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A B S T R A C T

Aluminum electrodeposition on a copper substrate in 1-ethyl-3-methylimidazolium chloride [EMIC]-AlCl3, a room temperature ionic liquid, is carried out in a
superconducting magnet up to 5 Tesla (T). Linear sweep voltammetry shows an increase in the deposition current, which is explained by the mass transport of
reactants enhanced by magnetohydrodynamic (MHD) convection. The application of the magnetic field initiates the formation of nanocrystalline aluminum so that
the brightness of the coating is improved. The preferential (2 0 0) orientation is suppressed by increasing the magnetic field intensity, which leads to random
orientation in a high magnetic field, corresponding to the formation of fine grains.

1. Introduction

Aluminum has a high resistance to corrosion because it can form a
dense oxide film on its surface. The smooth surface possesses an ex-
cellent ability to reflect visible light and heat [1]. Therefore, Al plating
is useful in the production of automobiles, components of optical
equipment, mobile devices and electrical appliances. Al thin films can
be produced by physical methods, such as sputtering [2] and physical
vapor deposition [3], but electrodeposition of Al is also an option [4].

Since Hurly et al. published their report on AlCl3-based ionic liquids
for electrodeposition in the 1950s [5], many studies have been carried
out on Al electrodeposition [6–14]. In particular, EMIC is commonly
used for Al electrodeposition because of its high electrical conductivity,
even at room temperature. There have been several reports on the use
of additives and pulse plating to form shiny Al coatings. Endres et al.
observed that the decomposition of ionic liquids improves the glossi-
ness of a deposited film [15,16]. Stafford et al. reported that the ad-
dition of benzene changes the surface morphology and crystal or-
ientation of the Al films [17]. Although many papers have investigated
the kinetics and mechanisms of Al electrodeposition, a comprehensive
study of the surface morphology and crystallographic structure of Al
films electrodeposited using room temperature ionic liquids is still
lacking.

Electrodeposition in a magnetic field (B) in an aqueous solution has
been studied as an attractive method for controlling the surface struc-
ture [18–24]. MHD convection is well known to occur during electro-
deposition in a magnetic field. When electrodeposition is conducted in a
magnetic field, convection in the electrolytic solution is induced by the

electromagnetic interaction, J × B, where J is the Faraday current
density and B is the magnetic flux density. The MHD convection
changes the mass transport through a new stirring effect [25,26]. When
a strong B is applied, fine deposits are often obtained under intense
MHD convection. In ionic liquids where the solvent is charged, B can
act directly on the movement of ions, so that more effective results are
expected than in aqueous solutions. However, there have been few
reports on electrodeposition using ionic liquids in a magnetic field [27].

In this study, Al electrodeposition is performed in a high magnetic
field using a superconducting magnet in order to clarify the effects of a
magnetic field on the surface morphology and the crystal structure.

2. Materials and methods

The experiment was conducted in a closed glass cell filled with
argon gas. The electrolyte was an ionic liquid in which EMIC (Merck
KGaA, Germany) and AlCl3 (>98.0%, Kanto Chemical Co., Inc., Japan)
were mixed in a molar ratio of 1: 2. A three-electrode system was
adopted. A Cu plate (99.9%, Nilaco Corporation, Japan) was used as the
working electrode, an Al plate (99.99%, Nippon Light Metal Company,
Japan) was used as the counter electrode and an Al wire was used as the
reference electrode. The reaction surfaces of the working and counter
electrodes were arranged to face each other with a distance of 5 mm
between the electrodes. Before the experiments, the Cu substrate was
polished using abrasive paper and subsequently etched in a solution
containing a mixture of H2SO4 and H2O2. All electrodes were ultra-
sonically cleaned in acetone and then washed with distilled water. The
electrodeposition was conducted with a constant current until the
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electrical charge density reached 29 C cm−2. The film thickness cor-
responded to 10 µm, assuming a current efficiency of 100% for Al
electrodeposition. The electrolyte was kept at 60 °C.

A superconducting magnet (6T-CSM) at the Institute for Materials
Research in Tohoku University was used. A uniform magnetic field of
up to 5 T was applied parallel to the electrode surface with the field
direction from top to bottom. Horizontal MHD convection between the
electrodes was therefore observed. The surface morphology was ob-
served by scanning electron microscopy (SEM; JSM-6010PLUS/LA,
Jeol, Japan). The crystal structure was studied by X-ray diffraction
(XRD; D2PHASER, Bruker, Germany) using the Cu-K line.

3. Results and discussion

Fig. 1 shows the results of linear sweep voltammetry. The open
circuit potential was around 0 V based on the Al reference, which was
independent of the value of B. In this experiment, the effect of B on the
equilibrium potential was not confirmed clearly [28]. The potential was
swept from the open circuit potential to −0.35 V. When the potential
was low (<−0.15 V), there was no significant difference in the
cathode current, regardless of B. Taking into account the results of the
equilibrium potential, B presumably had little effect on the charge
transfer reaction.

In the absence of B, the cathodic current gradually reached a satu-
rated value below approximately −0.3 V. The electrodeposition reac-
tion was dominated by the mass transfer of the reactant ion (Al2Cl7−).
In the presence of B, the current increased with increasing values of B.
As observed in an aqueous solution, the thickness of the concentration
layer became thin owing to MHD convection. The MHD convection
promoted the supply of the reactant ion (Al2Cl7−), which resulted in an
increase in the concentration of ions on the electrode surface.

Fig. 2 shows the surface morphology of the deposit obtained (a)
without B and (b) with B = 5 T. The film obtained without B was gray
and was not shiny. The SEM image shows that the surface has an an-
gular granular texture with a faceted structure (Fig. 2 (a)). The grain
size was approximately 1–5 μm and the size distribution was large.
When the magnetic field was applied, the glossiness of the surface
improved with increasing values of B. Some large grains with a facet

were interpreted on the smooth surface (Fig. 2 (b)). The surface flatness
was attributed to the formation of nanocrystals whose grains could not
be observed using the present SEM magnification [15,16].

The deposition process in the absence of a magnetic field is con-
trolled mainly by mass transportation, as suggested by Fig. 1. Therefore,
a large concentration gradient is formed within a diffusion layer. This
causes poor electrical conductivity in the vicinity of the deposits,
compared with the aqueous electrolyte. The electric field lines are
concentrated on the grain edges, which probably contributes to the
preferential nucleation on the facet planes or edges. The newly created
deposit mimics the well-orientated structure and grows epitaxially on
the facet plane. When a magnetic field is applied, a ready supply of the
reactant ion is available between the grain gaps due to MHD convection
acting directly on the ionic flow. This is one of the reasons why the gaps
between the large grains are filled with fine deposits, resulting in a
smooth surface. However, the formation of nanocrystals cannot be ex-
plained by the present experiments.

To investigate the crystal structure of the electrodeposited film, XRD
measurements were performed. Some strong peaks originating from the
Cu substrate and those from the low index planes of Al were observed in
the range 35–80° (Fig. 3). When a magnetic field was applied, the ratio
of the three indexes changed significantly. For a quantitative evalua-
tion, the orientation index (texture number) was calculated (Fig. 4)
[23]. The (2 0 0) plane was the preferred orientation when Al was
electrodeposited in the EMIC system without any additives [8]. This
crystallographic feature is related to the faceted morphology, as shown
in Fig. 2(a). This means that when a new nucleus is formed on a
strongly oriented plane, it grows easily by mimicking the substrate
crystal structure. The index number of the (2 0 0) plane decreased, but
those of (2 2 0) and (1 1 1) increased. As the B intensity increased, all
indexes approached unity, which suggested a random orientation such
as a powder diffraction pattern. That is, all the crystal planes existed in

Fig. 1. Linear sweep voltammogram for Cu electrode in an EMIC-AlCl3 ionic
liquid at 60 °C in various magnetic fields: 0 T (black), 1 T (green), 3 T (blue) and
5 T (red) (scan rate: 10 mV/s). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 2. SEM images of Al films electrodeposited in an EMIC-AlCl3 ionic liquid at
60 °C in magnetic fields of (a) 0 T and (b) 5 T. The arrow shows the magnetic
field direction (current density: 20 mA cm−2, film thickness: 10 µm).
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the same ratio. It is proposed that there was no difference in the growth
rate of the crystal planes when the value of B is high. Additionally, the
non-oriented structure may correspond to the nanocrystal-like deposits
(Fig. 2(b)).

In a magnetic field, the concentration of anions on the surface in-
creases owing to enhanced mass transfer by MHD convection [29]. A
variation in cation concentration is also produced under electro-neu-
trality. This may lead to changes in the structure and adsorption of ionic
species on the electrode surface [30,31]. Interestingly, some recent
papers have reported that the adsorption behavior of ionic liquid is
changed by B [32]. Therefore, because nucleation and film growth
occur between the adsorption layer and the surface, the microstructure
of the deposits is indirectly affected by B.

4. Conclusions

We investigated Al electrodeposition from a first-generation ionic
liquid AlCl3-EMIC in a superconducting magnet (~5 T). Linear sweep
voltammetry measurements revealed the increase in cathodic current
depending on the value of B, and suggested the enhancement of re-
actant species by MHD convection. The Al deposited at a high value of B
became slightly glossy, which was attributed to the formation of
monocrystalline particles among the angular grains with a facet struc-
ture. Correspondingly, a random orientation like a powder pattern was
formed with B, while the (2 0 0) plane was the preferential orientation
without B.

Finally, the present results support that the hypothesis that plating
in an ionic liquid under a magnetic field has the potential to control the
surface structure more than in an aqueous electrolyte, because a
charged ionic liquid can be moved by MHD convection or adsorbed
irregularly on the surface.
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Fig. 4. Orientation index, M, from XRD fundamental reflections of Al films
electrodeposited in an EMIC-AlCl3 ionic liquid at 60 °C under various magnetic
field intensities.
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