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3. The deposition potentials as measured with the aluminum reference elec-
trode of the metals studied are as follows: aluminum, —0.02; zine, +0.05; lead,
+0.17; bismuth, 40.31; silver, -+0.37; copper, -+0.41; mercury, -+0.66; and
hydrogen, 4+1.05 volts. This order of deposition is the same as the voltaic series
for the aqueous sulfate solutions of these metals, except for the interchanged
positions of copper and silver and the location of hydrogen at the noble end of the
series.
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THE ELECTROCHEMISTRY OF BATHS OF FUSED
ALUMINUM HALIDES. IV
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This communication extends previous studies (9, 11) on the deposition poten-
tials of metals from solutions of their chlorides in an aluminum chloride—alkali
chloride bath. The data for a number of additional elements are presented to
complete the list of those that can be studied by the procedure.

APPARATUS AND PROCEDURE; REAGENTS

The apparatus and experimental procedures used were the same as those pre-
viously deseribed. All reagents were of A.R. or C.P. grade. The chlorides were
dehydrated, when necessary, by heating in a current of dry hydrogen chloride.
Certain compounds were prepared by standard methods, as indicated.

The electrolysis bath consisted of 58.68 g. of anhydrous aluminum chloride (66
mole per cent), 7.78 g. of sodium chloride (20 mole per cent), and 6.96 g. of potas-
sium chloride (14 mole per cent). A bar of pure aluminum served as reference

1 Present address: Fansteel Metallurgical Corporation, North Chicago, Illinois.
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electrode, and the measured deposition potentials represent the potential differ-

ence between the cathode and the aluminum reference electrode. Decomposition

potentials were found by measuring the cathode to anode voltage drops.
Typical I versus E graphs are given in figures 1, 2, 3, and 4.

RESULTS (SEE TABLE 1)

Gallzum: A 1 mole per cent solution of gallium was prepared by adding 1.61 g.
of gallic oxide, Ga.0;, to the bath. At low current densities a darkening of the
cathode occurred, but the deposit contained no gallium. At higher current den-
sities small globules of metallic gallium were deposited.

The extrapolation of the I versus I graphs for lower current densities indicates
a reduction potential at 0.83 volt. At higher current densities the data do not
give regular curves, but a value of approximately 0.2 volt for the deposition po-
tential of the metal is indicated. The decomposition potential appears to be
about 2.0 volts.

Thallium: 1.61 g. of thallous chloride was dissolved in the bath. Electrolysis
of the solution gave deposits containing aluminum but no thallium. The
deposition potential and decomposition potentials were identical with those
obtained with a bath without any additions. It is probable that the concentra-
tion of free TI* ions in solution is extremely small.

Skobets and Abarbarchuk (10) reported that the deposition potential of thal-
lous chloride in a bath of fused cadmium chloride is the same as that of cadmium
chloride, 1.08 volts, indicating that cadmium is deposited at a lower potential
than thallium.

Germanium: It was found that germanium dioxide was insoluble in the bath,
but that solutions could be prepared by dissolving 1.76 g. of potassium fluoger-
manate. Electrolysis gave a thin black plate, insoluble in dilute hydrochlorie
acid. At low current densities there is a reduction potential at 0.530 volt. At
higher current densities the deposition potential is —0.01 volt.

The anode to cathode potential is 1.58 volts at low current densities and 2.06
volts at higher current densities.

Tin: Upon electrolysis of a bath containing 1.27 g. of stannous chloride, a
bright deposit of metallic tin crystals was obtained. At lower current densities
a deposition potential of 0.48 volt was found and at higher current densities a
potential of 0.49 volt. At still higher current densities a value of 0.44 volt was
found.

The decomposition potential is 1.61 volts at low current densities and 1.62
volts at higher current densities.

Izhekov and Chovnik (4) reported a decomposition potential of 0.74 volt for
stannous chloride in a melt of aluminum and potassium chlorides at 250°C. and
0.60 volt at 350°C. Skobets and Abarbarchuk (10) deposited tin from & solu-
tion of stannous chloride in molten cadmium chloride and reported the decompo-
sition potential to be 0.56 volt. Drossbach (3) reported the decomposition
potential of stannous chloride to be 0.535-0.550 volt at 460°C. Coerver (1),
using essentially the same procedure as the authors, found that the deposition
potential of tin, referred to metallic aluminum, is 0.47 =4 0.03 volt.
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TABLE 1
Deposition potentials and decomposition potentials

1 mole per cent solutions; temperature, 156°C. (except as indicated); a, values from data at
lower current densities; b, values from data at higher current densities; potentials
marked “R’’ represent reduction potentials to lower valent forms

I 11
ELEMENT DEPOSITION DECOMPOSITION suM oF I anp II
POTENTIAL POTENTIAL
Gallium........................ +0.83 a 1.22 a
0.84 a 1.21 a
0.80 a
0.80 a
0.83 a
0.84 a
0.82 a
0.82 a
0.86 a
0.86 a
0.86 a
0.86 a
‘ [P — ————
Mean.........o..oovoviiiini... 0.83 (R) 1.22 2.05
0.20 b 1.26 b
0.20 b 2.0b
Mean......................... 0.20 ?
Thallium. ............ —~0.01 a 2.06 a
0.00 a
0.02 b ‘ 2.06b
0.02b i
. ; —_—
Mean. .............. | 0.01 ‘ 2.06 2.07
]
Germanium..................... +0.52 1.58
0.50 1.58 |
! —_— 1
Mean.....oooovveeiinnoai| +0.51 (R) 1.58 | 2.09
| +o0ta 2.07 a
1 ~0.01 a E 2.05 a
‘ 0.00b ‘ 2.05
| 0.00b |
| ——
Mean i 0.00 2.06 2.06
Tin.................. 1 +0.47 a 1.61a
{ 0.50 2 1.60 a
| 0.48 a 1.60 a
‘ 0.48 a 1.63 a
| 0.48 a




TABLE 1—Continued

| 1 II
ELEMENT | DEPOSITION DECOMPOSITION sus oF I aNp II
POTENTIALS POTENTIALS
Tin.....oooiv 0.49 a
0.49 a
0.49 a
Mean...oooov v 0.48 1.61 2.09
0.43 b
0.43 b 1.61 Db
0.44 b 1.62b
0.44 b 1.63 b
Mean......cooovei ot 0.43 1.62 2.05
Lead..................... ; +0.37 a 1.76 a
0.36 a 1.74 a
0.35a 1.72 a
| 0.37 a ) 1.74 a
i 0.36 a 1.52 b (?)
0.36 a
0.36 a
; 0.36 b
0.37 b
0.36 b
Mean..cooveeiii i 0.36 ‘ 1.74 2.10
Titanium................. —0.04 b ‘ 2.11b
—0.05b ! 2.10 b
‘ —-0.04 b i 2.12 b
—0.04b
1 ~0.04 b
—0.07 b
Mean....ooooo i —0.05 ‘ 2.11 2.06
i
ATSENIC. covv et +1.01 a \ 1.10 a
0.99 a 1.08 a
0.98 a
0.96 a
0.96 a
Mean. . .....oooooii . +0.98 1.09 2.07
Antimony................ +0.96 a 1.08 a
0.94 a 1.10 a
0.95 a
0.94 a
0.95 a
0.94 a
0.96 a
Mean................... 0.95 1.09 2.04
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TABLE 1—Continued

1 1 I '
ELEMENT DEPOSITION | DECOMPOSITION }J suM OF I anp IT
POTENTIAL POTENTIAL
Bismuth
(BigOa)o oo 4+1.10 a 1.00 a
1.11 a 1.00 a
1.11 a 1.0t a
1.11 a 1.00 a
1.11 a 1.01 a
1.11 a 1.0l a
1.11 a 1.01 a
Mean.................ooo... +1.11 (R) | 1.01 2.12
+0.533 b 1.62b
0.50 b 1.62 b
Mean....................... 0.51 1.62 2.13
(BiOCYL)y..........oo : +1.08 a 1.01b
1.08 a |
Mean....................... +1.08 (R)
Vanadium:
KoVOoF5. .o ~0.10 a 2.20
—0.13 a 2.20
—0.12 a
-0.10 a
- i ——
Mean....................... ~0.11 2.20 2.09
VoOs.o oo | —0.09 a 2.16 a
—-0.10 a 2.21 a
—0.10 a
—0.04 b
—0.04b
Mean..........oooviin.. . —-0.07 2.19 2.12
Columbium:
(CbhaOs) . oo +0.03 a 2.08 a
0.03 a
Mean J‘ +0.03
KeCbFr. oo | 40.02a 2.08 a
0.02 a 2.14 a
J 0.02 2 2.08 b
! 0.01 b
] 0.00 b
“ —0.02 b ‘
Mean........oovviinin ... } +0.01 | 2.10 2,11
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TABLE 1—Concluded

I I
ELEMENT DEPOSITION DECOMPOSITION suM oF I axp II
POTENTIAL POTENTIAL
Tantalum.................. +0.83 a 1.21 a
0.84 a
Mean.......ooovviiiiininn. +0.84 (R)
KeTaFy. ... .. +0.86 a 1.33 a
0.85 a 1.30 a
0.83 a 1.30 a
0.81a
0.85 a
0.84 a
Mean +0.84 (R) 1.31 2.15
TasOs. ..o —-0.03 b 2.11b
—0.01b 2.10 b
~0.03 b
-0.01b
Mean.......o.cooviivie. . —0.02 2.11 2.09
KeTaFs oo 0.00 b 2.20 b
—0.01 b 2.14 b
+0.02 b 2.14 b
+0.02 b 2,17 b
—-0.01 b 2.17b
—0.02 b
+0.01b
—0.03 b
—0.01b
—0.02 b
Mean................... 0.00 2.16 2.16
Tellurium.................. ~+1.46 a 0.60
1.48 a 0.60
1.47 a 0.60
1.47 a 0.59
1.47 a 0.60
1.46 a 0.60
1.48 a 0.57
1,48 a
Mean......................... +1.47 (R) 0.60 2.07
+1.15 b
1.02b
1.08 b
1.04 b
Mean......................... +1.07
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Lead: 1.86 g. of lead chloride was dissolved, and electrolysis at low current
densities produced small bright crystals of metal. The deposition potential is
0.36 volt; above 1 ampere em.? the deposition potential is 0.28 volt. The
decomposition potential is 1.74 volts.

Lorenz and Velde (7) measured the e.F. in carbon anode—carbon cathode
systems at different temperatures and reported a value of 1.2467 — 6.5 X 10~
(t — 550%. Skobets and Abarbarchuk (10) found that the decomposition
potential of lead chloride in a melt of cadmium iz greater than that of the solvent.
Coerver (1), using essentially the same procedure as the authors, found the depo-
sition potential of lead, referred to an aluminum reference electrode, to he 0.34
=+ 0.03 volt.

Titantwm: The dioxide of titanium is insoluble in the bath. A 1 mole per cent
solution was prepared by dissolving 1.59 g. of potassium fluotitanate. No de-
posits were formed on the cathode at putentials lower than those required for the
deposition of aluminum. At higher potentials a black deposit, interspersed with
a white non-adherent material, was formed. The black deposit was soluble in
hot concentrated sulfuric acid, forming a solution containing titanium ions.

The deposition potential of titarium from the solution is higher than that of
aluminum, —0.05 volt, and the decomposition potential of the solution is 2.11
volts.

Arsenie: 0.66 g. of arsenious oxide was used. Metallic arsenice plated out as a
jet-black, bright deposit at 0.98 volt at low ecurrent densities. At higher current
densities, arsenic and aluminum were deposited together. The decomposition
potential of the bath was found to be 1.09 volts.

Antimony: 1.16 g. of antimony oxychloride was used.  Electrolysis at low cur-
rent density gave a grayv deposit in which small bright crystals were present. At
higher current densities the deposit was a dark gray, loose powder. The deposi-
tion potential was found to be 0.93 volt and the decomposition potential 1.09
volts.

Izbekov and Chovnik (4) reported the decomposition potentials of sclutions of
antimony trichloride in a fused aluminum chloride and potassium chloride bath
to be 0.85 volt at 250°C'. and 0.82 volt at 350°C".

Bismuth: 1 mole per cent solutions were prepared by adding 1.56 g. of bismuth
sesquioxide or 1.74 g. of bismuth oxyehloride to the bath.  On electrolysis at low
current densities no metallic bismuth was deposited, but if the cathode was
placed in 95 per cent ethyl aleohol to remove the melt, a reddish brown compound
was found. It hadalow melting point. When the cathode was placed in water,
the compound apparently underwent autedxidation and reduction to form a fine
black deposit of free bizsmuth. The reddish brown deposit was formed at a
potential of 1.11 to 1.08 volts, which is assumed to represent the reduction poten-
tial of trivalent bismuth to a lower valent rform, probably bivalent.

By raising the current density metallic bismuth was obtained, but the values
for the deposition potential were not consistent, probably because of varying
concentrations of the reduced form of bismuth at the cathode-surface. The
probable value is 0.51 volt. The decomposition potentials are 1.01 volts and
1.62 volts, respeciively, for the reduction and deposition reactions.



ELECTROCHEMISTRY OF BATHS OF FUSED ALUMINTUM HALIDES. Iv 277

According to Weber (12) and to Deherain (2), chlorine reacts slowly with bis-
muth at room temperature, forming bismuth bichloride, a brown oily liquid.

Izbekov and Chovnik (4) obtained 0.6+ volt for the decomposition potential of
bismuth trichloride dissolved in a melt of aluminum chloride or of aluminum and
potassium chlorides at 250°C. Izbekov and Skobets (5) found that the decom-
position potential of bismuth trichioride dissolved in stannous chloride was 0.18
volt at 300°C.

Vanadium: 1.45 g. of potassium vanadyl fluoride was added to a bath that
contained 1.00 g. less potassium chloride than the usual bath. In another series
vanadium pentoxide was used. Because of the low volatility of the halides of
vanadium, n-butyl aleohol was used in the vapor thermostat to maintain the
temperature at 117°C. .

At low current densities, the aluminum reference electrode versus cathode read-
ings gave values of —0.11 volt when potassium vanadyl fluoride was used and
—0.10 volt when vanadium pentoxide was used. At higher current densities the
value obtained with the pentoxide solution was —0.04 volt.

The decomposition potential of the bath at lower current densities was 2.20
volts with potassium vanadyl fluoride and 2.19 volts with vanadium pentoxide.

A small amount of vanadium metal was identified on the cathode, but its
deposition potential is as high as that of aluminum.

Marshall (8), using essentially the same procedure as the authors, found the
deposition potential, as measured against an aluminum reference electrode, to be
0.00 volt and the decomposition potential of the bath to be 2.20 volts.

Columbium: 2.02 g. of potassium fluocolumbate or 0.89 g. of columbium
pentoxide was added to the bath. Solution was slow, but at the end of 48 hr. all
but a small amount had dissolved.

Electrolysis yvielded a dark brown deposit that would drop off when introduced
into ethyl alcohol, leaving a dark grev deposit which was insoluble in cold concen-
trated hyvdrochloric acid but soluble in hot. Its identity as metal or as a com-
pound containing columbium at a lower valence was not determined.

The deposition potential of the bath was found to be 0.02 volt for the fluoco-
lumbate and 0.03 volt for the pentoxide at low current densities. At high current
densities the value was 0.00 volt.

Columbium is not deposited at a lower potential than aluminum.

Marshall (8) obtained values of 0.00 vclt for the deposition potential and 2.10
volts for the decomposition potential of columbium solutions by the same pro-
cedure as the authors.

Tantalim: 2.62 g. of potassium fluotantalate or 1.42 g. of tantalum pentoxide
was used. The former compound is more soluble. TUpon electrolysis a loosely
adherent, black deposit was formed. When the deposit was washed with ethyl
alcohol, a grev adherent plate was exposed. Aluminum was removed by washing
with hydrochloric acid, leaving a residue which dissolved in hot concentrated
sulfuric acid. ‘

The deposition potential was found to be —0.02 volt. At very low current
densities, there was a straight portion of the curve which extrapolated to 0.84
volt. This is apparently the reduction potential of pentavalent tantalum to a
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lower valence state. The decomposition potential of the bath is about 2.08 volts
at low current densities and 2.17 volts at higher.

Kirk and Bradt (6) reported 1.47 volts as the decomposition potential of a
bath containing potassium fluotantalate and potassium chloride at 800°C.

Marshall (8) found the deposition potential to be 0.00 volt and the decomposi-
tion potential to be 2.10 volts.

Tellurtwm: 1.06 g. of tellurium dioxide was used. The bath was colored an
intense purple. Electrolysis at low current densities produced no deposit, but
when the data were plotted a straight line was obtained, extrapolating to 1.47

TABLE 2
| i
ELZMENT ' pEro SITIONIPOTENIIAL | DECOMPOSITION POTENTIAL |SUM OF Ianp II

Vanadium ,
Manganese |
’?tamum b | Not deposited at lower potentials than aluminum

antalum |
Germanium
Columbium |
Chromium...................... 0.16 1.95 2.11
Gallium................ooonn 0.20 (approx.) 2.0 (approx.)
ZANC. e 0.24 | 1.82 2.06
Molybdenum................... 0.31 1.87 2.18
Cadmium. ........coevvv i 0.36 1.74 2.10
Tead. ... 0.36 1.74 2.10
Tungsten...........ooovviinnn. 0.39 1.68 2.07
Iron. ... .o ! 0.47 1.58 2.05
Tin. .o ! 0.49 1.62 2.11
Bismuth........................ 0.51 1.62 2.13
COPPOT. « oo 0.62 1.46 2.08
Silver..........o 0.66 1.41 2,07
Cobalt............... ... .. ! 0.69 1.49 2.18
Nickel................o o] 0.80 \ 1.25 2.05
Mereury.....ovovvvenieanean 0.91 | 1.16 2.07
Antimony...............o .. f 0.95 ' 1.09 2.04
Arsenic.,l..“......‘.........,.} 1.00 1.09 ! 2,09
Hydrogen...................... : 1.05 1.03 | 2.08
Tellurium. ..................... | 1.07 I

volts. At higher current densities a loose black deposit appeared at a potential
of 1.07 volts. The decomposition potential at low current densities is 0.60 volt.
The curves representing data for higher current densities were irregular.

The value of 1.47 volts represents a reduction potential. Since no product of
electrolysis adhered to the cathode, it was soluble in the bath. At higher cur-
rent densities, the irregularities in the curves may be attributed to changes in
cathodic surface area as metallic tellurium was being deposited.

A considerable amount of metallic tellurium was prepared by electrolyzing for
several hours at 10 volts. The bath was extracted with water, leaving intensely
black needles of metallic tellurium.
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DISCUSSION

The metals whose deposition potentials have been determined in 1 mole per
cent solutions in the aluminum chloride-sodium chloride—potassium chloride melt
are given in table 2.

The cell formed by the aluminum reference electrode and the cathode upon
which the metal, M, is deposited may be represented as follows:

Al | AlCI; (NaCl, KCI) | | AlCl; (NaCl, KC1), MCl, | M

where MCl, is the chloride of the metal of valence n. The deposition potentials
represent the electrode potentials of the metal in a 1 mole per cent solution as
referred to the electrode potential of aluminum in a G6 mole per cent solution.
It was found that most of the deposition potentials of the metals measured
were reproducible to within &= 0.02 volt.
The cell formed by the cathode and the anode may be represented as follows:

M | MCl, (AlCl;, NaCl, KCI) | Cl,

The measured potentials represent the decomposition potentials of a 1 mole per
cent solution of the substance MClL,..

The numerical sum of the deposition potential and of the decomposition poten-
tial should equal the potential of the cell

Al | AICI; (NaCl, KC1) | Cl

which was found to be 2.07 volts in a previous study. The experimental values
are given in column ITT and it is assumed that the fairly good agreement with the
theory indicates the accuracy of the experimental data.

The series obtained in this study does not conform to the familiar series in a
water system. Hydrogen is the most noble element, except for tellurium. Lead,
bismuth, copper, and silver are comparatively less noble than cobalt and nickel.
The divergences hetween the aluminum chloride-alkali chloride system and the
water system are probably related to differences in solvation of the metal ions
and in degrees of association of the solutes.
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