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ABSTRACT

This review paper examines old and new solvents,
additives and technologies for the electrochemical
deposition of aluminum (Al), which has properties
of low density, high heat conductivity and electron
conductivity, and high corrosion resistance. The
advantages and disadvantages of each material
and technology especially with respect to their
application in Al deposition baths are summarized.
In addition, the application of Al deposition in the
areas of nanotechnology and energy conversion is
also reviewed.

KEYWORDS: aluminum, electrochemical
deposition, aprotic solvent, ionic liquid, eutectic
solvent.

1. Introduction

Aluminum (Al) metal has properties of low density
(2.7 grem™), high heat conductivity (237 Wm™-K™")
and electron conductivity (37.7 x 10° S'm™),
and high corrosion resistance and is used in
various areas; for example, aluminum foil is used
in daily life, and aluminum is used in the parts and
bodies of cars and railroad vehicles [1]. The
density of Al is much lower than that of iron
(Fe, 7.9 grem™) and copper (Cu, 4.5 g-em™) [2].
Therefore, Al metal has been used as a substitute
for Fe and Cu to reduce the weight of the product.
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Al easily forms an aluminum oxide layer on its
surface under air, resulting in high corrosion
resistance [3]. In addition, Al does not have a
toxic effect on the human body and environment
[4].

Al deposition on some substrates is used to impart
the properties of Al to the surface of the substrates
[5]. The deposition of Al, which is mined largely
from the earth’s crust, will supersede the deposition
of Zn [6] which has general applicability and
widely used as a coating metal because of its low
price and because there is less chance of resource
depletion. The main method of Al deposition
presently is the hot dip metal coating method [7].
However, a high temperature, large apparatus and
heat-resistant substrates (on which the coating
metal is deposited) are needed. Therefore, the
price of the substrates on which Al coating is
deposited by hot dip metal coating is high.

To decrease the price of Al-coated substrates
electrochemical deposition of Al at room temperature
has been examined. The electrochemical deposition
of Al using aqueous solutions cannot be performed
because the standard redox potential of AVAI*" is
-1.67 V (vs. normal hydrogen electrode (NHE)),
which is lower than that of H,/2H" (0 V), and
therefore, hydrogen evolution occurs preferentially
instead of Al deposition [8]. Electrochemical Al
deposition was examined using anhydrous electrolytes
[9-11], inorganic molten salts [12, 13] and organic
molten salts, that is, ionic liquids (ILs) [14-18]
that do not contain protons in the solvents.
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As a representative bath for the electrochemical
deposition of Al, an IL of aluminum chloride
(AICl;)-di-alkylimidazolium chlorides (DAIC, for
example, 1-ethyl-3-methyl-imidazolium chloride
(EMIC)) has been widely used [19, 20]. Thick
[21] and/or high-brightness layers [22, 23] of Al
on some substrates could be formed from the ILs
at room temperature. However, AICl;-DAIC ILs
have several disadvantages, including low air and
water resistance [15]. AlCls;-alkylimidazolium-
tetrafluoroborate and -hexafluorophosphate ILs
produce hydrogen fluoride (HF) by the slow
hydrolysis of BF; and PF4 anions with water
[24]. Therefore, this bath cannot be used under an
atmosphere containing moisture and cannot be
applied in mass production. Recently, many attempts
have been made to overcome the weakness of the
IL. The weakness of the IL is being eliminated by
new ideas, for example, the protection of the IL
using hydrocarbon layers that protect against air
and water [23, 25] and the development of new
solvents, such as water-stable ILs [26-28] and
eutectic solvents [29-31]. In this paper, various
projects to overcome the weakness of the IL will
be reviewed. Then, the characteristics of the
project will be mentioned. In addition, to increase
the areas of application of Al surface coating, the
formation of high brightness Al, -electroless
deposition of Al, nanotechnology of Al deposition
and application of Al deposition in batteries will
also be reviewed.

2. Performance of the AICI;-DAIC bath

During the period when electrochemical deposition
of Al was invented, it was studied using high-
temperature molten salts, such as NaF-AlF; [32],
NaCl-KCI-AIX; (X = Br or Cl) [33] and NaCl-
AICl; [34]. However, the molten salts need a high
temperature above 150 °C and generate corrosive
gases. These negative points become large hurdles
for the industrialization of electrochemical plating
of Al. As a measure to overcome the disadvantage
of high-temperature molten salts, room-temperature
molten salts and ILs that are liquids below 100 °C
were developed. Many types of room-temperature
molten salts and ILs have been synthesized
[30, 35, 36] and applied in the electrochemical
deposition of Al [10, 37, 38]. Among the room-
temperature molten salts and ILs, AICIl;-DAIC

was the most frequently examined ionic liquid
because of its low melting point, low vapor
pressure and high chemical stability. It is
classified as part of the first generation of ILs. In
particular, in an acidic bath (50 mol% < AICl;) of
AICLI;-EMIC, the ALCl; ion is an electrochemically
active species for Al deposition (eq. 1), and
nucleation of Al occurs frequently during the
electrochemical deposition in the bath, resulting in
the formation of a flat Al layer.

4A1,Cl;y +3 ¢ — Al + 7AICl, (1

The electrochemically deposited Al layers have
attractive properties, such as high coulombic
efficiency [39], high corrosion resistance [40] and
crystallographic orientations of Al deposits as
mentioned below [41]. The -electrodeposition
efficiency was over 90%, although the percentage
strongly depended on the kind of bath [39, 42]. To
form Al layers with high corrosion resistance
properties, an Al layer with high density [39], and
adhesiveness [39] with some substrates should be
deposited. The dense Al layers were formed by
changing the current density and electrochemical
deposition modes such as potentiostatic polarization
[43], galvanostatic pulse polarization [44], monopolar
current pulse polarization [39] and bipolar current
pulse polarization [39]. Figure 1 shows cyclic
voltammograms for Al deposition from AICIl;-1-
(2-methoxyethyl)-3-methylimidazolium chloride
[45]. In the cathodic branch, a nucleation loop,
which indicates initial nucleation and growth,
occurred with a significant overpotential. The
nucleation loop can be observed in cyclic
voltammograms of Al deposition. Peaks for the
reversible reduction (AI’" — Al) and its reverse
reaction (Al — AI’") can be observed. In the inset
of Figure 1 (cathodic potential sweep was reversed
before the bulk deposition of Al occurred), three
cathodic and four anodic peaks can be observed.
Three cathodic peaks of ¢; and ¢, and corresponding
reduction peaks a; and a, correspond to the
underpotential deposition process. At peaks c; and
as, the formation of the 3D Al cluster and its
reverse reaction occur in the overpotential deposition
region. The peaks ¢, and a4 were recorded during
the bulk deposition of Al. These behaviors could
be observed during Al deposition. The deposition
process of Al was analyzed with current—time



Electrochemical deposition of aluminum layers using aprotic solvents 3

100°C
R 20 °C
4r \"15C 50°C
s \ .- "
f --Jh 76°C
/j | 5 100 °C
o \ 50°C
£ 20°C
o Lo N
q ke ._‘\ - .
E e
£l X<
I
%‘ :I! 100 °C
=] [ ay |
E ‘2 B .I' I'- "f I'\ -i‘ "y
E L )~ _--ﬂ'f_'__ —————
e e
s i €, €
Q Ir i_.-""
[
A4 -
_ [ [
L e,
BF Dz 00 02 04 06 08 18 12
Potential vs. Al/V
1 i 1 i 1 i | i 1 i 1 i 1 i 1 i 1 i |
06 <04 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential vs. Al/V

Figure 1. Cyclic voltammograms obtained for Al deposition in AlCl;-1-(2-methoxyethyl)-3-methylimidazolium
chloride (60/40 mol%) at different temperatures at a potential scan rate of 10 mV-s™". Inset: cyclic voltammogram
measured at 100 °C showing the cathodic processes preceding Al bulk deposition. Reprinted from Electrochem.
Commun., 12, Abedin, S. Z. E., Giridhar, P., Schwab, P. and Endres, F., Electrodeposition of nanocrystalline
aluminium from a chloroaluminate ionic liquid, 1084-1086, Copyright (2010), with permission from Elsevier.

transient curves obtained in potential-step
chronoamperometric experiments. From the current-
time transient curves, instantaneous nucleation
and progressive nucleation of Al were distinguished
at each experimental condition, for example,
because the behavior depends on the material of
electrode used in Al deposition [16, 46]. To
determine the nucleation and growth of Al
deposition, the chronoamperometric data were
analyzed using plots of (i/ina) vs. (#/tnax), Where
i is the current at any time ¢ and iy, is the
maximum current at time #,,, (Figure 2) [16, 46].
In Figure 2, the Al deposition from the AlCl;-urea
solvent was controlled by a pure 3D instantaneous
nucleation mechanism. The addition of toluene to
the solvent changed the deposition mechanism.
The electrochemical deposition of Al was examined
using many substrates. Among them, copper [42,
47, 48], Al [42, 43], platinum [39, 49], steel [49],

glassy carbon [50] and W [43, 44] substrates were
often used. Proper selection of the substrates
improved the adhesiveness of the deposited Al
layer to the substrates [43, 44]. In addition,
nanocrystalline deposits of Al for the formation of
dense Al layers could be achieved by the proper
selection of imidazolium cations in IL baths
which were composed of imidazolium cations and
aluminum chloride anions. The imidazolium cations
adsorbed were decomposed electrochemically on
the electrode surface during Al deposition [51].
The products formed via the cathodic decomposition
of the imidazolium cation during Al deposition
inhibited the crystal growth of Al deposits,
resulting in a dense Al layer. Therefore, the proper
selection of imidazolium cations is very important
for the formation of dense Al layers. The
crystallographic orientations of Al deposits could
be changed using current densities and additives.
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Figure 2. Chronoamperometric current vs. time curves recorded on GC at different potentials for neat 1:1 AlCl;:
urea and with 33 v% toluene. Reproduced from Ref. 16 with permission from the PCCP Owner Societies.

For example, the intensity of the (200) plane
increased, and the intensity of the (111) plane
decreased with increasing current density in the
case of  AICl;—1-butyl-3-methyl-imidazolium
chloride [50]. It has been reported that cosolvents
added to ionic liquids as additives also affect the
crystallographic orientations and morphology of
Al deposits [52-54, 24]. The reason for these
changes was attributed to the change of the
speciation from Al,Cl; to AICl, for Al deposition.
Changes in the equilibrium between Al,Cl;” and
AICly occurred via the addition of a cosolvent to
the AICL;-DAIC bath and AICl, was formed as
the main species in the bath. The addition of the
cosolvent accelerates the underpotential deposition
of AICl, onto substrate surfaces, resulting in the
change of crystallographic orientations and
morphology of Al deposits [55]. Similar to metal
deposition using aqueous baths, the electrochemical
deposition of Al in the AICI;-DAIC bath can also
form a dense layer by changing the current
density and by adding additives to the baths and
can easily produce functional layers of Al on
various types of substrates.

3. Next generation of Al deposition baths

AICI;3-DAIC baths exhibited high performance for
electrochemical Al deposition with respect to
coulombic efficiency of deposition and adhesiveness
of the Al layer to the substrates. However, these
baths have not been applied in mass production

because the baths have weak performance with air
and water and are corrosive. ILs with resistance to
air and water, and noncorrosive properties should
be developed in the future [56]. As the second-
generation ILs, water- and air-stable ILs have been
synthesized using hydrophilic anions [57] such as
tetrafluoroborate [58, 59], trifluoromethylsulfonate
[59, 60], bis(trifluoromethylsulfonyl)imide [26,
28, 59], tris(trifluoromethylsulfonyl)amide [61,
62] and dicyanamide [63] and cations of
alkylpyrrolidinium and alkylimidazolium. Among
them, 1-butyl-1-mathylpyrrolidinimu-trifluoromethyl-
sulfonate [60], 1-butyl-1-methylpyrrolidinium-
bis(trifluoromethylsulfonyl)amide [61], N-methyl-
N-alkylpyrrolidinium-dicyanamide  [63]  and
imidazolium-, pyridinium- and guanidinium [64]-
perfluoro-3-oxa-4,5-dichloro-pentan-sulphonate
[65, 66] ILs with AICl; have been used for Al
deposition. The number of studies on Al deposition
using hydrophobic ILs is low because these ILs
cannot perfectly overcome the problem of low
resistance against water and air. As an alternate
idea, the application of a hydrophobic layer as a
protection layer for moisture-sensitive ILs has
been proposed. The floating layer of decane which
is a nonpolar solvent and does not dissolve in
water covers the ILs and can block the contact of
ILs with moisture from the air and water. The
smooth, mirror-like Al layer from the n-decane/IL
bath could be prepared under ambient conditions
[16, 23, 25].
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To improve the moisture resistance of the bath for
Al deposition, third-generation ILs composed of
cationic complexes of Al’* ions containing neutral
ligands and anionic complexes of Al have been
developed. These solutions are called eutectic
solvents [30, 67]. When compared with conventional
ILs, the specific property of these new solutions is
that these solutions contain cationic complexes of
Al ions. In conventional ILs, the anionic species
AlCl, and ALCIl; exist in the solutions. The
anionic species containing Al ions transfer to the
cathode against the electric field when Al deposition
occurs on the cathode substrates. In contrast, the
cationic complexes in the eutectic solvents are
electrically attracted to the cathode. Therefore, the
mechanism of Al deposition in eutectic solvents
is different from that in conventional ILs [16].
In addition, the AI’" ions surrounded by neutral
ligands might be stable under high-moisture
conditions [68]. Urea [16, 69], acetamide [70],
ethylene carbonate (EC) [68], dipropyl sulfide
[71], substituted pyridine [72], 1-butylpyrrolidine
[73], dimethylsulfone [74] and 1,3-dimethyl-2-
imidazolidinone [75] have been used as neutral
ligands to AICl; in the process of Al deposition.
According to the following reaction, the cationic
and anionic Al species are formed in the solution
when AICl; and neutral ligands are mixed.

x AICl; +y ligand < [Al,.,Cly, 4(ligand),]’
+ AICL, )

The structure of [Al,Cly4(ligand),]” was
characterized by mass, Raman, IR and UV-vis
spectroscopies, IR and Al NMR [68, 76]. For
example, in the case of EC [68], AI’" ions are
surrounded by the octahedral configuration of
four EC molecules and two CI" ions with O atoms
having double bonding in the EC molecules as
coordination points.

The following electrochemical reduction of
[Alx_lC13X_4(1igand)y]+ was suggested by Shi [68]
in the case of EC ligands:

2 [AICL(EC),]" + 3¢ — Al + [AIC1,] + 2n EC (3)

When [AICL(EC),]" is reduced at cathode
surfaces, EC molecules will be released, and the
[AICl4] produced will be transferred to the anode.
It was confirmed that the deposition mechanism
of Al could be regarded as instantaneous nucleation
under diffusion control and that nanocrystalline

Al deposits and a bright surface of Al layers could
be formed [16, 69]. ILs composed of AICl;,
neutral ligands and hydrophobic anions, such as
trifluoromethanesulfonate and bis(trifluoromethane-
sulfonyl)-imide, have also been developed and
applied in Al deposition [77]. The fact that these
ILs have the property of water resistance was
confirmed by Dai and coworkers [72]. They
compared cyclic voltammograms obtained from
AICL-EMIC and AIlCI;-4-propylpyridine ILs at
a molar ratio of 1.3:1 for Al deposition under
air containing moisture without protective gas
(Figure 3). Although the cyclic voltammograms
obtained with AICL-EMIC IL exhibited high
degradation of reduction and oxidation current
densities for Al deposition/stripping reactions, the
reduction/oxidation current densities for Al in the
AlCl;-4-propylpyridine IL could maintain reaction
activity even under moisture, indicating the
water resistance of the AICl;-4-propylpyridine IL.
Finally, after 70 min, cyclic voltammograms for
AICl;-4-propylpyridine IL exhibited a much higher
reduction/oxidation current when compared with
those of the AICL-EMIC IL, indicating the
advantage of the AlCl;-4-propylpyridine IL under
moisture.

Recently, various types of quasi solvents for
Al deposition were developed to replace the
conventional and recent ILs, which are generally
expensive and viscous and have uncertain
influences on the environment [78, 79]. As the
first quasi solvent, imidazolium iodide ILs
containing monomethoxy-terminated poly(ethylene
glycol) and n-alkyl groups (PEGylated ILs) were
synthesized [80], and PEGylated ILs and KCI salt
were used as the solvents to dissolve AICIl;. The
PEGylated ILs-KCI-AICl; exhibited negligible
volatility, low viscosity (approximately 50 mPa-s),
intrinsic conductivity, and wide electrochemical
window (>2.5 V) for Al deposition [81]. The Al
deposition using this solvent could achieve high
purity of Al deposits and high adhesive property
of Al layers onto substrates even at low overpotential.
PEGs with low molecular weight (<800 g-mol™")
have properties including low cost, low melting
point, negligible vapor pressure, reduced toxicity,
high thermal and chemical stability, recyclability,
and easy degradability. Therefore, PEGylated ILs
will become a promising solvent for electrochemical
applications. In the case of the second quasi
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Figure 3. Cyclic voltammograms obtained with (A, C) AIC1;-EMIC and (B,C)AlCl;-4-propylpyridine ILs at a molar
ratio of 1.3:1 with Pt working electrodes at a potential scan rate of 100 mV-s™'. Reprinted from Electrochim. Acta,
160, Fang, Y., Yoshii, K., Jiang, X., Sun, X.-G., Tusda, T., Mehio, N. and Dai, S. An AICl; based ionic liquid with
a neutral substituted pyridine ligand for electrochemical deposition of aluminum, 82-88, Copyright (2015), with

permission from Elsevier.

solvent, y-Al,O; was dispersed in the solvent
consisting of an organic base and thiourea. The Al
layer could be electrochemically formed with the
solvent [82]. On the other hand, a-Al,O; could
not be dissolved/dispersed in the quasi solvent.
The interaction between p-Al,O; and thiourea
contribute to the dissolution/dispersion of y-Al,O;.
Not only coordinate bonding (Al::-S—C) but also
hydrogen bonding (O-+-H—N) existed in the complexes
formed by organic base, thiourea and y-Al,0s.

4. Formation of high-brightness Al surface

Recently, the electrochemical deposition of bright
Al films has been reported [83, 84], i.e., films that

possess high reflectance values ranging from 70 to
80% in the visible light region. If high-brightness
Al film formation can be achieved using
electrochemical deposition, Al films would be
applicable to a wide range of decorative coatings
and optoelectronic materials. The improvement of
the brightness of the electrodeposited surface by
adding some additives to the baths was examined
frequently [85], for example, thiourea in the
electrodeposition of copper from an acidic sulphate
bath [86] and glycerol, mannitol and sorbitol in
the electrodeposition of nickel from a Watts bath
[87]. As additives for Al deposition, organic
compounds of nicotinic acid and methyl nicotinate
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[83, 88], nicotinamide [89], 4-pyridinecarboxylic
acid hydrazide [48], polyethylene amines [90]
and Span-80, Span-85 and TX-100 [84], 1,10-
phenanthroline [91], and inorganic metal salts of

LiCl [84], LaCl; [84] and ZrCly [92] were
examined. Figure 4 (A-F) shows the micrographs
of the Al film surfaces obtained by the
electrodeposition of Al in the EMIC/AICl;/toluene
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Figure 4. Micrographs (A-F) of Al film surfaces obtained by electrodeposition and dependence (G) of the
reflectance of visible light (wavelength: 450 nm) on the 4-pyridinecarboxylic acid hydrazide concentration. The
EMIC/AICl;/toluene composition was fixed at an EMIC-AICI; molar ratio of 1:2 and 9.25 M toluene. The
concentrations of 4-pyridinecarboxylic acid hydrazide were as follows: (A) 0.45, (B) 0.9, (C) 1.35, (D) 1.8, (E) 2.7
and (F) 3.6 mM. Deposition time: 2 h; constant current density: 8.0 mA-cm™. The characters “KUKU UNIV”
were reflected on the deposited Al (upper part: Al film, lower part: printed-out characters). Reprinted from
Electrochim. Acta, 215, Uehara, K., Yamazaki, K., Gunji, T., Kaneko, S., Tanabe, T., Ohsaka, T. and Matsumoto,
F., Evaluation of Key Factors for Preparing High Brightness Surfaces of Aluminum Films Electrodeposited from
AICl;-1-Ethyl-3-Methylimidazolium Chloride-Organic Additive Baths, 556-565, Copyright (2016), with permission

from Elsevier.
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bath containing different concentrations (0.45-
3.6 mM) of the 4-pyridinecarboxylic acid hydrazide
additive [48]. A constant current density of
8.0 mA-cm™ and a deposition time of 2 h were
used for the entire Al electrodeposition process.
To determine the brightness differences between
the Al films, pictures were taken of the Al films
on which the characters “KUKU UNIV” were
reflected (upper part: Al film, lower part: printed-
out characters). The visibility of the characters
reflected on the Al films was considered a
measure indicating the surface brightness. The
reflectance increases from 69 to 78% when the
4-pyridinecarboxylic acid hydrazide concentration
is increased from 0.45 to 1.35 mM, and it attains
its maximum value (84%) at 1.8 mM. Further
increasing the concentration leads to a gradual
decrease in the reflectance.

Zhang et al. suggested the importance of electron
density at the N atom of the pyridine ring of
organic compounds as an additive to prepare
bright Al coatings [83]. Bright Al coating could
be electrodeposited with nicotinic acid and methyl
nicotinate as additives, while lusterless Al coating
was obtained in the presence of 3-methylpyridine,
indicating that pyridine derivatives with electron-

—
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bulk solution

Mo potential

withdrawing groups could make the deposited
Al surface brighter. When potential is applied
to electrodes during the electrodeposition of Al
films, the cathodic charge on the electrode surface
is compensated in the first layer of cations. In
this case, EMI" cations adsorb on the electrode
surface. Additives also strongly adsorb on the
electrode surface with EMI" cations (Figure 5).
Strong adsorption of additives onto the surface
of the growing Al nuclei hinders their further
growth, producing very fine particles with sizes in
the nanometer range and as a result Al films with
high brightness. The adsorption point of the
additives might be the N atom of the pyridine
ring. The decrease in electron density at the
N atom of the pyridine ring accelerates the
adsorption of additives to the electrode surfaces.
The degree of the electron drawing and electron
donating ability of the functional groups that are
connected to the pyridine ring by additive
molecules determines the adsorption ability to the
electrode surface. Their proposal can be accepted
by other researchers. However, they compared
the results obtained with only three additives.
Additional results that follow their approach are
needed. The addition of inorganic metal salts to
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Figure 5. Schematic illustration of Al deposition with an organic additive containing N* from
AICL;-EMIC ionic liquid. Reprinted with permission from J. Electrochem. Soc., 162 (8) D320
(2015). Copyright 2015, The Electrochemical Society.
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the baths inhibits the crystal growth of Al deposits
by adsorbing the species produced with inorganic
metal salts to the deposit surfaces [92].

5. Electroless deposition of Al

Electroless deposition is one of the most important
coating techniques and can produce even coatings
on substrates with various shapes. If Al layers
can be coated on many types of substrates by
electroless deposition, high-corrosion-resistant
layers can be applied on the substrates by Al.
As far as we know, the first report on Al electroless
deposition was published in 2008 by Koura and
coworkers [93, 94]. After their studies, their idea
was utilized in several applications for the
formation of Al thin films [95-98]. For example,
the Al precursor solution of AIH;{O(C;Hy),} was
prepared by an ethereal reaction of AICl; with

= Aluminum precursor solution - -

T gy ‘.J.r""""\-r'""'\-

L
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for 1 h byproducts (LICH

W Immersion of catalytically treated
H u W i substrate into Al precursor solution

AIHL{O(C,Hg)s} in solvent —

LiAlH, in O(C4Hy), [95]. The substrate on which
the Al layer was to be deposited was treated
with Ti(O-i-Pr), to deposit TiO, catalysts on the
substrate. The treated substrate was immersed into
the Al precursor solution of AIH;{O(C4Hy),}, and
the decomposition of the Al precursor proceeded.
The nucleation and grain growth of Al resulted in
the formation of the Al layer on the substrate
surface (Figure 6). In addition, the deposition of
an Al layer with galvanic displacement of atoms
on the substrates with Al atoms has been reported
[99]. Several interesting papers on the electroless
deposition of Al have been published. However,
the kinds of solvent and reducing agent used
in the process were limited. To spread the
employment of electroless deposition of Al across
many areas, water- and air-stable baths and
reducing agents should be developed.
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Figure 6. Schematic description of the process and mechanism of electroless Al deposition.
Reprinted with permission from [95]. Copyright 2013 American Chemical Society.
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Although not accurate, research on light-induced
Al deposition has also been examined (Figure 7)
[100]. The photogenerated electrons are generated
on the n-side of the p-n junction by emitting lights
to the p-n junction. The AL,Cl; ions are reduced
using the photogenerated electrons, and Al metal
is deposited on the n-side of the p-n junction. The
resistivity of the Al layer deposited was as low as
4 x 10° Q-cm. The value was 1.5 times that of
bulk Al. The Al layer was formed on Si substrates
by electrochemical deposition from an AlICl;-1-
ethyl-3-methylimidazolium chloride IL. The
resistivity of the Al layer deposited was in the
high 10 Q-cm range [100].

(a) x

Recently, an interesting Al film formation process
assisted by the catalytic action of Pt nanoparticles
deposited on the substrates on which Al film was
to be formed was also applied in the wiring in
circuits fabricated on Si substrates [101]. The
source of the Al layer was triethylamine alane
(AIH;NEt). The AIH;NE; suffered dehydrogenation
reaction by the catalytic action of the Pt nanoparticles
and then was reduced to Al metal as schematically
drawn in Figure 8. The pattern on which the lines
of Al layer were orderly arranged was successfully
formed using this Al formation method on silicon
substrates (Figure 9). Both line width of the Al
layer and the spaces between the lines were 20 pum.

Glass fank
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Figure 7. Schematic descriptions of (a) the experimental setup of light-induced Al deposition on p-Si and
(b) the deposition mechanism. Reprinted with permission from J. Electrochem. Soc., 165, D381 (2018).

Copyright 2018, The Electrochemical Society.
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Figure 8. Schematic description of the catalytic deposition of Al on nanocrystalline Pt. (a) Formation of the Pt
nanocrystalline pattern on Si substrate. (b) Immersing the substrate into alane solution at ~105-120 °C. (c) Al metal
formation on the substrate. (d), (¢) Reaction sequences for the formation of Al films. Reproduced with permission
from [101], Copyright 2019 American Chemical Society.

a)

200 ym S0um_
20 ym 1um

Figure 9. SEM images of Al layer deposited selectively on line pattern of copper on silicon substrate. (a) Optical
microscopy of the 20 um Al electrode pattern. (b) SEM image of the electrode pattern in the area marked with red
lines in (a). (c¢) SEM image of the enlarged area marked with red lines in (a). (d) Highly magnified surface SEM
image of Al film deposited on Si substrate. Reproduced with permission from [101]. Copyright 2012, American
Chemical Society.
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6. Micro- and nanofabrication with
Al deposition

Al deposits of various shapes have been prepared
using electrochemical deposition. The prepared
deposits were used in many application areas to
improve the reaction rate and the performance of
devices. For preparing Al deposits of various
shapes, there are two types of electrochemical
deposition methods: methods using templates that
support shape-formation of the nanostructures and
methods that doesn’t use the templates. When the
templates are not used, the -electrochemical
parameters such as current density, deposition
potential and presence/lack of stirring of the bath
are the main factors for shape-formation.

In the case of “without the templates” methods,
several instances of preparation of Al nano- and
microwires and nanoparticles have been reported.
The first interesting example of Al wire
preparation was examined by Sun and coworkers
using Lewis acidic AICls/trimethylamine [102].
Fine nanowires with an average diameter of 222
nm and a length longer than 50 pm could be
obtained on the W substrate surface (Figure 10).
The length of the wires could be controlled using
deposition time without significantly increasing
the wire diameter. They suggested the
contribution of a double layer structure to the
formation of Al nanowires on electrode surfaces.

e
NCKLL 10 L. Bt SEAULT

' ﬁ| l]u;in 1

The double layer appeared on the surface of
electrodes when negative potential was applied to
the electrode for Al deposition. The first layer of
the double layer consists of the surface charge of
ions adsorbed onto the electrode due to chemical
interactions. The second layer is composed of ions
attracted to the surface charge via the Coulomb
force. These charges affect the mass-transfer of
Al sources. Li and coworkers have also reported
the electrochemical fabrication of Al nanowires
using AlCl;-1-butyl-1-methylpyrrolidinium chloride
(BMPC) (mole ratio is 2:1) (Figure 11) [103].
They showed interesting SEM images of the
electrochemical 2D nanofilm-3D nanonuclei-1D
nanowire (EC 2D-3D-1D) growth of Al deposits
from an AICly/BMPC IL. Sun and coworkers
proposed the mechanism of electrochemical
growth of Ni—Zn alloy filament arrays from a
basic ZnCl,—EMIC ionic liquid containing NiCl,
[104]. The electrochemical formation of Al wires
from the AICl;/BMPC IL might also be controlled
by the same mechanism. Electroactive species of
ZnCl;y" (Al,Cl; in the case of Al deposition) were
consumed near the filament arrays (nanowire in
the case of Al deposition), and the concentration
of the less-active species of ZnCl> (AICly)
increased around filaments because the reduction
of ZnCl;" (ALLCly) to Zn (Al) released CI ions to
the areas between the filaments (wires) (Zone Il in
reference [104]) (Figure 12).

MCKL 10.0kV 8 2mm «100k SE(LIL)

Figure 10. Low- and high-resolution SEM images of Al deposited electrochemically from Lewis acidic
AlCl3/trimethylamine hydrochloride ionic liquid. Reprinted from Electrochem. Commun., 34, Su, C.-J., Hsieh, Y.-T.,
Chen, C.-C., Sun, L.-W., Electrodeposition of aluminum wires from the Lewis acidic AICls/trimethylamine
hydrochloride ionic liquid without using a template, 170-173, Copyright (2013), with permission from Elsevier.
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Figure 11. Schematic description of (a-¢) electrochemical 3D-2D-1D Al deposit growth mechanism and
experimental setup of electrochemical deposition and SEM images of Al deposited electrochemically from AICI;/1-
butyl-1-methylpyrrolidinium chloride ionic liquid. (a) The partially peeled-off Al nano thin film, (b) the Al nano
thin film with Al nanonuclei, (c, d) the Al nano thin film with Al nanowires. Reprinted with permission from
J. Electrochem. Soc., 165, D641 (2018). Copyright 2018, The Electrochemical Society.
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Figure 12. Schematic descriptions of the growth mechanism of the Ni-Zn filament array from a basic ZnCl,~EMIC
ionic liquid containing NiCl,. Reproduced from [104] with permission from the Royal Society of Chemistry.
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Nanoparticles are also one of the most important
components for nanofabrication. Al nanoparticles
react with water and generate heat and hydrogen
gas. Therefore, the formation of Al nanoparticles
has recently attracted much attention from many
researchers and engineers [105]. The Al nanoparticles
could be prepared by the electrochemical
deposition of Al ions from ILs. Endres reported
nanoparticle deposits of Al with AlICl;-1-butyl-1-
methyl pyrrolidinium bis(trifluoromethylsulfonyl)imide
ILs for the first time [26]. In their next paper [28],
SEM images of clear nanoparticles with deposit
sizes less than 100 nm were reported (Figure 13).
To obtain Al deposits in the nanoparticle form on
an electrode surface, they changed the applied
potential, substrates and deposition temperature.
These conditions were carefully optimized to form
Al nanoparticles on substrates. The preparation
of Al nanoparticles was also tried using

._a-l.. .’1 _._I...'L-_
atlD: D)

sonoelectrochemistry in which an ultrasound horn
worked as a cathode and ultrasound emitter [106].
The sonoelectrochemistry was a new technique
developed to prepare the nanoparticle form of
metals, metal alloys, semiconductors and conducting
polymers [107]. A solution of lithium aluminum
hydride (LiAlH4) and AICl; in a tetrahydrofuran
(THF) solvent was used. During Al deposition,
current pulses and ultrasound pulses were applied
to the solution. The short current pulse for depositing
nanoparticles on substrates is immediately followed
by a short ultrasound pulse for removing the
deposited nanoparticles from the substrates. The
average particle size of Al nanoparticles prepared
using a sonoelectrochemistry system was 10-20 nm.

Nanorods and microporous structures could also
be prepared by combining electrochemical deposition
and templates. Al nanorods will be used for
applications in optical measurements, such as

.“'

M

3
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*
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Figure 13. SEM images of electrochemical Al deposits on gold substrates from AIlCI;-1-butyl-1-
methylpyrrolidinium-bis(trifluoromethylsulfonyl)imide with constant-potential electrolysis for 1 h at
(a) -1.7 (room temperature), (b) -1.0 (50 °C), (c) -0.75 (75 °C) and (d) -0.45 (100 °C) V vs. AI/AICl;.
Abedin, S. Z. E., Moustafa, E. M., Hempelmann, R., Natter, H. and Endres, F., 2006, ChemPhysChem,
7, 1535-1543. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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surface plasmon resonance (SPR) [108]. For
example, Pang reported the formation of Al
nanorods using anodic porous alumina membranes
(AAM) on which straight holes with diameters of
100 nm were arranged [109]. In the first step, Zn
metal was filled in the holes of the AAM by
electrochemical deposition. After that, Zn metal
was replaced by Al metal by dipping the AAM/Zn
into a solution containing 0.1 M AICI; and 0.05 M
EDTA and was buffered to pH = 7 with ammonia
solution. The Al nanorods were obtained by
dissolving the AAM with a mixed solution of
phosphoric acid (6 wt%) and chromic acid (1.8 wt%).
Nuclear track-etched polycarbonate membranes
were also used as the template instead of AAM
templates [110]. The UV-visible and FT-IR
transmission spectra exhibited characteristics
expected of Al nanorods [111]. In addition,
macroporous Al films were synthesized using the
template of hexagonally ordered three-dimensional
structures formed using mono-sized polystyrene
(PS) spheres and the electrochemical deposition
of Al [112]. The gaps in the hexagonally ordered
three-dimensional structures were filled with Al
atoms. After chemical dissolution of the PS spheres,

the macroporous Al films were synthesized. The
macroporous Al films were used as a host material
for Li deposition/stripping from/to ILs.

7. Application of Al deposition in the
manufacture of batteries

Al batteries were recently researched by many
researchers and engineers because it was reported
that rechargeable Al-carbon batteries exhibited a
relatively high discharge potential (~2 V), a specific
capacity of 50-90 mAh-g”' and a long cycle life of
7500 cycles [113, 114]. When the battery is
charged, in the anode, Al,Cl; ions are reduced to
Al metal, as shown in eq. (1), and in the cathode,
AICly ions (or Al,Cly) are intercalated with
graphite interlayers. In the discharging process, Al
metal is oxidized to AI*" ions, and the dissolved
AP’" ions react with AICl, ions to form ALCly
ions at the anode surface, and the AICIl; ions (or
AL Cly) are deintercalated from graphite interlayers.
The AICly ions (or Al,Cly) are intercalated/
deintercalated in the charging/discharging process,
similar to rocking-chair Li-ion batteries (Figure 14)
[115]. The problems of cathode reactions for

Charging T W
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g
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Figure 14. Schematic description of an Al-based full battery system. Discharging process: (1) Al metal is oxidized
to AI’" ions, (2) Al metal is oxidized to AI**, and upon AI’* formation, AICl, becomes to AL,Cl;, (3) AICl, is
deintercalated from the graphite interlayers, and (4) Al,Cl; is deintercalated from graphite interlayers. Reproduced
from [115] with permission from the Royal Society of Chemistry.
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intercalation/deintercalation have been analyzed
to improve the reaction efficiency [116]. Efforts
have been made for improving cathode reactions
of AICly ions (or ALL,Cl;) by changing the cations
in IL electrolytes [117]. The theoretical capacity
of the Al anode is 2980 mAh-g" which is
comparable to 3860 mAh-g" observed for lithium
[118]. In order to apply Al deposition/reduction
reactions to secondary batteries, the capacity
which Al potentially has should be obtained
reversibly in the charging/discharging process of
the batteries. Sun and coworkers examined the
reversibility of the stripping/deposition of Al with
various imidazolium cations and found that weak
interactions between imidazolium cations and
ALCIl; anions improved the reversibility of the
stripping/deposition of Al [119]. An AIlCI;-1-
methyl-3-propylimidazolium chloride (MPIM) IL
exhibited the highest reversibility among DAIC.
The battery produced using the AICl;-MPIM IL
exhibited high discharging/charging efficiency
compared with those using other ILs. 1-butyl-1-
methylpyrrolidinium-bis(trifluoromethylsulfonyl)
imide- and 1-ethyl-3-methylimidazolium-
bis(trifluoromethylsulfonyl)imide-AlCl; ILs were
compared from the perspective of reversibility of
the stripping/deposition of Al. Although the ratio
of anodic to cathodic charge for the stripping/
deposition of Al is much lower, in the 1-butyl-1-
methylpyrrolidinium-bis(trifluoromethylsulfonyl)
imide-AlICl; IL, 1-ethyl-3-methylimidazolium-
bis(trifluoromethylsulfonyl)imide-AlCl; IL exhibited
a ratio close to 1 [28]. AICl;s-triethylamine
hydrochloride (Et;NHCI) ILs (AICly/Et;NHCI
molar ratios = 1.0-1.7) have a Coulombic
efficiency of stripping/deposition of Al of 95%
and 91% for AIC1;-EMIC ILs [120]. AlICI;-LiCl-
dimethylsulfone and AICl; and urea in a 1.3:1
molar ratio also exhibited high Coulombic
efficiency of stripping/deposition of Al [121, 122].
ILs of AICI;—NaCl-KCl at 393 K and AICl;—
LiCI-KCI below 100 °C have also been reported
to exhibit high reversibility for Al deposition/
stripping [123, 124]. The AICl;-NaCl-KCl IL
exhibited higher charging/discharging cycle
performance for the deposition/stripping of Al
than AICL-EMIC IL [123]. The reversible Al
deposition/stripping could be observed in gel
polymer electrolytes in which AICL-EMIC ILs
were present at 80 wt% [125].

As in lithium batteries, in which Li metal is used
as an anode, dendrite formation on anode surfaces
after charging processes must be avoided to
ensure safety of Al batteries. Al deposition also
produces dendrites of Al metal in some cases [42],
although Al has a low tendency towards dendrite
growth [126]. In the case of Al deposition, there
is discussion on the relationship between the
structure of the electrical double layer in ILs and
the surface morphology of the Al deposits. When
the cathode is applied to the negative potential for
Al deposition, imidazolium cations are adsorbed
onto the cathode as the first layer, and a double
layer is then formed on the cathode. The degree
of penetration of Al,Cl; active species into the
double layer for Al deposition on the cathode
surface depends on the structure of the double
layer. When the Al,Cl; active species cannot easily
penetrate into the double layer, overpotential is
needed, resulting in a larger grain size, rougher
Al deposits, and ultimately Al dendrites [127].
Reddy et al. [42] examined the relationship
between the substrates, overpotential and surface
morphology of Al deposits. In their paper, based
on the Volmer—Weber model, which considers
the binding energy of the electrodeposited metal
(M) either on the substrate (S), Eps, or on the
predeposited metal, Eypy, [128, 129], the surface
modification of electrodes reduced the dendritic
depositions of Al. Thus, the selection of substrates
is important for inhibiting dendrite formation.
For example, surfaces made of aluminum oxide,
porous carbon paper and expanded graphite
restricted the growth of crystalline Al dendrites
due to a decrease in the nucleation sites and
acceleration of the diffusion of active ions
[130-132].

8. Conclusions

In this paper, we reviewed old and new materials
and techniques for the electrochemical deposition
of Al from anhydrous electrolytes. The problems
that were identified at the early stage of
electrochemical deposition of Al, such as ion
conductivity, potential windows and moisture
resistance, were overcome by developing new
solvents, such as ILs and eutectic solvents. The
applicability of Al deposition was also improved
to near the point of practical trials. However, in all
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research areas concerning Al deposition, the
materials used to prepare the electrolytes are
still very expensive. In addition, the durability of
these recently developed materials has not been
tested in mass production for long-term use. For
Al deposition to be applied in mass production
processes, the performance of these solvents
should be examined and continually improved. If
a mass production process for Al coating can be
developed, there will be an abundance of Al
products that are light and more noncorrosive.
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