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Electrodeposition of Al-Mg Alloys from Acidic
AICL-EMIC-MgCl, Room Temperature Ionic Liquids
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Applied Chemisiry and Chemical Engineering, University of Rajshahi, Rajshahi-6205, Bangladesh)

Abstract: Electrodeposition of aluminium-magnesium alloys have been carried out onto platinum and copper cathodes from
Lewis acidic aluminium(III) chloride-1-ethyl-3-methylimidazolium chloride ionic liquid containing magnesium(II) chloride by con-
stant current and constant potential methods at room temperature. Magnesium content in the deposited alloy increases with increas-
ing MgCl, concentration in the ionic liquid and with increasing cathodic current density. The influences of various experimental
conditions on electrodeposition and the morphology of the electrodeposited layers have been investigated by X-ray diffraction
(XRD) and scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDAX). On increasing the
deposition current densities the dense, bright, adherent and smooth electrodeposited layers are obtained. The cathodic current effi-
ciency for the deposition of Al-Mg alloys is about 99%. The electrochemical quartz crystal microbalance (EQCM) has been used to

study alloy deposition. The composition of the metal co-deposit has been calculated from the slopes of the mass-charge (m-()) plots

of gravimetric acoustic impedance analysis.

Key words: clectrodeposition; Al-Mg alloys; ionic liquids; cyclic voltammetry; constant potential

CLC Number : 0646

Magnesium (Mg) alloys offer a high potential for
use as lightweight structural materials in automotive
and aircraft applications in recent years. However,
poor corrosion resistance has limited its usage in hos-
tile environments!'!. Therefore, aluminium (Al) has
been selected as an alloying element for improving
the corrosion resistance of the Mg alloys because it is
lightweight, inexpensive and has high corrosion resis-
tance. Aluminium-magnesium (Al-Mg) alloys have
attractive properties, such as low density, high
strength and work-hardening ability, and these ac-
counts for their uses in wide variety of chemical-pro-
cessing and food handling equipment as well as struc-
tural applications involving exposure to seawater.
Coating these alloys on substrates offers similar prop-

erty enhancements for surfaces.
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There are various methods for Al coating such
as, hot dipping, thermal spraying, sputter deposition,
vapour deposition and electrodeposition. The elec-
trodeposition process offers several advantages,
namely, the deposits are usually adherent and do not
affect the structural and mechanical properties of the
substrate. Furthermore, the thickness and the quality
of the deposits can be adjusted by controlling the ex-
perimental parameters, and it is cost-effective, since
it is performed at moderate temperatures.

The electrodeposition of Al and its alloys is not
possible from aqueous solutions because of its reac-
tivity (-1.67 V vs. NHE). Therefore, electrolytes for
the electrodeposition of Al and its alloys must be
aprotic so that the complications associated with

hydrogen evolution that occur in aqueous baths are
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eliminated. The electrodeposition of Al in organic so-
lutions is commercially available (SIGAL process)™ .
However, due to volatility and flammability of the
solvent use of the process has been largely aban-
doned. An alternative approach has been through the
development of room temperature ionic liquids for Al
electrodeposition. Many papers have been published
on the electrodeposition of Al and its alloys from
chloroaluminate, so-called first generation ionic lig-
uids®™'®l. These liquids are AlCl;-based ionic liquids
and they are easy to be synthesized by simple addition
of the Lewis acidic AICL; to a 1, 3-dialkyl-imidazoli-
um chloride, alkyl-pyridinium chloride, quaternary
ammonium compound under an inert atmosphere.
Aluminium can be quite easily be electrodeposited in
these ionic liquids as well as Al-base alloys, such as
Al-CoP, Al-Cr™, AI-Nit"1 AL-Ti"™, Al-Mo™, Al-Z™,

The aim of the present work is to develop a coat-
ing of Al-Mg alloys on copper substrate by electrode-
position method from Lewis acidic AlCl;-1-ethyl-3-
m-ethylimidazolium chloride ionic liquids containing
MgCl, at room temperature.
1 Experimental
1.1 Chemicals

Anhydrous magnesium chloride (MgCl,) powder
(99.9%, Aldrich), 1-ethyl-3-methylimidazolium chlo-
ride (EMIC) crystalline (99.9%, Fluka), anhydrous
aluminium chloride (AICls, 99.99%, Aldrich), toluene,
methanol and acetone (Fisher Scientific UK Ltd.)
were used in the present study.
1.2 Preparation of Ionic Liquids

All chemicals were handled under a nitrogen at-
mosphere in a glove box. Two acidic AICL,-EMIC
ionic liquids, 1.65:1 mole ratio (supplied by BASF)
and 2:1 mole ratio (prepared in the laboratory) were
used in all experiments. The ionic liquid of 2:1 molar
ratio AICI; to EMIC was prepared by slow addition of
known weights of the two components in a vacuum
glass bottle using a magnetic bar stirrer. Slight fog-
ging was observed during preparation due to highly
exothermic reaction between AICl; and EMIC com-
ponents, and care was taken to control the reaction

rate and to avoid the decomposition of the elec-

trolytes. The resulting ionic liquid was then purified
by placing under vacuum with some small pieces of
pure aluminium (99.9%). The purification operation
was carried out step wise until the ionic liquid be-
came colourless. Acidic AICL-EMIC-MgCl, ionic
liquid was prepared by heating the mixture of MgCl,
and acidic AICI;-EMIC ionic liquid at 70 °C with a
magnetic bar stirrer. The concentrations of MgCl,
(measured by ICP) in the 1.65:1 (mole ratio) and 2:1
(mole ratio) AICL,-EMIC ionic liquids were 0.06 and
0.11 mol-L", respectively.
1.3 Electrochemical Measurements

The electrolytic cell used in the present study
was made of Pyrex glass with a fitted Pyrex glass cap.
The reference electrode was separated from the sec-
ondary compartment, containing the working and
counter electrodes, by a fine porosity glass frit. The
cell cap was fitted with three tungsten wires and clips
were attached at each end to facilitate the mounting
of the secondary and reference electrodes in the re-
spective compartments. About 12 ¢m® of the ionic
liquid was used for electrochemical study.

Platinum (Pt, 50 mm x 5 mm x 0.1 mm) or copper
(Cu, 50 mm x 5 mm x 0.4 mm) and commercial grade
Al (50 mm x 15 mm x 0.4 mm) plates were used as
working and counter electrodes, respectively. A pure
Alplate (40 mm x 3 mm x 0.4 mm) was used as a ref-
erence electrode and immersed in the 2:1 AIC1,-EMIC
ionic liquid of the reference electrode compartment.
The electrolyte level in the reference compartment
was kept slightly higher than the bulk electrolyte.
Electrochemical investigations including potential step
chronoamperometry, chronopotentiometry and cyclic
voltammetry were carried out using an AUTOLAB
PGSTAT?20 potentiostat/galvanostat (eco chemie, Hol-
land) controlled by GPES software. All potentials in
this work are quoted with respect to this Al|2:1 AICls-
EMIC reference electrode which will be written as
Al|AT*" in this paper.
1.4 Deposition of Al-Mg Alloy

Aluminium-magnesium alloy deposition were
carried out onto platinum and copper cathodes under
constant current and constant potential methods from
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acidic AICl;-EMIC ionic liquids containing MgCl, at
room temperature (25 +1 °C). The applied current
densities and potentials for depositing in different
plating operations were -5.0 ~ -60.0 A -m? and -0.20
~ -0.70 V, respectively. Following each deposition,
the resulting deposit was soaked firstly in toluene,
then in methanol, and finally washed with acetone to
remove the residual ionic liquids. The deposit was
then thoroughly rinsed with de-ionized water and
dried with cold air.
1.5 Deposit Characterization

The surface morphologies of the deposited sam-
ples were then examined with scanning electron mi-
croscope (XL 30 SEM, PHILIPS) and its auxiliary
energy dispersive X-ray spectroscope (EDAX). X-ray
diffraction analysis was also performed with a Philips
PW 1716 diffractometer using Cu K, radiation (40
kV, 25 mA) to explore the crystal structure of the de-
posits. Inductively coupled plasma atomic emission
spectrometry (JY Ultima 2 ICP-AES) was used to as-
sess the elemental composition of the deposits after
dissolving in hydrochloric acid. By comparing the
mass of each deposit with the theoretical mass based
on the total charge passed during the experiments, the
current efficiency was determined for each deposition
condition.
2 Results and Discussion
2.1 Voltammetric Study of MgCl, in 1.65:1

AICL-EMIC Ionic Liquids

The cyclic voltammograms recorded on a Pt
electrode in 1.65:1:0.06 (mole ratio) AICL;-EMIC-
MgCl, ionic liquids at 25 °C with a scan rate of 1
mV-s' are shown in Fig. 1. The scan (solid line) to-
wards negative direction consists of the first reduc-
tion wave C; with the current starting to increase at
-0.29 V, which levels off at C,. The reverse scan con-
sists of the first oxidation peak P, at 0.13 V and the
second oxidation peak P, at 0.25 V. From XRD and
EDAX analyses, only pure Al has been detected in
the deposit obtained at a deposition potential of -0.30
V (from C,) by constant potential method. Therefore,
the increase of the negative currents in the first reduc-

tion wave (C, is obviously associated with the reduc-

tion of Al ions to metallic state!”'®.

4ALCL, + 3e — Al + 7AICL, (1)
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E/V (vs. AlABY)

Fig. 1 Cyclic voltammograms recorded on a platinum elec-
trode in 1.65:1 mole ratio AICL;-EMIC ionic liquid
containing 0.06 mol -L"' MgCl, at 25 °C with a scan

rate of I mV-s’

Compared with the voltammograms obtained in
the absence of MgCl,, the dotted curve in Fig. 1, the
reduction wave appeared at -0.218 V corresponds to
the reduction of Al species (AL,Cly) and in the reverse
scan a single symmetrical oxidation wave appeared at
-0.164 V to the stripping of the deposited Al. When
MgCl, is added into the ionic liquid, the deposition
process is reduced such that the same deposition cur-
rents are obtained at more negative potentials than
the ionic liquids without MgClL,.

Generally, in the Lewis basic ionic liquids most
ofthe divalent metal ions exist in the form of a tetrahe-
dral chloro-complex which is electro-inactive in metal
electrodeposition process™. However, in the acidic
ionic liquids a bimetallic complex exists which is elec
tro-active in a metal electrodeposition process!” . If
the divalent Mg ions exist as an uncomplex or octa-
hedral coordinated state, then the concentration or ac-
tivity of AL,Cl; ions in the bulk electrolyte will be de-
creased due to the formation of AICl, ions which can
be represented according to the following solvation
reaction.

MgCl, + 2AL,Cl; — Mg* +4AICl; (total)  (2)

Changing the ratio of ALCl; to AICl, leads to
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the shift in the deposition potential of Al to more
negative values than the ionic liquid without MgClL,.
Therefore, it is concluded that the deposition of Al is
suppressed by the addition of MgCl, since the addi-
tion of MgCl, into the 1.65:1 AICL;-EMIC ionic lig-
uid leads to the decrease in the concentration of
ALCl;.

Fig. 2 shows the effect of cathodic sweeping
potential on the cyclic voltammogram recorded on a Pt
electrode in 1.65:1:0.06 (mole ratio) AICl;-EMIC-Mg-
Cl, ionic liquid at 25 °C with a scan rate of Il mV-s™. It
is readily seen from the voltammograms that the first
reduction wave C; corresponds to the first oxidation
peak P, and the second reduction wave C, corre-
sponds to the second oxidation peak P,. Therefore,
the P, is attributed to the dissolution of the deposited
Al from the similarity to the dotted curve in Fig. 1.
When the potential sweep is made progressively more
negative than -0.50 V, the P,, begins to develop at about
0.40 V. From XRD analysis Al, Mg and Als;sMg; s
intermetallic have been detected in the deposits ob-
tained at a deposition potential -0.60 V (from C,) by a
constant potential method. ICP-AES showed that the
Mg content increased from 1.8 to 3.1% (by mole)
when the applied deposition potential is raised from
-0.52 to -0.60 V. While this may not appear to be a
significant amount, it is interesting to note that it is
almost exactly the same mole ratio of Al:Mg in the
ionic liquid. It is not possible to work at a higher con-
centration as the solution is effectively nearly saturat-
ed with MgCl,.

A brief study of this system has been carried out
by Morimitsu et al. who obtained less than 2% Mg in
the alloy and could not ascertain a separate Mg con-
taining phase by XRD™. It may be supposed that Al
and Al-Mg alloys are deposited in the potential range
below -0.50 V and the second oxidation peak corre-
sponds to the dissolution of these alloys and inter-
metallic compounds. The formation of these alloy de-
posits can be represented according to the following
general reaction, 0 <x < 1.

xMg*(ad) + 4(1-x)ALCl; + (3-x)e —

MgAl,, + 7(1-x)AICly 3)

08 04 0 04 08
EIV (vs. AIJAP)

Fig. 2 Effect of sweeping potentials on the cyclic voltam-
mograms recorded on a platinum electrode in 1.65:1:
0.06 mole ratio AICl;-EMIC-MgCl, ionic liquid at
25 °C with a scan rate of | mV-s
Reverse potential: a. -0.31 V; b. -0.40 V; ¢c. -0.50 V;
d.-0.60 V;e.-0.70 V

Similar results have been reported for the deposi-
tion and dissolution of AI-Nil""*! Al-Co® and Al-Cr!"”
by several authors. Traces of pure Mg phase have
been observed in the deposits obtained at an applied
deposition current density of -42 A-m? {Fig. 8A}. It
can be concluded that Mg is predominantly deposited
in the form of Als;sMg;;s. Under these conditions
about 4% (by mole) Mg has been incorporated in the
deposits.

2.2 Voltammetric Study of MgCl, in 2:1

AICL-EMIC Ionic Liquids

A series of cyclic voltammograms recorded on a
Pt electrode in 2:1:0.11 (mole ratio) AICI;-EMIC-
MgCl, ionic liquids at 25 °C as a function of cathodic
sweeping potential with a scan rate of 1 mV -s' are
shown in Fig. 3. At first glance the voltammograms
for the two different ionic liquids appear similar, but
overlaying the responses for the two liquids (Fig. 4) it
is clear that there is a significant difference between
the two systems. The onset potential of the first re-
duction process is more cathodic in the less Lewis
acidic liquid. While this would be expected from
simple Nernstian behaviour the magnitude of the dif
ference c.a. 200 mV is more than expected by bulk
concentration differences. This suggests that the dif-
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ferences are due to the concentrations of the chloroa
luminate species which are well documented™. The
magnitude of the cathodic current is smaller for the
less Lewis acidic liquid as it contains less of the more
easily reduced species (AlLCl;). The dashed curve in
Fig. 3 shows the voltammogram of 2:1 (mole ratio)
AICI;-EMIC ionic liquid, which is more reversible in
nature as compared with 1.65:1 (mole ratio) AlCls-
EMIC ionic liquid.

From an XRD analysis, pure Al and Als;sMg; s
intermetallic have been detected in the deposits ob-
tained at a deposition potential of -0.40 V  (from C))
by constant potential method which is in contrast to
the less Lewis acidic liquid where only Al has been
detected. The solubility of MgCl, in the more Lewis
acidic (2:1) mixture is almost double than that of the
1.65:1 melt and this is seen in approximately doubled
increases in the amount of Mg incorporated in the al-

loy coatings.

18

12

-18 L |’ L 1 L 1 L 1
-0.8 00 04 08

EIV (vs. AIAP)

1.2

Fig. 3 Effect of sweeping potentials on the cyclic voltammo-
grams recorded on a platinum electrode in 2:1:0.11
mole ratio AICL;-EMIC-MgCl, ionic liquid at 25 °C
with a scan rate of | mV s

Reverse potential: a. -0.19 V; b. -0.30 V; c. -0.45 V;
d.-0.60 V;e.-0.70 V; f. -0.83 V; (......), ionic liquid
without MgCl,

2.3 Electrodeposition Study of AI-Mg Alloys
All the electrodeposits obtained are bright and
good adherence. There is no rupture on the deposit

surface and it does not peel off. Figs. 5 and 6 show
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Fig. 4 Comparison of the cyclic voltammograms for 1.65:
1:0.06 (dotted curve) and 2:1:0.11 (solid curve) mole
ratio AlCl;-EMIC-MgCl, ionic liquids at 25 °C

Scan rate: 1 mV-s’!

the scanning electron micrographs of the electrode-
posits obtained from 1.65:1:0.06 and 2:1:0.11 (mole
ratio) AlCL;-EMIC-MgCl, ionic liquids, respectively.
There is a significant difference between the mor-
phology of the deposits obtained at the two different
compositions. The more Lewis acidic liquid produces
plate-like crystals at low current densities and over-
potentials which grow perpendicular to the electrode
surface. This morphology differs from Al deposited
from the ionic liquid without MgCl,, suggesting that
the Mg changes the morphology of the deposit. Iden-
tical plate-like crystals have, however, been seen for
zinc deposition and these have been ascribed to dif-
ferences in the double layer properties in the ionic
liquid®. Two-dimensional crystals are seen in liquids
with a high chloride activity whereas nodular growth
is observed when chloride activity is suppressed. The
thicknesses of the deposited layers are in the range of
6 ~ 8 wm, which has been controlled by adjusting the
total charge applied.

In the 1.65:1:0.06 AICl;-EMIC-MgCl, ionic lig-
uid the sizes of the electrodeposited crystals at low
current densities (< -20 A -m?) are angular in shape
and in the order of 10 ~ 15 wm in size, which is the
same in structure as pure Al®. However, the sizes of
the deposited particles between the range of deposition
current densities from -20 to -45 A -m™ are nodular in
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Fig. 5 SEM images of Al-Mg alloy electrodeposits on Cu
substrate from 1.65:1:0.06 mole ratio AICI;-EMIC-
MgCl, ionic liquid at 25 °C
A.-030V;B.-0.50V;C.-33.3 A-m% D.-42.0 A-m*

Fig. 6 SEM images of Al-Mg alloy electrodeposits on Cu
substrate from 2:1:0.11 mole ratio AICl;-EMIC-Mg-
Cl, ionic liquid at 25 °C
A. -45A-m?%B.-035V;C.-0.50V;D.-0.60V

shape and in the order of 4 ~ 5 wm in size. The deposits
obtained at these conditions are very smooth, bright
and also have good adherence. The deposited particles
obtained above -60 A -m? become finer. At low depo-
sition current densities, the reductions of Al,Cl; and
Mg containing species (either Mg* or [Mg(AICL):])
occur slowly on the cathode. Consequently, the growth
rate of nuclei is greater than the rate of formation of
new nuclei and so the deposited particles should be
large. As the deposition current densities increase, the
formation of new nuclei is favoured and the particles
become finer. Fig. 7 shows the EDAX profile for the
SEM micrograph in Fig. 5SA and 5D. Pure Al, and Al
with Mg have been detected on the deposited layers
by EDAX analysis. There is no spectrum for residual

chloride in the EDAX profile indicating no incorpo-
ration of the ionic liquid in the deposits.

The acquired diffraction patterns for the deposits
obtained from molar ratios of 1.65:1:0.06 and 2:1:
0.11 AICL-EMIC-MgCl, ionic liquids at applied de-
position potentials of -0.60 V and -0.40 V, respec-
tively, are shown in Fig. 8A and 8B. The diffraction
peaks at 260 = 38.5°, 44.7°, 65.1°, and 78.2° are for Al,
while the peaks at 36.13°, 37.60°, and 43.69° for
AlssMgs s and the peaks at 36.64°, 47.83°, 57.55° for
Mg. The diffraction peaks of the deposited layers are
very sharp indicating that the deposits have crys-
talline structure. The deposits obtained at low current
density have several crystal structures of Al with the
dominant crystal structure of Al (111). However at
high deposition current density, the dominant crystal
structure of Al is
for the deposition of pure Al and Al-Mg alloy are

(200). The current efficiencies

about 99%. However, additional diffraction peaks at
260 =43.3°, 50.45° and 74.1° corresponding to Cu sub-
strate are also observed in Fig. 8.
2.4 EQCM Studies on Gold

The composition of the metal co-deposit has
been examined using gravimetric acoustic impedance
methods. Usually this technique is most effective
where the mass difference between the two metals is
large, e.g. Cu and Ag or Zn and Sn. In this case the
mass difference between Al and Mg is very small but
the limiting slopes of the mass charge plots are easily
distinguished on the basis of charge according to the
Faraday relation, Equation (4):

_ramA
Am o 4)

where A m is the change of electrode mass (in g), ram
is the molar mass of the deposit (in g per mole), AQ
is the change of the total electric charge that passes
through the solution (in coulombs), n is the valence
number of the substance as in solution (electrons per
ion), F is the Faraday constant (in coulombs per
mole).

For deposition of pure Al the theoretical slope
for the mass charge plot is dm/dQ = 9.328 x10° g-C"
and for pure Mg dm/dQ= 1.244 x 10* g-C" (assum-
ing that the current efficiencies for both processes are

100%). The total mass and charge balance of the co-
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Fig. 7 EDAX profiles of the SEM images in Fig. SA (left) and 5D (right)
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Fig. 8 X-ray diffraction patterns of the electrodeposited Al-Mg alloy
A. electrodeposited from 1.65:1:0.06 AICL,-EMIC-MgCl, ionic liquid at -0.60 V; B. electrodeposited from 2:1:0.11 AICls-

EMIC-MgCl, ionic liquid at -0.40 V

deposits during deposition can be represented by Equa-
tions (5) and (6).
Mass,,, =Xy, X ramy, +(1-Xy,) x ram,, (5)
Q1o = 2FX g + 3F(1-X ) = F(3-X ) (6)
These are easily combined to give an expression
for the slope of the mass charge plot electrolytic depo-
sition of the alloy/mixed phases, Equation (7), and this
can be rearranged to give composition, Equation (8).

dm — XMg ramy, +( 1 _XMg )ramAl

a0 FG-X,,) 2
[ dm
- 3F| =5

X, - ram ( q ) | )

(’ramAl —ramMg-F( %) )

This methodology has been applied to analyze the
data from the electrolytic co-deposition of Mg and Al
from a liquid containing 2:1 (mole ratio) AICl;-EMIC
and 0.11 moles of MgCl,. The deposition experiment

has been carried out at an applied potential of either
-0.40 V or -0.60 V versus Al|AI*. Acoustic impedance
spectra are recorded every second throughout the de-
position period and these are fitted using numerical
methods described elsewhere to extract the centre
frequency and resonance () factor (peak width). Dur-
ing the deposition experiment at £ = -0.40 V the
factor and peak intensity of the resonance varied from
the initial values of 175 and 0.53 Q" to the final val-
ues of 143 and 0.42 (', respectively. The corre-
sponding values for the deposition at -0.60 V are 175
and 0.51 Q7 initially to 164 and 0.40 Q' finally.
These data show that viscoelastic effects are absent
and, thus, frequency changes are correlated with mass
using the Sauerbrey equation. The mass changes are
converted into molar fraction data using Equation (8)
and the results are presented in Fig. 9.

These data show that the composition of the de-
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posit varies during the deposition from primarily Mg
at short time and primarily Al at longer time. Deposi-
tion at low cathodic potentials (-0.40 V) favours Mg.
This may be unexpected with the above results which
show that Al is the main constituent but it is probably
affected by the electrode material; gold, which readi-
ly forms alloys. This part of the study shows that Mg
is kinetically rapid to be reduced (probably because
of the electrode material) but mass transport causes
the amount of Al in the alloy to increase with charge
passed (and time). The films grown in Fig. 9 are 0.1
to 0.3 wm thick which is a factor of 10 times less than
the films analysed following bulk electrolysis. This
shows that electrolytically grown alloys are not ho-
mogeneous in the z-direction.

Analysis of results from a similar experiment
from a liquid consisting of 1.65AICL;:EMIC gave val-
ues for molar fraction data that are consistently too
high (i.e. > 1). This may be because of adsorption ef-
fects at the metal/solution interface resulting in the
added mass without corresponding Faradaic charge.
Whilst this is yet to be confirmed, it is known that the
mechanism of electrolytic deposition of Al from these
melts is strongly dependent on composition in so-
called Lewis basic stoichiometries where the molar
ratio of Al to EMIC < 2.

3 Conclusions

The smooth, shiny and good adherent Al-Mg al-
loys can be electrodeposited on platinum and copper
cathodes from acidic AICL-EMIC ionic liquids con-
taining Mg(II) ions by constant current and constant
potential methods at room temperature. The Mg con-
tent in the deposit increases with increasing concen-
tration of MgCl, in the ionic liquid although the rela-
tively poor solubility of MgCl, means that the Mg
content of the alloy does not rise above 6% (by
mass). The morphology of the deposited films varies
with the change of the deposition current density. The
deposits obtained between the deposition current
densities of -20 and -45 A -m™ are very smooth, bright
with good adherence and uniform grain size.
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