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Conductivities of AlCls/lonic Liquid Systems and Their Application in
Electrodeposition of Aluminium
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Abstract: Solubilities and conductivities of anhydrous AICI; in six kinds of ionic liquids (ILs) were measured. Among the six
kinds of ILs [bmim]Cl, [bmim]Br, [bmim]BF,, [bmim]PFs, [emim][EtSO,] and [bmim][HSO,], anhydrous AICI; could be
dissolved in the first five kinds but was hardly dissolved in [omim][HSO,4]. The results showed that the nominal solubilities of
AICl; in ILs increased in the order of [obmim][HSO,4] < [bmim]PFg < [emim][EtSO,4] < [bmim]BF, < [bmim]CI < [bmim]Br.
Conductivities of the AICI3/ILs systems depended apparently on the nominal molar ratio of AICI; to ILs. The conductivities of
AICl3/[bmim]CI, AICIz/[bmim]Br and AICIz/[bmim]PFs systems had a similar tendency as a function of the nominal molar
ratio, that is, as the molar ratio was increased, conductivities increased first and then decreased, with the maximum
conductivity obtained at approximately 0.9:1, 1.0:1 and 0.5:1, respectively. Conductivities of the AICIs/[bmim]BF, exhibited a
dentate change and decreased with the molar ratio of AICI; to [bmim]BF, increasing in general. With the increasing of the
anhydrous AICIl; amount in [emim][EtSO,], conductivity of AICls/[emim][EtSO,] monotonically decreased. AICIy/[bmim]CI
system was chosen as the electrolyte for the electrodeposition of Al. Preliminary experimental results showed that dense,
adherent and homogeneous Al coatings could be electrodeposited on stainless steel by means of constant potential technique
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and the surface coverage was quite satisfactory.
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1 INTRODUCTION

Document Code: A

Coating of aluminium (Al) on steel is critically
important due to its excellent corrosion resistance,
decorativeness and  physicochemical  properties.
However, aluminium cannot be electrodeposited from
traditional electrolytes based on aqueous solutions
because of its rather negative standard potential of
Al/AI(IT) couple (-1.67 V, vs. NHE). Thus, the
electrodeposition process is restricted to non-agqueous
aprotic electrolytes such as organic solvents* ™ and
molten salts®"). But the flammability and volatility of
organic solvents® and the highly corrosive natures and
relatively high temperature of inorganic molten salts®
make it necessary to find novel electrolytes for the
electrodeposition of Al.

Over the last decades, employment of room
temperature molten salts (usually called as room
temperature ionic liquids, RTILS) in non-aqueous
electrolytes has made it possible that the entire
operation process was under mild conditions. RTILs are
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regarded as a possible replacement due to their
attractive properties”’®™, such as good chemical and
thermal stability, high electrical conductivity, ability to
dissolve organic and inorganic materials, low molten
point with insignificant vapor pressure and a large
electrochemical window of about 4.0 V. The last
property allows them to electrodeposit a wide variety of
metals including transition, rare earth and refractory
metals which are impossible to achieve with agqueous
electrolytes. Recently, RTILs are receiving an upsurge
in their utilization in the electrodeposition of Al,
especially the AICI;-based ILs™ !,

Electrical conductivity of the electrolytes is one of
the most important properties for electrodeposition
application. The electrolytes with higher conductivities
will have lower Ohmic drop during electrolysis and
lower cell voltage, and thus higher energy efficiency
would be expected. Besides, in development of ILs for
practical applications, despite the fact that the
fundamental physical-chemical properties of ILs have
been extensively studied, there are still little data on the
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solid—liquid equilibrium (SLE) reported in the literature
and it will be necessary to accumulate more
fundamental data on the solubility of metal compounds.
In this work, six kinds of ILs (shown in Fig.1),
1-butyl-3-methylimidazolium  chloride  ([bmim]ClI),
1-butyl-3-methylimidazolium  bromide ([bmim]Br),
1-butyl-3-methylimidazolium tetrafluoroborate
([bmim]BF,), 1-butyl-3-methylimidazolium hexafluoro-
phosphate ([bmim]PFg), 1-ethyl-3-methylimidazolium
ethyl sulfate ([emim][EtSO,4]), and 1-butyl-3-methyl-
imidazolium hydrogen sulphate (Jomim][HSO,]), which
could be easily and economically obtained on a large
scale, were synthesized and attempted to research the
feasibility whether they could be used as potential
electrolytes for electrodepositing Al. Anhydrous AICl3
was used as the initial source of Al. Very few data is
available for the solubility of anhydrous AICI; in these
ionic liquids and we cannot exclude that the real
solubility of AICI3 is lower than the nominal
concentrations added. Furthermore, up to our
knowledge, no electrochemical or spectroscopic
information exists concerning the electro-active species
in this neutral melt. In view of these, nominal
solubilities of anhydrous AICI3 in synthesized ILs were
determined and the electrical conductivities were
investigated as a function of the nominal molar ratio of
AICI3/ILs. Electrodeposition of Al on stainless steel was
performed to obtain appropriate system as electrolyte.

/N\¢N+\/\/ /N\¢N+\/\/
Cl Br-
/N\%NW /N\¢N+\/\/
BF, PFy
NN~ /N\&NW
C,H50S0; HSO.

Fig.1 Structures of [bmim]ClI, [bmim]Br, [bmim]BF,,
[omim]PFg, [emim][EtSO,4] and [bmim][HSO,]

2 EXPERIMENTAL

2.1 Materials

All the chemicals used in this study were of
analytical grade. 1-Methylimidazole was distilled under
reduced pressure. Deionized water was used in all
experiments. [bmim]CI*®, [bmim]Br™*”, [bmim]BF,*¥,
[bmim]PFe*%, [emim][EtSO,]?% and [bmim][HSO.]%Y,
were synthesized by the procedure described elsewhere.
Anhydrous AICI; (powder) was obtained from Beijing
Chemical Reagents Company and used without further
purification. Al plate (=99.0%) and ultra-pure Al wire

(99.999%) were purchased from Beijing Chemical

Reagents Company and Beijing Mountain Technical

Development Center for Non-ferrous Metals,

respectively.

2.2 Measurement of Solubilities and Conductivities
of AICl;in ILs

Solubility of anhydrous aluminium trichloride
(AICI3) in synthesized ILs was measured in an
electrolytic cell with a jacket under a dry nitrogen
atmosphere (by introducing nitrogen into the cell at a
constant flow rate), using continuous magnetic stirring.
The conductivities were measured by a DDS-307
conductivity meter. Electrode constant of the meter was
determined by calibration before and after measurement
of each sample with 0.1 mol/L KCI solution at 298.15 K
and was (1.021+0.002) cm ™,

Precise quantities of anhydrous AICl; were added
to ILs placed in the cell at different molar ratio. Then
the systems were thermostated at the predetermined
temperature with an accuracy +0.1 K, and continuously
stirred (to ensure uniformity) until the conductivities of
the formed AICIl3/ILs systems did not change
approximately (usually about 2~3 h). Then another
feeding was started and repeated again. The criterion for
the attainment of the maximum solubility was that the
solid phase of AICI; did not disappear for a period of
about 8 h at given temperature and constant pressure.

Because of the hydrophilicity of the ILs and large
effect of very small amounts of water on the solubility,
the water content of ILs measured by a Karl Fischer
titrator (Metrohm 787 KF Titrino, Switzerland) showed
less than 10x10™° before and after the experiments.

All data presented were measured three times in
different samples to ensure its reproducibility within 5%
in absolute value.

2.3 Electrodeposition in lonic Liquid

Electrochemical measurements were performed
using a CHI660C Electrochemical Workstation
controlled with a personal computer. All the
experiments were conducted using a three-electrode
system: Al plate, stainless steel plate and ultra-pure Al
wire were used as counter electrode, working electrode,
and reference electrode, respectively. The distance
between the cathode and the anode was about 2.0 cm. Al
plate was dipped in NaOH, rinsed with deionized water,
followed by acetone and then dried before use. Stainless
steel plate was immerged in boiling NaOH, dipped in
20%~30% HCI (by volume), washed with deionized
water and finally dried. Prior to use, the working
electrodes were mechanically polished with sand paper,
treated with a dilute mixture of hydrochloric acid (37%)
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and sulfuric acid (98%), rinsed with deionized water,
and finally immersed into dichloromethane for
degreasing. After completing the pretreatments, the
electrodes were assembled for immediate use. The
depositions were carried out under a predetermined
experimental temperature for 1 h with a constant stirring
speed. Following each deposition experiment, excess
electrolyte was removed from the sample by washing in
absolute alcohol, then the sample was rinsed with
deionized water and dried with cool air.
2.4 Analysis and Characterization of Aluminium

Coatings

Surface morphology of the films was examined
with emission scanning electron microscope (SEM,
JSM-6301F). The compositional analysis of the deposits
was confirmed by energy dispersive analysis with X-ray
(EDAX, Oxford INCA300). The crystalline structure
was studied on an X'Pert PRO (PANalytical) X-ray
diffractometer with Cu K« radiation.

3 RESULTS AND DISCUSSION

3.1 Solubilities of Anhydrous AICI; in ILs and

Conductivities of AICI3/ILs Solutions
3.1.1 AICI3/[bmim]CI system

At the very beginning of feeding, precise quantities
of anhydrous AICI; were mixed with [bomim]Cl in a dry
electrolytic cell and the formed system turned to be
liquid phase gradually, and then transparent yellowish
liquid formed. Due to the highly exothermic reaction
occurring between AICl3; and [bmim]CI components, the
adding should be slow and well proportioned. With the
molar ratio of AICI3 to [bmim]Cl increasing, the color of
the liquid turned from transparent yellowish to opaque
white until the molar ratio of AICI; to [bmim]Cl reached
around 1.0:1, and the viscosity increased obviously.
Along with continuous feeding, the color of the mixture
turned to transparent dark brown and the viscosity
decreased reversely until the molar ratio of AICI; to
[omim]Cl got to 2.0:1. The maximum nominal molar
ratio was 2.1:1, and with more addition, unsolvable
AIClI; could be seen in the system.

Since anionic species of AICl3/[bmim]Cl change
with the molar ratio of AICI; to [bmim]ClI, chemical and
electrochemical properties of the melts change
drastically with the composition. Conductivities of the
AICIl3/[bmim]Cl system with different molar ratio at
298.15 K were shown in the Fig.2. It could be seen that
the conductivity was markedly dependent upon the
molar ratio of AICI; to [bmim]Cl, as the molar ratio was
increased, conductivities of the AICIz/[bmim]Cl also
increased before 1.0:1, then the conductivities decreased

and reduced to a steady level near 3 mS/cm from the
molar ratio of 1.3:1. The maximum conductivity was
obtained when the molar ratio of AICl; to [bmim]CI
approached to approximately 0.9:1.
3.1.2 AICI3/[bmim]Br system

White [bmim]Br and anhydrous AICI; (powder)
were mixed together and the formed system became
homogeneous phase slowly with the weight of
anhydrous AIClI; in [bmim]Br increasing. The colors of
the formed liquid were buff, milk white, buff, dark
yellow and nut-brown in the different ranges of molar
ratio of AICIl; to [bmim]Br, 0.1~0.7, 0.7~0.9, 0.9~1.0,
1.0~1.2 and 1.2~2.3, respectively. The variability of
color of the system may be related to the molar ratio of
AICl3 to [bmim]Br. Compared with AICI/[bmim]ClI, the
maximum nominal molar ratio was 2.3:1, and with more
addition, unsolvable AICI; could be seen in the system.

—&— [bmim]CI
—e— [bmim]Br
—A— [bmim]BF,
—¥— [bmim]PF,
—*— [emim][EtSO ]

Conductivity, x (mS/cm)
O P N W M 01 O N ©
T

P I T T A TS IS MO NS B
00020406081.01.2141618202224
Molar ratio of AICI3 to ionic liquids (mol/mol)

Fig.2 Electrical conductivities («) of the AICI3/ILs systems
at 298.15 K as a function of nominal molar ratio

It could be seen in Fig.2 that the conductivity was
also markedly affected by the molar ratio of AICI; to
[bmim]Br at 298.15 K. The variation of conductivities
of the formed AICIl3/[bmim]Br was similar to that of
AICIl3/[bmim]Cl: as the molar ratio of AICI; to
[obmim]Br was increased, conductivities of the
AICI3/[bmim]Br also gradually increased before 1.0:1;
then the conductivities decreased to a steady level from
the molar ratio of 1.5:1. Conductivity of the system
presented a maximum value at a molar ratio of 1.0:1.
3.1.3 AICIz/[bmim]BF, system

As the molar ratio of AICI; to [bmim]BF, was
increased, the colors of the system were buff, milk
white and buff in the different ranges of the molar ratio,
0~0.4, 0.4~0.9 and 0.9~1.1, respectively. The maximum
nominal molar ratio was 1.1:1, which was smaller than
those of AICI5/[bmim]Cl and AICI3/[bmim]Br.

In contrast to the conductivities of the
AICI3/[bmim]Cl and AICI3/[bmim]Br, the conductivities
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of AICls/[bmim]BF, changed in a quite different rule as
a function of the molar ratio of AICI; to [bmim]BF, at
298.15 K. From Fig.2, the conductivities of
AICIl3/[bmim]BF, exhibited a dentate change and
decreased with the molar ratio of AICI; to [bmim]BF,
increasing in general, which maybe resulted from
variety of the anionic species of AICIls/[bmim]BF,
system. With the molar ratio from 0.9 to 1.1, the
viscosity of the system increased so much that it could
not be stirred by magnetic stirrer. Interestingly, the
conductivities also increased, which could not be
specified well now. Elevating the temperature
contributed little to improving the solubility and
conductivity. Surprisingly, the system became solid at
358.15 K.

3.1.4 AICIs/[bmim]PFg system

The transparent white [bmim]PFs changed to be an
opaque milk white one as long as the first quantity of
anhydrous AICI; was added to it. The greater the molar
ratio of AICI; to [bmim]PFg, the larger viscosity of the
system was. When the molar ratio reached about 0.6:1,
the system transformed to be a solid phase with milk
white. The maximum nominal molar ratio was 0.6:1,
smaller than those of the above three systems.
Temperature was also enhanced to improve the
solubility and conductivity, and phenomena were quite
the same as that of AICI3/[bmim]BF,.

Figure 2 shows the conductivities of the
AICl3/[bmim]PFs with different molar ratios of AICl; to
[omim]PFs at 298.15 K. Compared with those of
AICl3/[bmim]BF,, conductivities of AICls/[bmim]PFs
were relatively small and increased along with the molar
ratio of AICIl; to [bmim]PFs increasing. The
conductivity of the system reached the maximum when
the molar ratio of AICl; to [bmim]PF¢ approached to
around 0.5:1.

3.1.5 AICl3/[emim][EtSO,] system

The maximum nominal molar ratio of
AICl3/[emim][EtSO,] was 0.7:1, which was equal to
that of AICIs/[bmim]PFs. Fig.2 shows the conductivities
of the AICI;/[emim][EtSO,4] with different molar ratio at
298.15 K. Electrical conductivity of the system was
seen to monotonically decrease when AICI; was added.
When the molar ratio of AICI; to [emim][EtSO,] was
0.7:1, the color became darker and the viscosity
increased so much that the magnetic stirrer could not
work normally. Maybe it was possible to improve the

solubility and conductivity if temperature was enhanced.

However, the solubility and conductivity did not ascend
as expected. The viscosity increased and the system
turned to be solid, which could not be reverted to liquid

when cooled to room temperature. The cause of this
phenomenon could not be identified at this time and
more studies are necessary to elucidate it.
3.1.6 AICI3/[bmim][HSO,] system

At 298.15 K, anhydrous AICl; was hardly
dissolved in [bmim][HSO,]. When the molar ratio of
AIClI; to [bomim][HSO,4] was just 0.1:1, conductivity was
only 0.3 mS/cm and AICIls/[omim][HSO4] system
became so viscous that it could not been effectively
stirred by magnetic stirrer. Enhancing the temperature
contributed little to increase the solubility and
conductivity, which proved that the AICI5/[bmim][HSO,4]
system was not appropriate as electrolyte for the
electrodeposition of aluminium.
3.2 Electrodeposition of Aluminium on Stainless

Steel

Among the six kinds of AICI/ILs systems,
AICIl3/[bmim]Cl and AICIs/[bmim]Br are the most
appropriate electrolytes for the electrodeposition of Al
with the highest average conductivities (in the acid
range where aluminium can be electrodeposited).
Considering the stability, AICI3/[bmim]Cl system is
chosen to be used as the electrolyte for the following
experiments. Previous studies show that
electrodeposition of Al can only be performed in acidic
electrolytes, in which the electroactive Al,Cl;™, the only
reducible aluminium containing species, are responsible
for the electrodeposition according to the following
reaction!??:

4AI1,Cly +3e"—>AHTAICI, . (1)

For ionic liquids with large halide concentrations the
breakdown of metal oxides on electrode surfaces is
prevalent, it is easier for ILs with chloride ions which
can act as good ligands for the dissolving metal ions®.
Electrodeposition was performed on stainless steel.
3.2.1 SEM examination and microstructure

The study was performed by means of constant
potential deposition on stainless steel. The 2.0:1 molar
ratio of AICI/[bomim]CI was wused for the
electrodeposition of Al. Constant potential deposition
was carried out on stainless steel substrate with
potentials ranging from —0.5 to —1.5 V at 308 K for 1 h.
All of the Al-deposited samples were dense, adherent
and homogeneous and the surface coverage was quite
satisfactory. Figure 3 shows the SEM micrograph of the
deposits obtained in 2.0:1 AICI3/[bmim]CI for 1 h under
magnetic stirring on stainless steel at 308 K with
potential U=-1.0 V. The deposits contain coarse
cubic-shaped micro-crystallites with an average size at
the order of 10~20 um.
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Fig.3 SEM micrograph of the aluminum coating on stainless
steel obtained from 2.0:1 AICIz/[bmim]Cl at 308 K
with U=-1.0 V for 1 h under magnetic stirring

3.2.2 Analysis of composition and crystal structure of
electrodeposited aluminium coatings

The chemical compositions of the samples
electrodeposited under different conditions were
inspected with an EDAX and the results revealed
similar spectrum. Fig.4 shows the EDAX analysis of the
deposits obtained on the working electrodes after 1 h in
2.0:1 AICI3/[bmim]Cl at 308 K with potential U=—1.0 V.
As expected, the deposits display a strong peak for
aluminum, and relatively weak peaks of iron and
oxygen. The Fe detected in the Al deposits may come
from the substrate and the detected O may result from
the oxidation of Al or Fe. Table 1 shows the components
of the deposits clearly.

Al

Intensity

Fe g
R T il Tty )

0 1 2 3 4 5 6 7 8 9 10
Energy (keV)

Fig.4 EDAX spectrum of the electrodeposit on cathode in
2.0:1 AICI3/[bmim]Cl at 308 K and U=-1.0 V for 1 h

Table 1 Components of the deposit on stainless steel in 2.0:1
AICI,y/[bmim]ClI for 1 h at 308 K and U=-1.0 V

Element Mass percentage (%) Atomic percentage (%)
0 2.05 3.43
Al 96.86 96.05
Fe 1.10 0.53
Total 100.00 100.1

Crystalline structure analyses were also carried out
using XRD, and the acquired diffraction pattern of the

obtained sample shows only the pattern of aluminum
metal (Fig.5). The diffraction peaks attributed to pure Al
with a face-centered cubic structure (fcc) were clearly
detected from the sample. Similar results were observed
for other samples.
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Fig.5 XRD pattern of the electrodeposit on stainless steel in
2.0:1 AICI3y/[bmim]Cl at 308 K and U=-1.0 V for 1 h

4 CONCLUSIONS

Based on the above results, some conclusions may
be drawn as follows:

(1) Among the six kinds of ILs [bmim]Cl,
[bmim]Br, [omim]BF,, [bmim]PFs, [emim][EtSO,] and
[bmim][HSO4], anhydrous AICI; could be dissolved in
the first five kinds, but hardly dissolved in
[bmim][HSO,]. The nominal solubilities of AICI3 in ILs
increased in the order of [bmim][HSO,4] < [bmim]PFg <
[emim][EtSO4] < [bmim]BF, < [bmim]CI < [bmim]Br.

(2) Conductivities of the AICIy/ILs systems
depended apparently on the nominal molar ratio of
AICl; to ILs. Variation in the conductivities of
AIClI3/[bmim]Cl, AICIs/[bmim]Br and AICIz/[bmim]PFg
had a similar tendency as a function of the nominal
molar ratio, that is, as the molar ratio increased,
conductivities increased first and then decreased, with
the maximum conductivity obtained at approximately
0.9:1, 1.0:1 and 0.5:1, respectively. The conductivities
of AICIs/[bmim]BF, exhibited a dentate change and
decreased with the molar ratio of AICIl; to [bmim]BF,
increasing in general. With increasing of the anhydrous
AICIl; amount in [emim][EtSO,4], conductivity of
AICl3/[emim][EtSO,4] monotonically decreased.

(3) From the analyses of the conductivities of
AICI/ILs systems and considering the stability of ILs,
AICIl3/[bmim]Cl system was chosen as the electrolyte
for the electrodeposition of Al. Preliminary experiments
were performed by means of constant potential
deposition on stainless steel. Results showed that dense,
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adherent and homogeneous Al coating could be
electrodeposited and the surface coverage was quite
satisfactory. Further studies will be needed to optimize
the operating conditions.
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