Electrochemical
In Propylene Carbonate

By G. Mano,

The electrochemical behavior of AIC|in propylene car-
bonate at 25°C was studied by triangular sweep
voltammetry with platinum electrodes. The overall mecha-
nism is in agreement with the well-known EC, reaction
scheme:

O +ne

A x

k

f
R - Z

with O: Al(lIl), where the electrochemical step reflects a
quasi-reversible behavior and the following chemica
reaction shows a first-order rate. The apparent electror
transfer coefficient an, (where a is the transfer coeffi-
cient, and n, is the number of electrons exchanged in th
rate determining step) is evaluated at 0.240.055 by semi-
integration of the voltammetric E = f(I) curves. The first-
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As an epilogue to the framework of a research program for
aluminum plating of electrode%in organic electrolytes
(dimethylsulfoxide, n-butylpyridinium chloride, propylene
carbonate) at room temperature, the study of the electro-
chemical behavior of AlGlin propylene carbonate (PC) at
25°C was undertaken.

In the case of dimethylsulfoxide, the results obtained were
not reproducible, so no reaction mechanism has been pro-
posed. Voltammetric and chronopotentiometric data showed
the contribution of both adsorption and diffusion to the
kinetic scheme, as well as the solubility of the reduction
product*2Concerning the electrochemical reduction of AICI
in acidic AICL-n-butylpyridinium chloride, it was proven
thatitoccurs viaa quasi-reversible reaction withbetween
0.45 and 0.74

Inthis study, the electrochemical reduction of aluminum in

e propylene carbonate using Pt electrodes has been investi-

gated using triangular sweep voltammetry. Semi-integral
analysis was used to calculate the number of electrons ex-

order rate constant of the chemical step was calculated changed during the electrochemical reaction. Finally, a reac-
and found to be k [0 5/sec. The absence of aluminur tion mechanism was proposed, taking into consideration the

deposited on the cathode was confirmed by scannin

gcharacteristic criteria proposed by Nicholsaral.,® as well

electron microscopy on electrodes that were polarized at as comparing experimental voltamperometric curves with

E =-0.65 V/RE for as many as eight hr.
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theoretical ones calculated for the proposed reaction scheme.
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Fig. lc—Voltammograms at a Pt
electrode in PC, TEAP 1AM,
AICI, 0.067 M, g = 25°C for
various scan rates. Scan rate, V/
sec: (7) 0.50, (8) 0.80, (9) 1.00.
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Procedure

Experimental
Chemicals
The propylene carbonate was a commercially available
agent grade, stored in a dark column with molecular si¢
under high-purity dried argon. The AlGlas further subli-
matedS while tetraethyl ammonium perchlorate (TEAP) w
used as electrolyte salt. Al@nd TEAP were dissolved in th
PC solution in a glove box under dried argon.

Electrodes and Cell

Fig. 2—Voltammograms at a Pt
electrode in PC, TEAP M, AICI,
0.067 M, g = 25°C for various scan
rates. Scan rate, V/sec: (1) 0.10, (2)
0.20, (3) 0.30, (4) 0.40, (5) 0.60, (6)
0.80, (7) 1.00.
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Procedures

ashe peak currents during triangular voltammetry were mea-

esured using, two different procedures. The first was the
graphic procedure, where the difference between the peak
current and the current base line was measured. In the second
procedure, the difference between the peak current and the

All of the voltammetric work employed a platinum workinglecaying base line obtained by holding the potential value

electrode, S = 0.785 nfmade from a Pt 5N wire sealg
inside a glass tube. The reference electrode was Ag/Ag(
0.01 M, as described by Kirowa-Eisregral” All potentials
reported in this study are measured vs. this reference
trode. The counter electrode was a pure aluminum 5N
S = 2 cm. The electrolysis cell has been previously
scribed! Oxygen was removed by flushing the solution w
dried argon for 10 min prior to each series of measurem
and the argon blanket was maintained over the solU
throughout the experiment.

Instrumentation
Electrical signals were delivered by a potentiostat. The cu
were recorded using either an X-Y recorder or a dig

dconstant at the foot of the wave, was measured. The second
Cl@ethod is generally accepted as more reliable, because it
eliminates faradaic currents and permits measurement of the
elecerse wave peak curreéritin most cases, however, the two
foriethods provided quasi-identical results. The peak poten-
détals were measured directly, and the error limits are standard
itdeviations of at least five different experiments.
BNnts,
tiBesults & Discussion
Build-up  of Voltammograms
The voltammograms obtained at a Pt electrode for a PC
solution containing 18M TEAP, 6.7 x 16 M AICl ,at 25°C
nfesvarious scan rates are presented in Fig. 1a, b, c. Forascan
itedite v = 0.01 V/sec, the voltammogram exhibits a cathodic

oscilloscope.

Table 1

Experimental  Values of E,, E, OO0 O I,
[E,, 0 [E,,flogv [ [E,-E Ofor

Curve v E E a o | o /0
pa pc

o

logO D

LOlog () log v, O A®0 0O N*2n®0
Various Values of the Scan Rate
logv

avveo oo vee0 O 0 OE Jflogvd OE -E O
C C c/2 pcl. a  pc

Nvs) ) ) A ) pasevie  pAsevie () (V) W
1 0.01 -0.52 -0.06 0.65 0.01 0.015 -6.187 -2.00 6.50 52.0 0.33 0.165 0.46
2 0.02 -054 022 0.84 0.07 0.083 -6.076 -1.70 5.96 47.7 0.36 0.212 0.32
3 0.05 -056 0.28 1.01 0.26 0.257 -5.996 -1.30 4.51 36.1 0.38 0.292 0.28
4 0.10 -0.58 0.26 1.35 0.56 0.415 -5.870 -1.00 4.27 34.4 0.42 0.420 0.32
5 0.20 -0.62 0.28 1.74 1.12 0.644 -5.759 -0.70 3.89 30.8 0.43 0.614 0.34
6 0.40 -0.66 0.28 2.26 2.04 0.903 -5.646 -0.40 3.58 26.6 0.45 1.125 0.38
7 050 -0.70 0.28 2.45 2.25 0.918 -5.611 -0.30 3.46 25.4 0.46 1.533 0.42
8 0.80 -0.72 0.28 2.80 3.15 1.125 -5.553 -0.10 3.13 233 0.47 4.700 0.42
9 1.00 -0.72 0.26 3.15 835 1.063 -5.502 -0.00 3.15 23.2 0.49 4.900 0.46
25°C at Pt electrode; [AIG]) = 0.067 M; measurements performed using E = f(I) curves of Figs. 1a, 1b and 1c.
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Fig. 3—Plot of L/vl’zn"”2 as a function of v for the experimental data
Table 1.
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ofrig. 4—Plot ofAEp,zlAIogv as a function of v for the experimental data of
Table 1.

peak (A) at E =-0.52 V/RE, attributed to the
reduction of aluminum cations. In fact, this

cathodic peak is not observed when Al(lll} _Yalues of

Table 2

the Exchanged Electrons  Number Calculated

by

ions are absent from the solvent, while it SemkIntegration Of the Voltammetric  Results for Different
amplitude increases when the aluminum o Scan Rates

concentration is increased. When the sc:

rate increases, from 0.01 to 1 V/sec, the pe: v(V/sec) 0.01 002 005 0.10 0.20 0.40 050 0.80 1.00
potential drifts negatively, reflecting the Exchanged 0.185 0.192 0.205 0.260 0.270 0.277 0.281 0.287 0.296

quasi-reversibility of the electrochemical
reaction, or the influence of the ohmic drop
resulting from the poor conductivity of the
solvent, or both. The exact measurement of the peak cu
and all the subsequent calculations are difficult, becad
shoulder-type peak is observed at the foot of this cath
peak, at a potential E = +0.14 V/RE. This shoulder is at
uted to the reduction of protons that are present in the H
traces of moisture. Moreover, a small cathodic shoulder,
observed at more negative potentials:(#&.358 V/RE when
v = 0.50 V/sec) (Fig. 2), depending on the reverse pote
and the consecutive cycling. The exact nature of this ele
chemical reaction is not yet determined. To avoid redug
of the solvent, observed at even more negative potential
potential was reversed at -1.7 V/RE (Fig. 1a, b, ¢) instea
-1.8 V/RE (Fig.2), and the solution was stirred between
different and consecutive measurements.

127

1.0 | B

06
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Fig.5: Plot of | /I as a function of v for the experimental data of Tablg

electrons number

rreffomparison between two experimental curves obtained
saraler the same experimental conditions (scan rate, tempera-
otlice, composition of the plating solution) show a slight
ridifference between the balues of these curves (Figs. 1 and
Q@AndThis fact s attributed to the difficulty of AlClissolution
Bristhe solvent.

For 0.01 V/sex v < 0.5 V/sec, this ratio remains always
niieds than one, ranging from zero to one, reflecting the pres-
ctence of a chemical step following the electrochemical reduc-
tiion of the aluminum ions. Forx0.8 V/sec, the ratio of the
s ahedic peak current vs. the cathodic peak curmglpcD is
\dgpéater than unity, but these measurements are not reliable
twecause of the mechanical inertia of the X-Y recorder at high

scan rates. When the applied scan rate values remain less than
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1. Fig. 6—Convolution analysis curve and E-m(t) variation calculated for
voltammogram No. 5 of Fig. 1b under assumption of g Eeaction

scheme.
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Table 3
Values of the Rate Constant
Calculated ~ Graphically
From the Plot of (E - E,)n vs. log A

k

f

v (V/sec) (I_:pc - E,n, mV log (k/a) a(s) kisec
0.20 0.96 0.689 1.870 9.13
0.40 -9.60 0.294 3.739 7.36
0.50 -18.24 -0.112 4.674 3.61
0.80 -23.04 -0.435 7.478 2.75
1.00 -23.04 -0.435 9.348 3.43

0.01 V/sec, the anodic peak (A") is completely absent f
the voltammetric cycle (Fig. 2). The anodic peak appea
a potential E = +0.28 V/RE, and its intensity increases

scan rate (Table 1). The exact measurement of the a
peak current is difficult, because an anodic shoulder-
peak (B") appears at the foot of the wave before the an
peak rises. This shoulder is attributed to reoxidation of
wave B (Fig. 2) and is, therefore, not accounted for. The a
experimental observations led to adoption of the follow
E.C. type reaction mechanism (O corresponds to Al(lll))

1

O +ne R

1 =

kf
R - Z

The validity of the above assumption was first confirn
taking into consideration the fact that the shape of the t
retical curves: |V n®?=f(v), AE, JAlog v = f(v) and | /1 .
=f(v), proposed by Nicholsaat al® as characteristic criteri
for the EC, mechanism, resembles one of our curves for
same kinetic scheme, using the experimental data pres

in Table 1 (Figs. 3, 4 and 5).

Semi-Integral Analysis of the Voltammetric  Curves

To accurately calculate the number of the exchanged
trons during the electrochemical step, a convolution (s
integral) analysis, proposed by OldHamnd Imbeaux! is
also used. This method consists of studying the cu

function: L
m(t) =—J
VT © (t_u)J./Z

where i and t are the current density and time, respecti
This function, in the case of an@Ekinetic scheme, takes 0
a constant value equal to m*= nE(P*C_°, and the Nerns
equation can be written as

RT m* — m(t)\
In (
nF

B,

RT
E=FP+—Ink +
2nF

and m=f(E) functions are consequently studied for the
voltamperometric curves reported in Table 1 and show
Fig. 1a, b and c. These two plots are shown in Fig. 6 for ¢

]i

Fig. 7—Comparison between an
experimental (---) and a theoretical (***)
voltammogram at a Pt electrode when v =
0.4 v/sec, [AIC] = 0.067 M, q = 25°C for
an EC, reaction. The theoretical
voltammogram was calculated usingk=
1.6 andan, = 0.24.
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It was verified that

m*—m
E=f(|n—)
|
ed

héoalways linear. Its slope is equal to RT/nF, from which the
number of exchanged electrons, n, was calculated for several
a values of the scan rate v. The resulting values are reported in
thable 2.

entdflAl *2is supposed to be reduced t8 dliring a reversible
electrochemical reaction, with no interference of kinetic
complications, the value of the number of the exchanged
electrons should be 3. In this case, the n values from all the
elecltamperometric curves, and for different scan rates, range
rhbetween 0.185 and 0.296. This fact can be explained if it is
assumed that: (a) a quasi-reversible behavior of the electro-
@hiemical reaction and/or (b) an important chemisorption of
PC233or TEAP* on the platinum electrode, reported in the
literature, is involved. Therefore, n becomas, = 0.24
+0.055, where is the transfer coefficient ang the number

of electrons exchanged in the rate determining step (
ékt)ring the preceding electrochemical reaction).

n Taking into consideration the above observations, the
following mechanism is proposed:

kl
k
(quasi-reversible electrochemical reaction)

O +ne R

-1

kf
R - Z
hine (irreversible chemical reaction)
g

in
Afcording to this mechanism, the product R of the quasi-

C

No. 5 of Fig. 1b.

July 1998

reversible electrochemical reaction is removed from the
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Fig. 8—Plot of (E-E,)n as a function oA for an EC, reaction scheme,

surface of the platinum electrode. This was confirmed
performing a long-duration electrolysis at constant E = -
V/RE on platinum electrodes. After eight hr, no alumin
was detected on the electrode surface.

Comparison Between Experimental

& Theoretical Voltammetric  Curves

Describing  the  Al(lll) Reduction

Comparison was made between the experimental voltam
metric curve taken with a Pt electrode for v=0.4 V/sec w
[AICI,] =0.067 M at 28C and the theoretical curve descr
ing an EC, reaction mechanism, for/& = 1.65 andan, =
0.24, where a = nFV/RT, is depicted in Fig. 7, taking
ConSideration that ;((Dtheor = (Ipc)ex er and (%c)theor: (Epc)expel'
The small difference between the theoretical and the ex
mental curves during the descending part of the cathodic
is attributed to the progressive increase of the cath
current of the experimental curve as a result of the ele
chemical reaction following the Al(lll) reduction.

Evaluation of the HalfWave Potential

The E,, value can be obtained from experimental data
lected under reversible conditions, where the chemical 1
tion that follows does not interfere with the kinetic mec

Unfortunately, thel /I [ratio cannot be calculated with
precision because of inaccuracy in theleasurement of the
experimental curves, which results from the presence of the
anodic peak B” during anodic scanning. Nevertheless, ac-
cording to the same authdrk,values can also be calculated
graphically according to the function (£, )n = f(log A)

(Fig. 8). The mean value of the rate constgntaiculated
using the experimental curves of Fig. 1a, b and c, related to
the Al(II1)/Al ° reduction for E,=-0.624 V and n = 0.24, is
5.4+3/sec.

Findings
From all the experimental results:
1. No Al'is deposited from AIGIn propylene carbonate at
25°C.
2. From the calculated valueldf /I [1<1, itis concluded
that the electrochemical reduction is followed by a chemi-
by cal step.
.85 From the study of the theoretical curvegytn®?= f(v),
um AE_JAlog v = f(v) and | /I = f(v), and from the semi-
integral analysis, it is confirmed that the overall reaction
consists of a quasi-reversible electrochemical reaction
followed by a first-order chemical reaction.
4. Fitting of the theoretical and experimental curves gave
further confirmation of the above mechanism.
p&roThe values of kian, and E,, were calculated and found
hen to be k= 5/secan, = 0.24+0.055 and E,= -0.624 V.
b-

nfoditor’s note:Manuscript received, October 1996; revision
received, January 1998.
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