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The electrolytic reduction mechanisms of K,SiF, and K,TiF, solutions in LiF-KF and LiF-
NaF—KF eutectic mixtures have been studied at temperatures between 550 and 850° C.
The reduction of K,SiF, proceeds by two successive electron transfers,

Si(IV) + 2¢ —> Si(I) + 2e —> Si

coupled with an antidisproportionation reaction

ki
Si(IV) + Si <—;—_, 2Si(IT)
b

Very pure thin silicon layers, up to 300 um thick, were obtained on a silver substrate.
The cathodic reduction of TiF:~ ions occurs in two well separated reversible steps,

TiF:™ + e — TiF)™ + 3e — Ti + 6F-

Adherent coatings of pure titanium were found to be linked to the copper substrate by an interdif-
fusion sublayer comprising Ti,Cu, TiCu, Ti,Cu, and TiCu, which were formed in a narrow potential

domain preceding titanium deposition.

1. Introduction

The complexing power of molten fluorides is
particularly favourable to the electrowinning of
reducing elements such as silicon and the refrac-
tory metals which form highly volatile chlorides.
Furthermore, these media lead to more dense
and coherent electrodeposits than other molten
salt mixtures [1, 2].

Recently, several authors [3—13] have focused
attention on the electrolysis of alkali metal
fluorosilicates as a new route to the production
of cheap pure silicon suitable for photovoltaic
uses. From the recent survey by Monnier [14] it
appears that the reduction mechanism is still
under discussion.

Much work has been performed on the elec-
trolytic production of pure titanium in molten
halides. However, little information exists

regarding the electrode process in fluoride melts
[15] and titanium electroplating techniques
[16-21]. The growth mechanism of titanium
layers on other metals has not been studied.

In this paper we present the results of voltam-
metric studies on the electrolytic reduction
mechanisms of K,SiF, and K, TiF, solutions in
LiF-KF and LiF-NaF-KF eutectic mixtures.
Some pictures of pure silicon and pure titanium
electroplates are also shown.

The general purpose experimental set-up has
been described previously [12, 22].

2. Electrolytic fluorosilicate reduction
2.1. The reduction mechanism

Silver was chosen as the electrode material since
it is completely insoluble in silicon [23]. Poten-

* This paper was presented at a workshop on the electrodeposition of refractory metals, held at Imperial College, London,

in July 1985.
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tials are referred to the silicon quasi-reversible
electrode potential except when another is
specified.

Fig. 1 presents a voltammogram obtained
witha 2 x 107°M solution. The reduction peak
A is visible along with a peak A" and a wave B’
during oxidation; the anodic current is signifi-
cant over a wide anodic potential range. Two
species are likely to be involved during
reoxidation.

In Fig. 2 we present a current reversal
chronopotentiogram showing two transitions.
For curves a and b, the current was inverted
before the first transition. The ratio between the
backward time and the forward time is approxi-

y

Fig. 1. Voltammetric reduction of SiF;~ in
molten Flinak at 750° C. Xy 55, = 2 x 1077
V=01Vs™;0V > —0.65V - 0V versus
vitreous carbon.

mately one-third. This means that oxidized and
reduced species are both soluble. When the cur-
rent is inverted after the first transition time
(curve ¢) the ratio increases but remains less than
unity. This second transition seems to be related
to the formation of an insoluble species with
kinetic complications. We suppose that the
insoluble product is partly consumed by a
coupled chemical reaction.

Fig. 3 shows voltammograms, obtained with a
2 x 107°M solution, for increasingly cathodic
scan limits. Regarding Fig. 3a, we verified that
the peak C’ was present before fluorosilicate
addition to the melt. The wave B’ corresponds to
the oxidation of a soluble species which does not
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Fig. 2. Current reversal chronopoten-
tiogram for K, SiF, reduction in molten
_ o2 Flinak at 750°C. Xy, = 5 x 107%;
: i, = —i, = 200mAcm2.
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Fig. 3. Voltammetric reduction of SiF?~ in

accumulate on the electrode surface during a
potentiostatic step. With regard to Fig. 3b, the
anodic stripping peak A’ first rises as the
cathodic limit is made increasingly negative,
then decreases when the limit becomes more
cathodic than — 0.7V versus the vitreous carbon
electrode potential. When the potential is stepped
in the first domain, the product accumulates and
a pure silicon deposit forms on the electrode
surface. In the other domain, alkali metal is
formed and dissolves in the fluoride melt where
it alloys with silicon to give soluble silicides. To
summarize, the process involves two steps and
an intermediate soluble species is formed.

The presence of Si(IT) species in the melt has
been suggested [5, 14]. These species result from
the partial reduction of the fluorosilicate by pure
silicon. To investigate the mechanism we studied
the influence of the sweep rate and compared the
resulting curves to the simulated theoretical
curves corresponding to the possible mechanisms.

Fig. 4 represents the variation of the i'?
product versus the potential deduced from
voltammograms for a 2 x 10°*M solution.

molten Flinak at 750°C. Xg,sipg = 2 %
107 ¥ =0.1Vs™. (a) Scan after a
potential step at —0.4V versus vitreous
carbon, during 10s; 0V — —04V - 0V
versus vitreous carbon. (b) 0V —» E, —
0V versus vitreous carbon with (1) E;, =
—05V;(QE, = -07V;(3)E, = —15V.

Depending on the sweep rate, two families of
curves can be distinguished. Within each family
the 7o' curves are virtually identical, demon-
strating that each system behaves reversibly.
Using Feldberg’s finite difference method [24]
with some modifications [13], we computed the
theoretical curves corresponding to the follow-

ivV2cAacm2yY2s2) A
E¢v)
-05 -0.25 0 1 0.25 M
T I
— 025
® _ 1.0
—1075

Fig. 4. Voltammetric curves typical of the two reduction
mechanisms. Xy, s, = 2 X 1073, (1) Scan rate: 60 Vs~' +
03V - —03V'> —0.05V. (2)Scan rate: 0.1 Vs™! + 0.3V
- —0.1V —» —0.025V.
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Fig. 5. Theoretical voltammetric curves of the proposed
EEC, mechanisms. AE? = 50 V; temperature: 750° C.

ing EEC, mechanism:
Si(IV) 4+ 2e === Si(1])

Si(I) + 2¢ — Si

(reversible)

(quasi-reversible)
V.4

Si(IV) + Si =—=2i(IT)
b

The comparison of the experimental and theor-
etical curves (Fig. 5) supports the proposed
mechanism. Other mechanisms were assumed
but gave results which cannot account for our
experimental results,

2.2. Silicon electroplates

We first present some general observations con-
cerning silicon electrodeposition.

(i) To avoid alkali metal silicide formation,
the potential step should be as little negative as
possible.

(i1) Electrolytic silicon is not obtained unless
the solvent is first purified.

(1ii) A pulsed current gives the best fit between
electrolysis conditions and the mechanism. It is
known that a pulsed current is beneficial to the
structure of the deposit [25]. The Si(II) species
concentration near the electrode surface can be
kept constant using a current profile with a
cathodic pulse followed by a rest time. A short
anodic pulse can be included to increase the

kosipg = 005, —i, = 20mAcem ™% 1, = 1, = 25,1, = .

purity of the deposit since some of the impurities
contained in the deposit are periodically
dissolved.

The deposits are smooth (Fig. 6). The silicon
layer growth reaches several ym per hour and
the thickness of the layers amounts to 0.3 cm.

Fig. 7 shows a cross-section perpendicular to
the electrode surface. The silicon chemical purity
was analysed by neutron activation [26]. The

Fig. 7. Scanning electron micrograph of a silicon deposit
cross-section. Xy g = 0.1; —i, = j, = 40mAcm~?; 1, =
60s, 1, = 30s, 7, = 1s.
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amounts of typical impurities (iron, chromium,
molybdenum, alkali metals [12]) are less than
p.p.m.

3. Electrolytic fluorotitanate reduction
3.1. The reduction mechanism

The TiF;~ ions are reduced to titanium metal by
two well-separated electrochemical steps [15,
22]; the first gives TiF;~ ions [22] whereas the
second produces titanium metal [27] at poten-
tials + 0.4 V more positive than the final reduc-
tion of potassium fluoride into pure metallic
potassium. The potentials reported in this sec-
tion are all referred to the potassium ion-pure
potassium metal equilibrium in the melt.

As a result of the high current densities flow-
ing through the electrodes, the voltammetric
transients are altered by the ohmic drop inter-
ference and were consequently processed using
convolution techniques [28, 29]. The reversibility
and the main characteristics of the TiF2~—TilF; ™
equilibrium were measured [20, 25] in this way.

The trivalent titanium solutions were pre-
pared by connecting the nickel crucible to a
titanium rod partly immersed in the bath during
the addition of K,TiF, pellets. The TiF2~ ions
are completely reduced to the trivalent state
according to:

3TiF: + Ti + 6F — 4TiF}"

The reduction process was followed by record-
ing successive voltammetric curves or the corre-
sponding semi-integral curves in the domain of
the tetravalent—trivalent titanium equilibrium
[25].

The reduction mechanism of TiF;  ions was
studied on molybdenum and copper electrodes.
Molybdenum was selected on the grounds of the
low values expected for interdiffusion coef-
ficients between refractory metals, whereas cop-
per was chosen for its possible use in the dimen-
sionally stable anodes (DSA) field.

Fig. 8 permits a direct comparison between
the electrochemical behaviours of molybdenum
(curve a) and copper electrodes (curve b). The
reduction peak C on molybdenum presents a
shape corresponding to the formation of insol-
uble species which is confirmed by a sharp strip-

. A icaem-
Cy
- 0.6

075 1

—1 -1.2

Fig. 8. Voltammetric reduction of TiF;~ solutions in molten
Flinak at 600°C. Xme3~ = 2 x 1077 0 = 1072Vs™'. (a)
Molybdenum; +0.65V —» +0.20V — +0.80V. (b) Cop-
per; +0.65V - +0.25V — +085V.

ping peak C’ during the anodic reverse scan. On
the other hand, on copper electrodes, reduction
begins at potentials about 80 mV more positive
than on molybdenum, and several humps pre-
cede the main reduction peak which occurs at
the same potential as on molybdenum. During
the reverse scan, after the first stripping peak
corresponding to the oxidation of pure titanium,
the other peaks are assigned to the anodic dis-
solution of different intermetallic copper—
titanium compounds.

The reduction mechanism of the TiF; ™ species
was characterized for molybdenum, on which it
seems to proceed through a single step without
alloy formation. The reversibility test (Fig. 9)
was performed by comparison of the semi-inte-
gral curves of voltammograms recorded at dif-
ferent sweep rates. All the curves are very close;
moreover, they are almost the same during the
direct and the reverse scan in the cathodic over-
potentials domain. This behaviour confirms that
the electron exchange is very fast.

According to the Nernst relation between the
concentration of solute species and the electrode
potential, it follows that:

RT wm* —m
E = Elh-i-—ﬁln——mT—
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Fig. 10. Semi-integration convolution analysis of reduction
voltammograms obtained at 0.1 Vs~'. Flinak + TiF:~ (X);
Molybdenum electrode. (a,a’) T = 600°C; X = 2 x 107%;
(b, b) T =700°C; X = 5 x 1072 (a) and (b) are semi-
integrated voltammograms; (a') and (b’) are the logarithmic
analysis of the corresponding semi-integrated voltammo-
grams.

Fig. 9. Semi-integral transforms of reduction
voltammograms obtained at different sweep
rates. Flinak + TiF3~ (X = 5 x 107%); T =
700° C. Molybdenum electrode. (a) v = 0.2V
sy =05Vs~h (v = 1Vs™h

where E, is the equilibrium potential of titanium
metal with the TiF; ™ solution, m is the semi-inte-
gral of the current density [28, 29] and m* is the
cathodic limiting value of this function obtained
at high cathodic overpotentials. This has been
verified at T = 600°C (Fig. 10a, a’) and at
T = 700°C (Fig. 10b, b’). Fig. 10 presents the
semi-integral curves (a, b) and the correspond-
ing logarithmic transforms (a’, b"). The slope of
the linear part of the curves a” and b’ yields the
number of electrons exchanged during the TiF;~

Y
20y o2
e {A om sL )

E{V)

Fig. 11. Semi-derivative transform of the voltammogram
presented in Fig. 8b.



300

J. DE LEPINAY, J. BOUTEILLON, S. TRAORE, D. RENAUD AND M. J. BARBIER

}I(mA)

Fig. 12. Current—time transients during cathodic potentiostatic polarizations of molybdenum and copper electrodes.
Flinak + TiF3~ (X = § x 107%); T = 700°C. (a) Mo; E = +0.49V; (b) Mo; E = +045V; (c) Mo; E = +041V; (d)
Cy, E= 4053V, (&) Cu; £ = +049V; (NH Cu; E = +045V.

reduction, i.e. n = 2.9 + 0.3. Therefore, the
cathodic reduction of TiF:~ ions to titanium
metal proceeds reversibly through the direct
exchange of three electrons without any inter-
mediate step.

On copper electrodes, alloy formation pre-
cedes the deposition of pure titanium. The semi-
derivative analysis (Fig. 11) of the voltammetric
curve shown in Fig. 8b gives a good estimation
of the apparition potentials of new phases which
are supposed to be intermetallic compounds. In
Fig. 11, obtained at 700°C with a 2 x 107°M

{\ -i (MA cm-2)

. ®

TiF;~ solution, we observe four peaks: F, at
+0495V, E,at +0.48V, E;at +0.45V,and E,
at +0.43V preceding the pure titanium forma-
tion peak E; at +0.42V.

The metalliding process involving the incor-
poration of titanium atoms into the copper lat-
tice is clearly shown in Fig. 12 by a comparison
of the potentiostatic transients recorded using a
copper electrode (curves d to f) and a molyb-
denum electrode {curves a to c). The current
observed with the copper electrode is much
higher than with molybdenum when the poten-

Fig. 13. Analysis (/ = f(t™"?) of the poten-
tiostatic transients during the reduction of
TiF:~ onto copper electrodes at more positive
potential than the TiFj™ -titanium equilib-
rium potential. Flinak + TiF~ (X = 5 x
1072); T = 700°C. (a) E = +0.53V/K*-
K = +0.08V/TiF; -Ti; (b) E = +0.49V/
Kt—K = +004V/TiFS-Ti; (¢) E = +045V/

K¥-K = +0.00V/TiF; -Ti.
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Fig. 14. Cross-section of an oxygen-contaminated titanium
coating on copper. Flinak + TiF; (X = 5 x 1072}, T =
600°C; ! = 39mAcm™2.

tial is maintained more positive than the TiF;~
— titanium metal equilibrium (l.e. +0.45V/
K* — K). Moreover, the current at the copper
electrode decreases steadily over more than
10 min; this is typical of kinetics by the diffusion
of atoms inside the metallic phase. In this poten-
tial range we obtain (Fig. 13) a linear relation-
ship between the current and ¢~ ', showing that
Cottrell’s law is obeyed. On the other hand, the
current is rapidly controlled by convection in the
salt as soon as the potential is slightly cathodic
with respect to the TiF;™-Ti equilibrium (Fig.
12f), as is the case for molybdenum (Fig. 12b, ¢).

3.2. Titanium electroplates

Owing to the good fluxing qualities of molten
fluorides, the metallic substrate can initially be

Fig. 15. Titanium deposit obtained on a copper electrode in
a pre-clectrolysed solution.

10um

Fig. 16. Cross-section of a titanium coating on copper.

Flinak + TiFgA(X =95x1073); 7T = 765°C; ] = 150mA
cm™2.

very clean. However, the oxygenated species
formed in the melt must be totally removed; if
not, the first layers of the deposit are always
titanium oxides or sheets of titanium with a
good deal of oxygen inserted along the ¢ axis of
the hexagonal lattice. When the bath is less
contaminated we obtain porous layers of pure
titanium with many cracks (Fig. 14).
Pre-electrolysis of the solution, with a copper
cathode and a titanium anode can be used to
eliminate the oxygenated impurities. In this way
the electrode can be completely plated (Fig. 15)
with a very dense deposit presenting well-crys-
tallized grains of an average size of 20—50 ym.
This thickness of pure titanium layers obtained
amounted to 30umh™' and adherence was
ensured by the formation of a multilayer dif-
fusion zone joining the pure titanium to the
copper substrate {(Fig. 16). The thickness of the
intermetallic diffusion underlayer increased
from 5 to 15 um per hour as the temperature was
raised from 700 to 800° C. Its structure was deter-
mined by X-ray microanalysis in the electron
microscope and by an electron microprobe.
Starting from the copper bulk electrode, the
layers are successively: copper—titanium solid
solution, Cu,Ti, Cu,Ti,, TiCu and Ti,Cu.
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