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Electrochemical reduction of AlCI; dissolved in acidic AlCl;~n-butyl-pyridinium chloride melt was
studied by linear sweep voltammetry and chronopotentiometry at tungsten and platinum electrodes,
in the Al,Cl; concentration range 0.3 to 0.5M between 30 and 60° C. AL, Cl; bulk reduction was
preceded by a nucleation (tungsten) or alloy formation phenomenon (platinum). The overall results
agree rather well with the mechanism:

2AICI; == ALCL + CI-
4ALCL + 3e == Al + 7AICI;

The electrochemical reaction appeared quasi-reversible. Calculated values of the product of the
transfer coefficient by the number of the electron exchanged in the rate determining step were in

the range 0.45 to 0.7. Diffusion coefficients for Al,Cl; were calculated.

1. Introduction

Within the framework of a research programme
for low-temperature aluminium plating elec-
trolytes [1, 2] we undertook the electrochemical
study of the reduction of aluminium ions in
AICL,-BPC (n-butyl-pyridinium chloride) molten
mixtures between 30 and 60°C.

The electrochemical behaviour of aluminium
in these electrolytes has already been investi-
gated by Robinson and Osteryoung [3] and more
recently by Qui-Xian-Quin and Skyllas-Kazakos
[4]. A comprehensive review of the physico-
chemical properties of these electrolytes has
been given by Hussey [5]. The 1 : 1 melt contains
BP*, AICI;, ALCl; and Cl~ ions. The equi-
librium constant, k, for the reaction

2AICI; == ALCL + CI

determined potentiometrically by Gale and
Osteryoung [6] and Schoebrechts and Gilbert [7]
is ~3 x 107" at 30° C. At this temperature the

Cl™ and ALCI; ion concentrations lie in the
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range 107° to 10~'M, whereas the BP* and
AICI; ion concentrations, calculated using the
value of the melt density [8], are 4 M.

Any AICl; added to the 1:1 melt complexes
with AICl; to AL Cl;, whereas the Cl™ ion
concentration becomes extremely small (1075~
107 M). In the composition range between the
1:1 and 2:1 melts, BP* and AICl; are major
components and the Al,Cl; concentration can
vary from about 10™7 to 3M (for the 2: 1 melt).
In the vicinity of the 2: 1 composition the AICI;
concentration becomes very small and beyond
this composition Al,Cl;, ions are known to exist
[91.

Robinson and Osteryoung [3], using linear
sweep voltammetry and chronopotentiometry
at tungsten, platinum and vitreous carbon
electrodes in the 6 x 107* to 0.32M AL Cly
concentration range, proposed a mechanism
involving the diffusion-controlled reduction of
AL Cl; ions preceded by an aluminium nuclea-
tion phenomenon. Qui-Xian-Quin and Skyllas-
Kazakos [4], using chronopotentiometry at
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platinum and vitreous carbon electrodes in the
0.28 to 1M AL, Cl; concentration range, sug-
gested an AL, Cl; reduction step complicated by
a catalytic mechanism. We present here a linear
sweep voltammetric study, with a few chrono-
potentiometric experiments at tungsten and plati-
num electrodes in the 0.3-0.5M AL Cl; concen-
tration range, beyond which the Al,Cl; content
would be too high for the general laws of vol-
tammetry and chronopotentiometry to be appli-
cable.

2. Experimental details
2.1. Preparation of BPC and AICI,

The n-butyl-pyridinium chloride was synthesized
from pyridine (Fluka puriss.) and butylchloride
(Fluka puriss.), reacted at 60—80° C for several
hours. The salt was recrystallized twice and the
precipitation was completed by ethyl acetate
addition. The product was then washed with
ethyl acetate and finally dried under a hot argon
flux. AICl,; was a Prolabo RP product further
sublimated. Weighings, salt mixing and elec-
trochemical determinations were performed
inside a glove box under an argon atmosphere.
The molten mixtures were colourless but became
slightly brown after a few hours.

The IR spectrum of the 1: 1 melt was identical
to that published by Gale and Osteryoung [10].

r

B

2.2. Electrodes

The tungsten electrode (S = 1.89 x 10 *cm?)
was the cross-section of a tungsten wire embed-
ded in a Pyrex tube and polished using alumina;
the platinum electrode (S = 0.22cm’) was a
cylindrical wire, 0.5mm in diameter; and the
reference electrode was a pure aluminium
Prolabo rod immersed in the 2:1 AlClL,-BPC
mixture.

Because of the rather low electrical conductiv-
ity of the melts (y ~ 6 x 107°Q 'cm™' at
25°C for the 1:1 mixture [5]) we separated the
reference compartment from the main compart-
ment using a Luggin capillary reaching close to
the working electrode, with one extremity closed
by quartz wool.

2.3. Instrumentation

Electrical signals were delivered by a PAR model
176 potentiostat monitored by a PAR model 175
programmer. The curves were recorded using
either a Nicolet digital oscilloscope or a Hewlett-
Packard X-Y recorder.

3. Results and discussion

3.1. Building-up of voltammograms

Fig. 1 shows how the voltammograms at a
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Fig. 1. Voltammograms obtained at the tung-
sten electrode for successive additions of small
quantities of AICl, to the 1:1 melt at 52°C.
Scan rate, 0.2Vs~' AIClL, content increases
from a few 1072M (curves 1 and 2) to 0.12M
(curve 3).
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tungsten electrode changed qualitatively on
addition of a few mg AIC], to about 10 g of the
1:1 mixture at 30° C. For very small quantities of
ALCl; ions (a few 1072M AL Cl;, curves 1 and
2, to 0.12M, curve 3) only one reduction wave
was observed, with no reoxidation peak. When
the ALCl; concentration reached a sufficient
value (0.12M, curve 3) the voltammogram
began to exhibit two main reduction peaks
labelled A and B (Fig. 1) situated at about 0V
and —0.480V versus the aluminium reference
electrode, respectively, and two corresponding
reoxidation peaks B’ (at about —0.04 V) and A’
(at about +0.5V). Wave C, at about —1V, is
the solvent reduction wave and care had to be
taken to reverse the potential scanning before
that wave, otherwise reaction products would
modify the value of the electrode area.

3.2. Comparison of voltammograms at tungsten
and platinum electrodes (Fig. 2)

Fig. 2 shows two voltammograms obtained at
tungsten (curve 1) and platinum (curve 2) elec-
trodes for an ALCl; concentration of 0.39 M.
For both electrodes the reduction peak inten-
sities of wave A appeared independent of Al,Cl;

concentration and were small compared to the
main reduction peak intensity (wave B). In
agreement with Robinson and Osteryoung [3]
we can say that peak B corresponds to the reduc-
tion of AI(I1I) ions. The shapes of waves B, when
the slope varies abruptly, indicate that on both
electrodes the reaction product has constant
activity. Long-time electrolysis has been per-
formed at the potential of peak B and it was
found that the reaction product is aluminium.
The corresponding reoxidation peaks B’ are
therefore aluminium stripping peaks. The poten-
tial difference between the anodic and the cath-
odic peaks, | Ep, — Ep.|, which is about 0.3V,
indicates that the electrochemical process is not
reversible.

The main difference between the two curves is
that before peak B the current intensity rises
slowly and continuously at the platinum elec-
trode (and not at the tungsten electrode), which
could mean some platinum—aluminium alloy
formation [3]. Furthermore, aluminium deposit-
ion appears slightly more difficult on platinum
than on tungsten (Ep, is 50 mV more cathodic at
platinum than at tungsten; Ep, is 25mV more
anodic at platinum than at tungsten).

Because of the different values of electrode

+1V/ER
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Fig. 2. Comparison of voltammo-

womV grams at the tungsten electrode

(curve 1) and the platinum elec-

2 1500 trode (curve 2) at 52°C. Scan

<_T HA rate, 0.2Vs~'; AL, Cly concentra-
womV tion, 0.39 M.
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area, the current intensities are about ten times
larger at the platinum than at the tungsten elec-
trode. It is therefore clear from Fig. 2 that ohmic
drop contributes very little to the shape of the
voltammograms.

3.3. Analysis of peaks AjA’

3.3.1. Tungsten electrode. Fig. 3 shows different
voltammograms for various values of the scan
rate. The current intensities of the reduction
peak are proportional to v'? rather than v as
was observed by Robinson and Osteryoung [3],
who proposed an underpotential reduction of
aluminium with some surface layer formation
prior to bulk aluminium deposition. We have no
explanation as to how such a process could be
diffusion controlled.

3.3.2. Platinum electrode. In agreement with the
above authors, we observe that along wave A
(Fig. 2) the current intensity rises continuously
with no distinct peak. Such a wave may be
ascribed to platinum—aluminium alloy forma-
tion. The wave that starts from about 0.9V
versus the aluminium reference electrode is
probably due to the reduction of residual HCL.

3.4. Analysis of aluminium bulk deposition
peaks B

Fig. 4a and b shows voltammograms for differ-
ent values of scan rate for platinum and tungsten
electrodes. For both electrodes the ratio i,/v'"?
(Table 1) decreases slightly when the scan rate

Fig. 3. Voltammograms at the tungsten elec-
trode in the region of the first peak, at 52°C.
Scan rates (Vs~'): curve 1, 0.05; curve 2, 0.1;
curve 3, 0.2; curve 4, 0.5; curve 5, 1.0. ALCl;
concentration, 0.39 M.

increases, which could be consistent with a CE
or catalytic mechanism, or due to quasi-reversible
charge transfer [11]. In the present case the very
low value of the C1~ ion concentration precludes
single reduction reaction such as:

ALCl, + 6e == 2A1 + ICI= (2

or

AICL; + 3e = Al + 4CI- 3)

Such reactions would produce a large increase in
Cl™ ion concentration at the electrode surface,
make the electrolyte locally basic and hence the
current densities extremely low, because the
Al(IITN)/Al equilibrium potential is less than
— 1V versus the aluminium reference electrode
in basic melts. We must therefore assume the
interference of a Cl~ consuming chemical reac-
tion such as:

ALCl;y + CI- == 2AIC); @)

Consequently it is reasonable to suggest, after
other authors [3, 4], an electrochemical reaction
in which Cl” ions do not take part:

4ALCl, + 3e &= 7AICL, + Al (5
We propose an overall mechanism involving
Reactions 4 and 5 for the electrochemical reduc-
tion of Al,Cl; ions in the present experimental
conditions. The AICl; concentration is only a
few times larger than that of the Al,Cl; ions.
Therefore, variations of AICI, activity may
affect the shape of the voltammograms or
chronopotentiograms.



ALUMINIUM ION REDUCTION IN ACIDIC AlICl;—n-BUTYL-PYRIDINIUM 861

l+1V/ER

JsouA

100mV

Fig. 4. Voltammograms at the
tungsten electrode (Fig. 4a) and
platinum electrode (Fig. 4b) at
52°C. Scan rates (Vs !): curve I,
0.05; curve 2, 0.1; curve 3, 0.2;
curve 4, 0.5. Al,Cl; concentra-
tion, 0.39 M.
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3.5. Analysis of the AL CI; reduction peaks by  of the scan rate. The corresponding curves are

classical criteria [11] plotted in Fig. 5a (tungsten electrode) and 5b
(platinum electrode).

Table 1 gives the values of the quantities Ep,, Extrapolation to v = 0 yields the following

|Ep, — Ep.| and |Ep, — Ep.,| for four values values, corrected for ohmic drop.

2
AE EQV) NEW)
Zl l1
3
6.34 —-0.5 .
1
0.06—
0.24
0.04—
{ ! 1 |

0.316 0.632

AEZl TEW) AE (V)

0.05+
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0.03-

Fig. 5. Plots of Ep. (curve 1),
1/ |Ep, — Ep,|(curve2)yand|Ep, —
v 12 Ep.,l (curve 3) as a function of
cv/z sV v, (a) Tungsten electrode; (b)
1 platinum electrode. AL Cl; con-
0.316 0.632 centration, 0.39M at 52°C.
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Fig. 6. Convolution analysis of AL,Cl;" bulk reduction peak at the tungsten electrode: m(E) plot at 52°C. Scanrate, 0.2 Vs™';
Al,Cl; concentration, 0.39 M.

Platinum electrode: type (in the reversible case the values of | Ep, —
Ep,. = —0347V Ep,.| would be about 0.02 V). From the values of
|Ep, — Ep| = 0216V |Ep. — Ep.sl, with the gross approximation of
|Ep. — Ep.,| = 0.020V the ‘reversible insoluble’ case, we can calculate

Tungsten electrode: that an, ~ 0.7 for the tungsten electrode, and
Ep. = —0.322V an, ~ 1 for the platinum electrode, where a is
|Ep, — Ep.| = 0.173V the cathodic transfer coefficient and #, is the
|Ep, — Ep;] = 0.030V number of electrons exchanged in the rate-

At both electrodes, the values of |Ep, — Ep,| determining step. The correct values, since the
indicate that the reaction is of the quasi-reversible process is not reversible, are probably lower.

E M)
-0.435+
-0.485
-3.736 -1.982 Ln m*_m
m*
EM
-0.395~
-0.495

-4.264 - -1
2.652 1.80 Ln @
1

Fig. 7. E-m variations at 52°C. Al,Cl; concentration, 0.39M. (1) £ = f(ln m* — m/m*) (reversible insoluble case). (2)
E = f(In Q/i); Q = m* — m[l + exp nF(E — E,;,)/RT].
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Finally, the values of i, /i, (Table 1) are always
larger than unity, as expected when the reaction
product is insoluble.

3.6. Evaluation of the diffusion coefficient of
ALl ions

Plots of the cathodic peak intensity, Ip,, versus
the Al,Cl; concentration (from 0.3 to 0.5M)
gave straight lines, which did not pass through
the origin because the concentrations were
slightly altered by unavoidable moisture inside
the glove box; from the slope of these straight

lines, using the ‘reversible-insoluble’ equation,
the diffusion coefficient, DAlZCl;, at 52°C
was calculated to be 2.5 x 107 7cm’*s™' at
the tungsten electrode, and 2.3 x 10~ "cm?s™'
at the platinum electrode. These values agree
reasonably with the values given by Robinson
and Osteryoung [3], which fall in the range
42 x 1077 to 5.2 x 1077em?s™! at 60°C.
These values are reduced to between 3.2 x 1077
and 4 x 107 7cm?s™" at 52°C using an activa-
tion energy value of 29 kJ mol~! estimated from

[3].

E (V)
0.5+
6
M
e
10 20 t (S)
0 = - ' ;
N \‘6\}
-0'5-- m
50 tis
0 T T T T T
S
Fig. 8. Chronopotentiograms at
the tungsten electrode at 30°C.
AL Cl; concentration, 0.5M. Val-
ues of I(mA): curve 1, 1.50mA;
L curve 2, 1.00mA; curve 3, 0.75mA;
-1 curve 4, 0.50mA,; curve 5, 0.25mA;

ECVD

curve 6, 0.40mA.
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1-05
2
T2 ¢2 1 Fig. 9. Logarithmic analysis
Log th @ of the chronopotentiograms at
T2 g the tungsten electrode at 30°C.
Log—- ¢D] Curve 1, insoluble case; curve 2,
T soluble case. Al,Cl; concen-
L 0'5 L o . tration, 0.5M.

3.7. Convolution analysis of the AL, Cl;
reduction peak at the tungsten electrode

Fig. 6 shows the plot of m (convolution trans-
form of the /(r) data) versus the electrode poten-
tial, E:

i(u)

|
mO) =l g

S du

The shape of this curve, ending in a plateau, m*,
indicates that mass transfer can be considered as
diffusion controtled.

A plot of E versus In (m* — m/m*) and
In (Q/i) is given in Fig. 7. These two plots corre-
spond respectively to the reversible insoluble
case and the quasi-reversible case. The corre-
sponding plots are not perfectly linear. From the
slopes of the least squares fitted straight line it
was calculated that an, = 0.78 for the reversible
insoluble case, and an, = 0.71 for the quasi-
reversible case.

3.8. Chronopotentiometric determinations at the
tungsten electrode

A few chronopotentiograms obtained at 30°C
(0.5M Al,Cl;) are shown in Fig. 8. Most of
the chronopotentiograms exhibit a nucleation
phenomenon at their beginning.

In the transition time range investigated (from
T = 17s to © = 50s) the product It'* was
constant. Fig. 9 shows the plot of E versus
log ©'2 — %/t and log Y2 — '?j7'2 corre-
sponding respectively to the cases of the soluble

and insoluble product. The best straight line was
obtained in the case of the insoluble product
(curve 1), but the ‘soluble’ criterion cannot be
completely ruled out. This can be ascribed to
a partial soluble character because of AICl;
activity variations, as already mentioned in
Section 3.4. From the slope of the straight line,
it was calculated that an, = 0.45. This value is
in good agreement with the value of 0.46 given
by Robinson and Osteryoung [3] and the value
of 0.48 given by Qui-Xian-Quin and Skyllas-
Kazakos [4].

The current reversal chronopotentiogram
(Fig. 8, curve 6) shows that aluminium produced
at the electrode undergoes some corrosion
because the reoxidation time is less than the
reduction time. This has been previously observed
[3, 4].
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