from aqueous 
solution; they react violently with water. Alkaline 
earth metals and most of the transition metals also 
cannot be electrodeposited from their aqueous sol- 
utions. The use of nonaqueous solvents has been 
recognized for many years [1,2],  and the search 
for the 'magic' solvent that would permit a wider 
range of potentials for oxidation or reduction, led 
to the development of a wide and promising field- 
electrochemistry in nonaqueous solvents. 

The search for an alternative to water as a sol- 
vent was started in the beginning of the century by 
Walden [3]. An early review on the deposition of 
metals from various nonaqueous solvents was pre- 
sented by Audrieth and Nelson [4], and later by 

Audrieth and Kleinberg [1 ]. Brenner [5] reviewed 
the deposition of metals from organic solvents up 
to 1964. Most of the work in this field was unsys- 
tematic and covered only the most familiar organic 
solvents, in particular, pyridine, formamide, aceta- 
mide, acetonitrile, and various alcohols. Butler [8] 
reviews the electrochemical behaviour of the alkali 
metal electrodes in nonaqueous aprotic solvents. 

Of all the classes of solvents, aprotic solvents 
proved to be the most promising. These solvents 
have high dielectric constants (greater than 30), 
have weak acidic and basic character, and are diffi- 
cult to oxidize or reduce. 

The present work concentrates on the explor- 
ation of the electroreduction of the alkali metals 
at ambient temperature from their solutions in 
propylene carbonate. The goal was to develop a 
new process for the electrorefining and separation 
of the alkali metals at ambient temperature [9] as 
an alternative to the high temperature molten salt 
processes by which these metals are currently pro- 
duced. 

Propylene carbonate (PC), originally proposed 
for electrochemical applications by Harris and 
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Fig. 1. A p p a r a t u s  for cyc i ic  po la r i za t ion .  C - c o u n t e r  
e l ec t rode ;  G - wave  fo rm gene ra to r ;  O - osc i l loscope ,  or 
x-y recorder ;  P - p o t e n t i o s t a t ;  R - re fe rence  e l ec t rode ;  
W - w o r k i n g  e lec t rode .  

Tobias [6], is a member of a group of cyclic esters. 
PC is a dipolar aprotic solvent with high dielectric 
constant (65 at 25~ low melting (--49~ and 
high boiling (241~ points, and dissolves many 
inorganic salts. The decomposition potential of PC 
is above 4 V [7]. The electrochemistry and appli- 
cation of PC was reviewed by Jasinski [7]. 

2. Experimental 

2.1. Solvent purification 

Propylene carbonate (Jefferson Chemical Company, 
Houston, Texas) was distilled at 0-5 mm Hg in a 
commercially available vacuum distillation column 
(Semi-CAL series 3650, Podbielniak, Franklin Park, 
Illinois) packed with stainless steel helices. The 
reflux ratio was 60-100 and the head temperature 
65~ The first 10 and the last 25% of the solvent 
were discarded. The receiver system of the column 
was rebuilt with glass drip tips and needle valve 
stopcocks (Delmar Scientific Laboratories, Inc, 
Maywood, Illinois) equipped with teflon 'O' rings. 
Argon gas was bubbled through the solvent during 
distillation. The collection vessel was not detached 
from the column; the solvent was discharged 
directly into the dispensing vessel. The transfer 
was done under an argon atmosphere. The dispen- 
sing vessel was evacuated on the vacuum line to 
approximately 50 #m Hg, closed tightly and trans- 
ferred into the glove box. 

The 'as received' solvent contains a few tenths 
of a percent of the following impurities: water, 
propylene glycol, propion aldehyde, propylene 

oxide [7]. Gas Chromatographic analysis of the 
product performed in this laboratory showed the 
water content to be always below 50 ppm [10]. 
The presence of a second impurity at a very low 
concentration was identified as propylene oxide, 
and its concentration was estimated below 1 ppm. 
The Varian Aerograph Model 202A gas chromato- 
graph used for the analysis was equipped with 
'thermal conductivity cells (W filaments) and a 2 ft 
(0-25 in diameter) column containing 'Poropak Q' 
(80-100 mesh). The carrier gas was helium. The 
column, injector and detector temperatures were 
110,140 and 200~ respectively, The final sol- 
utions were treated with molecular sieves (Linde 
4A) in order to remove traces of water introduced 
by the salts. No further analysis was made to 
check the possibility of cation exchange with the 
molecular sieves. 

Electrodeposition experiments were conducted 
in an H type cell, the two compartments being 
separated by a fritted glass. The anode and the 
cathode were made of platinum foils attached to 
platinum wires, and were immersed in the solution. 
The area of the electrodes was approximately 
1 cm 2. Constant current was applied, and the 
cathode was observed for the nature of the deposit. 
The solution was stirred during the experiment by 
a small magnetic stirrer. Deposits were analyzed by 
X-ray diffraction (Cu Ks radiation of 1.540 50 A_, 
Picker X-Ray, Model 3488K). In addition, the 
alkali metals were identified using flame spectro- 
scopy. 

The experiments were qualitative in nature and 
were conducted with the purpose of screening poss- 
ible electrolytes. All electrodeposition experiments 
were conducted inside the glove box under a dry 
argon atmosphere. A constant current power sup- 
ply (Model C 612 Electronic Measurements)was 
used, and the applied potential was measured by 
an Electrometer (Keithly Model 601). 

2.2. Cyclic polarization measurements 

The reversible behaviour of the alkali metals and 
their amalgams in PC solutions was tested by the 
cyclic polarization technique, in which the poten- 
tial between the working and the reference elec- 
trodes was scanned linearly around the equilibrium 
potential, both in the cathodic and anodic direc- 
tions. The solutions were stirred during the 
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experiments by a small magnetic stirrer. A block 
diagram of the experimental apparatus is shown in 
Fig. 1. A triangular potential waveform was gener- 
ated by a waveform generator, Exact Model 100, 
connected to a Wenking potentiostat. The current 
was recorded versus the scanned potential on an 
oscilloscope (Tektronix) or on a fast X-Y recorder 
(Autocraft X-Y Recorder, Mosley). The working 
and the reference electrodes were identical in 
most cases, except when the working electrode 
was made of a clean platinum foil. 

2.3. Electrodeposition in a rotating disk system 

The electrodeposition at relatively high current 
densities was investigated using a rotating disk 
system, especially designed for inert atmosphere 
operation [11]. The disks were made of teflon, 
and the central electrodes were platinum, stainless 
steel or nickel. The area of the electrode was about 
0.1 cm 2, and the rotation speed was varied from 
0-3600 rpm. Deposition experiments were con- 
ducted under a stream of dry argon with the rota- 
ting disk serving as the cathode, and an amalgam 
of the particular alkali metal serving as the anode. 
A reference electrode was placed ina separate cell 
connected to the main cell by a small capillary. 
The tip of the capillary was in the plane of the 
disk, at 2-4 cm from the centre. The reference elec- 
trode was either the corresponding alkali metal, or 
an amalgam of identical composition to the coun- 
ter electrode. A Wenking potentiostat served to 
maintain constant potentials between the working 
and the reference electrode; the resulting currents 
were read from the potentiostat dial. Currents were 
varied up to 5 mA, corresponding to a current 
density of 50 mAcm -2, a practical rate for a com- 
mercial electrolysis process. The ohmic drop was 
excluded from the total overpotential by a current 
interrupter technique; the immediate drop in the 
potential was attributed to the ohmic resistance of 
the solution between the working electrode and 
the tip of the reference electrode capillary. Rectan- 
gular wave form pulses were derived from an E. M. 
Test Pulser, Lawrence Berkeley Laboratory. The 
potentials were observed on a Tektronix Oscillo- 
scope operating at 0.01-1-0 ms cm -1 and 50-200 
mV cm -1 . The ohmic drop was determined at four 
different currents for each cell, both in the anodic 

and cathodic directions. The ohmic resistances 
were of the order of 300 ~2. The ohmic drop was 
also calculated according to the method of Newman 
and Hsueh [12, 13] using experimentally deter- 
mined values of the specific conductivities of the 
solutions. The general agreement between calcu- 
lated and experimentally obtained ohmic drops in- 
dicated that the resistances of the electrodeposited 
metals were quite low. 

3. Results and Discussion 

The search for electrolytic solutions that would en- 
able the deposition of the alkali metals started with 
a qualitative stage, in which the common alkali 
metal salts were tested for solubility, and the feasi- 
bility of deposition. High solubility is required in 
order to obtain a low ohmic drop and low concen- 
tration overpotential. It appears that a solubility 
of the order of 1 mol 1-1 is necessary. This concen- 
tration corresponds to a specific conductance of 
approximately 10 -2 f2 -1 cm -1, and permits a rela- 
tively wide range operation below the limiting cur- 
rent. The following anions were tested: chlorides, 
bromides, iodides, perchlorates, hexafluorophos- 
phates, tetrafluoroborates and tetrachloroalumin- 
ates. Solubility measurements revealed that all the 

chlorides, except LiC1, are quite insoluble. Of the 
bromides, only LiBr and NaBr are moderately 
soluble. The iodides of rubidium and cesium are 
insoluble. The perchlorate series revealed that only 
lithium and sodium perchlorate are highly soluble. 
Of the tetrafluoroborates, only LiBF4 and NaBF6 
are soluble. From the hexafluorophosphates, 
LiPF6, NaPF~ and KPF6 are soluble. It is not clear 
whether RbPF6 and CsPF6 are soluble as well. 

The only common anion which yielded high 
solubilities for the entire alkali metal series was the 
chioride-aluminium trichloride complex: 

Me1 + A1Cla -~ M + + A1C17, 

where M is any alkali metal. It was found that in 
the presence of A1C13, which itself is highly soluble 
in PC (above 3 mol 1-1), the solubilities of the alkali 
metal chlorides rise to a 1 : 1 ratio, except for 
NaCt. The solubility of NaC1 is approximately 
0.5 tool 1-1 in the presence of A1C13 (1 mol 1-1) in 
PC (1 : 2 ratio). 

The following results were observed: 
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3.1. Lithium 

3.1.1, LiCl. The solubility of LiC1 in PC is below 
0-1 reel 1-1; (4.0 10 -2 reel 1-1 was reported by 
Butler et al. [14]), Li was deposited from the satu- 
rated solution; the applied potential was very high 
because of the low conductance. 

3.1.2. LiBr. The solubility of LiBr in PC is 2.43 
moll -~ [15]. The metal was deposited from a 
1 mol 1-1 solution of LiBr in PC at a currer~t den- 
sity of 1 mAcm -2. The lithium deposit was grey 
and formed a Li-Pt alloy with the platinum cathode 
The alloy was similar to the one obtained during 
the electrodeposition from a LiC104 solution in PC. 

3.1.3. LiCI04. LiC104 was found.to be the best lith- 
ium electrolyte in PC. The solubility of LiC104 in PC 
is 2"1 moll -1 [16], and the conductivity is relatively 

high, 5"6 x 10-a~2-1cm -1, for 1 moll -1 solution at 
25~ [17]. Lithium was deposited from LiCIO4 
(1 mol 1-1)-PC solution at current densities of up 
to 10 mAcm -2, without any sign of gas evolution 
or side reaction. The Li deposit was grey and 
formed an alloy with the Pt substrate. The Li-Pt 
alloy was stable toward air and water. Immersing 
the deposit in water results in a violent reaction of 
the free lithium deposit, while the Li-Pt alloy re- 
mained stable. The platinum surface turned per- 
manently grey and rough, and there was no way to 
regain the bright appearance of platinum. Lithium 
metal was found to alloy with other metals, inclu- 
ding noble metals [18]. Alloying was not obtained 
when lithium was deposited on nickel or stainless 
steel cathodes. Prolonged deposition of lithium led 
to the formation of lithium trees. 

3.1.4. LiPF6. Lithium was deposited from 0.5 mol 
1-1 LiPF6 solution in PC. The current densities 
were in the range of 1 -10mA cm -2 at relatively 
low applied potentials. The Li deposit was grey 
and vety similar to the one obtained from LiC104 
solution. The solubility of LiPF6 is approximately 
0-55-0-76mol1-1 [19, 20]. 

3.]i~5. LiBF4. Lithium was deposited from a satu- 
rated solution of LiBF4 in PC. The concentration 
was below 0"5 moll -1 . The solubility is 0-42 moll -1. 
A grey deposit was obtained at 1 mAcm -2 and 
moderate applied potentials. 

3.1.6. LiA1Cl4. Lithium was deposited from a 1 : 1 
mixture of LiC1 and AIC13 solution in PC. The 
solubility of LiC1 in pure PC is low; however, in 
the presence of A1CI3, which is highly soluble, the 
solubility of LiC1 increases up to a 1 : 1 ratio. The 
anhydrous A1C13 used contains 0.02% iron as its 
main impurity. FeC13 cannot be removed by sub- 
limitation; its presence in the solution in very 
minor quantity probably does not interfere with 
the deposition of the alkali metal. Moreover, it 
should be expected that a FeC12 complex is 
formed in a similar way to the formation of AIC17~. 
Addition of A1C13 to PC results in a violent reac- 
tion, accompanied by strong heating and darkening 
of the solution. This can be avoided by adding the 
LiC1 first, then adding the AIC13 extremely slowly 
while cooling the solution with a mixture of 
chloroform-carbon tetrachloride-dry CO2. Solu- 
tions prepared in this way were almost colourless. 
Another successful method is to prepare the com- 
plex salt LiA1C14 by heating a stoichiometric mix- 
ture of LiC1 and AIC13 at 200~ under a dry argon 
atmosphere. Addition of LiA1C14 prepared in this 
way, to PC, resulted in no heating at all. Despite 
the superior solutions obtained by this method, in 
most experiments the solutions were prepared by 
the careful addition of A1Cla to the LiCt-PC mix- 
ture. The second method was inconvenient because 
of the strong sublimation of A1C13 at high tem- 
perature. Kinetic and thermodynamic measure- 
ments of LiC1 and A1C13-PC solution are reported 
by Jorn6 and Tobias elsewhere [23, 26]. 

In conclusion, perchlorate and aluminum tetra- 
chloride solutions were found to be promising for 
the deposition of lithium and sodium. LiPF6 and 
LiBF4 are suitable for lithium deposition; however, 
their solubilities in PC are somewhat lower. 

3.2. Sodium 

NaC1 and NaBr are practically insoluble in PC and 
therefore not suitable for electrodeposition pur- 
poses. NaC104, NaPF6, and NaA1C14 are quite 
soluble and therefore were tested. Furthermore, 
polarization and cyclic polarization experiments 
were performed for these electrolytes. 

3.2.1. NaCl04. The solubility of NaC104 in PC is 
> 2 moll -1 [24]. Sodium was deposited from 
1 moll -a NaC104 solution at a current density Of 
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Fig. 2. Polarizat ion o f  Na(s) /NaC10 4 (1 mol l -~ ) ,  PC. 

10 mA cm-2 without any visible sign of gas evo- 
lution or side reaction. The deposit was grey, quite 
thick (0.5 mm) and did not form an alloy with the 
Pt cathode. The bias potentials between the Na 
electrodes were below 0-5 mV, even after a series 
of polarization experiments. 

Fig. 2 shows the polarizations of sodium in 
NaC104 (1 moll -1) solution at 25, 49 and 60~ 
after the overpotentials were corrected for ohmic 
drop, using a current interrupter technique. The 
exchange, current densities were calculated from 
the slopes of the lines and from the area of the 
electrode. The exchange current densities are 0"43, 
0"98 and 1-13 mAcm -2 at 25, 49, and 60~ respec- 
tively, in good agreement with a value of 0.21 mA 
cm -2 at 19~ reported by Meibuhr [25]. The en- 
thalpy of activation at zero polarization, AH~o = 
6"0 Kcal mo1-1, was calculated from the slope of 
In io versus I/T; Meibuhr obtained a value of 
14.6 Kcatmo1-1. The present result seems more 
reasonable for a soft metal like sodium, and is in 
better agreement with A/-/~o = 8.5 Kcal mo1-1 ob- 
tained for Li/LiC10, in PC [21]. The micropolar- 
ization of NaC104 in PC reported by Meibuhr was 
performed only in the anodic direction, whereas in 
the present work the cathodic portion is included. 
The identical slopes in both cathodic and anodic 
directions indicate high reversibility of the dis- 
solution-deposition process. 

3.2.2. NaPF6. The solubility of NaPF6 in PC is 
0.86 moll -1 [19]. Sodium has been deposited 
from 0.5 mol 1-1 solution of NaPF6 in PC at cur- 
rent densities of 1-10 mA cm -2. The deposit was 

grey and there was no visible evidence of side reac- 
tion or gas evolution at the cathode. The potential 
between sodium electrodeposited on the Pt elec- 
trode and the reference sodium electrode was 
below 1.15 inV. 

Polarization experiments were conducted to in- 
vestigate the kinetic behaviour of metallic sodium 
and sodium amalgam in NaPF6 (0"5 mol 1-1 solu- 
tion in PC. The polarization experiments were per- 
formed in a six-compartment cell in which two 
sodium, two sodium amalgam and two Pt elec- 
trodes were placed [23]. The sodium amalgam 
concentrations were 0.286 and 0"351 wt %, and 
the average potential differences between these 
electrodes and the sodium electrodes at 25~ were 
831.9 and 734.7 mV, respectively. Constant cur- 
rent was applied in both cathodic and anodic 
directions between the sodium and the amalgam 
electrodes, and the two remaining electrodes 
served as reference electrodes. The measured over- 
potentials were corrected for ohmic drop by the 
current interrupter pulse technique, and the calcu- 
lated exchange current densities are 18.1 and 
10"6/IA cm -2 for sodium and sodium amalgam, 
respectively. 

3.2.3. NaBF4. Despite the low solubility of NaBF4 
in PC, 0"093 moll -1 [19], sodium was successfully 
deposited from a saturated solution at 1 mA cm -2 
and moderately high applied potential. The deposit 
was grey. The limiting current was undoubtedly 
exceeded, as evidenced by gas evolution observed 
along with sodium deposition. 

3.2.4. NaAlCl4. The solubility of NaC1 in 1 tool kg -~ 
A1C13 solution in PC was found to be around 
0.5 mol k'g -1 . Sodium was electrodeposited from 
NaC1 (0-5 molkg-l)-A1C13 (1 molkg -1) in PC at 
current densities 1-10 mA cm -2 without any sign 
of gas evolution or side reaction. The deposit was 
grey and heavy. Further thermodynamic, kinetic 
and conductance measurements have been reported 
elsewhere [10, 26, 23]. 

3.3. Potassium 

Potassium was found to be very reactive toward 
PC solutions. The surface of a bright potassium 
electrode turned purple within a few minutes in 
moderately dry PC (around 50 ppm H20). The 
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Fig. 3. Cyclic polarization for K in KA1C1, (0.5 moll-I) - 
PC. Reference electrode: K; sweep rate: 1.2 mV s -1 ; 
temperature: 43~ 

stability of potassium increased significantly after 
the PC was treated with molecular sieves (Linde 
4A). The molecular sieves, approximately 5% 
volume, were added to PC and the mixture stirred 
for several hours. 

Due to the low solubility of KC1 (3-52 x l0  -4 

moll -] [7], KBr (6 x 10-amoll -t [6], KBF4 
(13"012 m ol 1-1 ) [ 6 ] and KCtO 4 in PC, the only 
practical possibilities were found to be KPF6 and 
KA1C14. Nevertheless, potassium was electro- 
deposited from its perchlorate and tetrafluoro- 
borate as well, at the very low current, 0.1 mA cm -2, 
and high applied potentials. 

3.3.1. KPF6. The solubility of KPF6 in PC is 
1.2 mol 1-1 [27]. Potassium was deposited from 
KPF6 (0.5 mol 1-1) solution at current densities up 
to 10 mA cm -2. Potassium wire served as the 
anode;normal anodic dissolution was observed, 
while the deposit on the platinum cathode was 
grey and loose. The bias potential between the de- 
posited potassium and the potassium anode, after 
the deposition was completed, was less than 20 mV. 

3.3.2. KAICI4. Potassium was electrodeposited 
from 1 : 1 KC1-AICla (0-5 mol 1-1) in PC. The 
electrodeposition was performed in a six-compart- 
ment cell, where potassium wire served as an anode 
and platinum foil as a cathode. The nature of the 
deposit was checked by measuring the bias poten- 
tials between the deposited potassium, the refer- 
ence potassium electrode, and two separate potass- 
ium amalgam electrodes (0"451 wt %). The poten- 
tials between the deposited potassium and the 
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Fig. 4. Cyclic polarization for Pt in KA1C14 (0.5 moll -~ )- 
PC. Reference electrode: K(Hg); sweep rate: 0.4 mV s -1 ; 
temperature: 25~ 

reference potassium electrode were always below 
20 mV immediately after the deposition. However, 
within a few hours after the current was turned 
off, the potential difference increased substantially; 
it was observed that the potassium deposit became 
loose and the Pt substrate was exposed. 

The potential differences betwen the potassium 
wire and the K(Hg) electrodes were measured and 
recorded over a period of four days at different 
temperatures. Although the electrodes were sub- 
jected to polarization runs during this period, the 
open circuit potentials remained constant within 
-+ 10 mV. The potential difference between metallic 
potassium and potassium amalgam (0'451 wt %) in 
0.5 moll -1 KA1C14 solution in PC at 25~ was 
1.007 V. Kinetic and thermodynamic measure- 
ments are reported elsewhere [23, 26]. 

The stability and the reversibility of potassium 
and its amalgam in KA1CI4 solution in PC were 
tested by a linear cyclic polarization technique. 
Fig. 3 shows two cynic polarizations for K in 
KA1C14 (0.5 moll -1) PC solution, at 43~ At the 
sweep rate of 1.2 mV s -1 no hysteresis was ob- 
served after a complete cycle. The behaviour of a 
.dean platinum electrode in the same KA1C14 
(0.5 mol 1-1) PC solution was investigated and is 
presented in Fig. 4. Three complete cycles were 
recorded, and negligible anodic current can be 
observed when the potential is swept in the 
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Fig. 5. Cesium deposit on a platinum cathode, from 
CsAIC14 (0.25 mol 1-1) PC solution. Current density: 
1 mA cm-2 ; temperature: 25~ 

cathodic direction. The cathodic behaviour is linear; 
however, cycling back in the anodic direction, 
anodic current peaks can be observed, caused by 
the re-dissolution of the deposited potassium from 
the platinum surface. The small anodic current on 

the  clean Pt demonstrates the stability of the sol- 
vent in the far cathodic potential range. 

3.4. Rubidium 

Due to the low solubility of most of the common 
Rb salts in PC, the only practical possibility for 
electrodeposition studies was offered by the com- 
bination between RbC1 and A1Cla. 

Rubidium was deposited from a carefully dried 
1 : 1 RbC1-AICla (1 mol 1-1) solution in PC at cur- 
rents up to 10 mA cm -2. The electrodeposition 
was conducted in a six-compartment cell, where 
metallic Rb, Rb amalgam (0"2306 wt %) and a 
platinum electrode served as the anode, the refer- 
ence electrode and the cathode, respectively. The 
potential between the metallic rubidium and the 
amalgam was recorded over a period of four days. 
The average potential was 1.076 V at 25~ in 
good agreement with the value of 1.0745 V 
measured by G. N. Lewis and W. L. Argo [28] in 
ethylamine. The composition of the amalgam 

matched exactly the amalgam composition used 
by Lewis and Argo. 

The potential between freshly electrodeposited 
rubidium and the bulk metal was below 25 mV 
immediately after the electrodeposition. This bias 
potential increased significantly after a few hours 
of standing, when the deposit became loose and 
the platinum substrate was exposed. 

Cyclic polarization of Rb and Rb(Hg) in 
RbA1C14 (0"5 tool 1-1) shows similar behaviour to 
the behaviour of potassium. Kinetic and emf data 
are presented elsewhere [23, 26]. 

3.5. Cesium 

Of the common cesium salts tried, only CsAICla 
(CsC1 + A1C13) gave good solubility and a good 
deposit in PC. Cesium was deposited from CsC104 
solution in PC, but because of the low solubility 
the current was very low and was accompanied by 
high applied potential. Gas evolution was observed 
during this experiment. 

CsC1 was found to be soluble in A1C13 solution 
in PC, while CsBr was found to be insoluble in the 
same A1C1 a solution. Cesium was deposited from 
carefully dried CsA1C14 (0"25 tool 1-1) solution in 
PC. The cesium deposit on a platinum foil elec- 
trode is shown in Fig. 5. The deposit was silvery 
grey and globules can be observed on the surface. 
The deposit melted at 29~ slighlty above the 
melting point of Cs (28.4~ 

The experiment was conducted in a six-com- 
partment cell, where two cesium cup electrodes, 
two cesium amalgam (0-302 wt %) cup electrodes 
and two platinum electrodes served respectively as 
anode, reference electrode and cathode. The po- 
tential between the deposited cesium and the 
metallic cesium was below 20 mV, and changed 
significantly after a few hours of standing, due to 
the re-exposure of the platinum substrate. The 
cesium amalgam composition did not match ex- 
actly the composition of the amalgam used by 
Bent et al. [29] (the only source of data for 
cesium). However, the present value of 1"107 +- 
0.010 V for 0'302 wt % Cs is in the right direction 
when compared to the 1.119 V value obtained by 
Bent et al. [29] for a 0.1875 wt % cesium amalgam. 
These two values represent the only emf data for 
cesium available at room temperature. 

Micropolarizations of cesium in CsA1C14 (0~25 
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Fig. 6. Cyclic polarization of a clean anodized Pt electrode in CsA1C14 (0.25 moll-1)-PC. Sweep rate: 0.25 V s -~ ; 
reference electrode: Cs; 0.8 V cm -~ . 0.25 mA em -~ , 
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Fig. 7. Cyclic polarization of  a Cs deposit on a Pt electrode in CsA1CI 4 (0-25 mol 1-1)-PC. Sweep rate: 0.25 V s -1 ; 
reference electrode: Cs; 0.8 V cm-1; 0-25 m A c m  -1 . 
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Fig. 8. Cyclic polarization o f  a pure Cs electrode in CsA1C14 (0.25 mol l  -j)-PC. Sweep rate: 0.25 V s -1 ; 0.5 V crn -1 ; 
0.5 mA cm -1 . 
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Fig. 9. Cyclic polarization o f  a Cs(Hg) electrode, 0.302 wt % in CsAICI 4 (0.25 mol  1-1)-PC. Sweep rate: 0.25 V s - l ;  
reference electrode: Cs; 0-5 V cm -1 ; 0.5 mA cm-1.  
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mol 1-1) were performed at four different tem- 
peratures [23] ; the exchange current densities i ~ 
were calculated from the slopes and were plotted 
versus 1/r (see Figs. 8 and 9 in reference [23]). 
The enthalpy of activation at zero polarization was 
calculated from the slope to be AH~ = 10.4 Kcal 
tool -1. The exchange current at 23"5~ was lower 
than expected, probably because at 23.5~ Cs is a 
solid, while the other three temperatures were 
above the melting point of cesium, 28.4~ Com- 
plete kinetic and emf data for Cs are presented 
elsewhere [23, 26]. 

In addition to the galvanostatic deposition ex- 
periments, the deposition-dissolution of cesium on 
a platinum electrode was investigated by a linear 
cyclic Polarization technique. 

The oscillograms in Figs. 6 - 9  show the behav- 
iour of platinum, deposited cesium, metallic cesium 
and cesium amalgam in CsAIC14 (0-25 moll -1) in 
PC at 25~ The scanning rate was 0.25 V s -~ . Fig. 
6 shows the behaviour of a clean platinum elec- 
trode. The anodic current is negligible because of 
the absence of active metal on the electrode. The 
cathodic current increases linearly with the scan- 
ning potential. The anodic branch following a 
single cathodic cycle shows a small current due to 
the redissolution of the deposited cesium; scanning 
started from the far anodic side. Fig. 7 shows the 
behaviour of electrodeposited cesium on a plati- 
num substrate after 4h  of cathodic deposition at 
1 mA cm -2. The behaviour is similar to the behav- 
iour of pure metallic cesium in the same solution 
shown in Fig. 8. Fig. 9 shows the behaviour of 
cesium amalgam (0'2306 wt %) in the same CsA1C14 
(0.25 tool 1-1) PC solution. 

It is difficult to see why no stripping peak is 
observed for Cs in Fig. 6, while for potassium in 
Fig. 4 a stripping peak is observed. It is possible 
that some impurities formed codeposits causing 
peeling of the deposit from the substrate. The 
peeling of th e deposit idea is supported by the 
time dependent bias potential of the Cs deposit. 

4. Conclusions 

The results of the present work have established 
the feasibility of the electrodeposition of the alkali 
metals from their solutions in propylene carbonate 
at ambient temperature. The following conclusions 
were obtained: 

(1) 

(2) 

(3) 

(4) 

Li, Na, K, Rb and Cs can be reduced from 
various salt solutions in PC, with high effici- 
ency. Among the salts employed, best results 
were obtained from C104, PF2, BFT~ and 
particularly from double salts involving the 
chloride of the metal and A1C13 in PC. From 
the latter, a typical composition of the elec- 
trolyte would involve 1 tool kg -1 alkali 
metal chloride in 1 tool kg -1 A1C13-PC solu- 
tion. 
The alkali metals and the alkali metal amal- 
gams demonstrate moderate to low exchange 
current densities in PC (0.01-1 "0 mA cm-2). 
The alkali metals can be anodically dissolved 
from and cathodically deposited into the 
metal electrode or its amalgam. 
These favourable results led us to propose a 
new process for the electrorefining and 
separation of the alkali metals at ambient 
temperature [9]. It is proposed that the 
alkali metal amalgam, which is produced 
commercially in the chlorine-mercury cell 
by aqueous electrolysis, be transferred into 
a nonaqueous cell containing a solution of 
the alkali metal chloride in A1Cla-PC; the 
alkali metal would then be anodically dis- 
solved from the amalgam and re-deposited 
in a pure form at the metallic cathode. A 
schematic diagram of the proposed process 
for the case of potassium is shown in Fig. 
10. The first step in this process is the same 
as the mercury-cell method commonly used 
to produce chlorine gas: a concentrated 
aqueous solution of potassium chloride is 
electrolyzed, chlorine gas is given off at the 
anode and potassium is deposited into the 
mercury cathode. Next, the potassium amal- 
gam - instead of reacting with water to 
form hydroxide as in chlorine-caustic manu- 
facture - flows into a propylene carbonate 
cell in which potassium is redissolved and 
deposited in pure form on an inert cathode. 
The main products are therefore chlorine, as 
before, and metallic potassium instead of 
potassium hydroxide. 
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