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1. Introduction

Aluminum (Al), along with iron (Fe) and copper 
(Cu), is one of the indispensable materials in our life1). 
Al is not expensive and has a specific gravity of about 
one-third that of Fe. In addition, it is relatively soft 
and has a high malleability, which has the property of 
being easily processed into various shapes. Therefore, 
it has been adopted in various products. Al foil is one 
of the products that takes advantage of these 
properties, which has been used for various purposes. 
In particular, electrical equipment applications mainly 
include electrode foils for Al electrolytic capacitors 

and the current collectors for the positive electrodes 
of lithium-ion batteries (LIBs). In the Cu foil of the 
current collector for the negative electrodes of LIBs, a 
rolling method or an electrolysis method is used 
depending on the applications and the required 
characteristics2, 3). On the other hand, whereas Al foil 
is industrially manufactured by the rolling method, 
the production of Al foil by the electrolytic method 
(electrolytic Al foil) has not yet been established.
One of the reasons for this is that the standard 

electrode potential of Al (–1.676 Vνs. SHE) is much 
lower than that of hydrogen, which makes it difficult 
to electrodeposit Al from aqueous solutions. Non-
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aqueous solutions, such as molten salts4 ～ 8), ionic 
liquids (ILs)9 ～ 14), and organic solvents2, 3, 15), have been 
used as the electrolytes for the electrodeposition of Al 
at ambient temperature. In addition, in recent years, 
deep eutectic solvents have also been studied as the 
electrolytes16, 17), all of which are at the stage of basic 
research . When these l iqu ids a re employed , 
electrodeposition is required in an atmosphere of an 
inert gas and the solution cost is higher than that of 
using an aqueous solution. Thus, the production of Al 
foils by the electrolytic method has several problems 
in terms of safety, cost, and technology, thus it has not 
yet been widely put into practical use3). 

In the case of electrolytic Cu foil, its properties are 
governed by the operat ing condit ions of the 
electrolysis18). In general, the operating conditions 
(metal ion concentration, additives, current density, 
temperature, agitation, polarization) will determine 
the grain sizes of the deposits.19) These conditions 
affect the grain size of the electrolytic Cu foil that 
determines the deposition rate and the surface 
roughness (smoothness). Similarly, the production of 
Al foil will require these conditions. The physical 
properties of Al foils will require the deposition rate 
and smoothness as the first step. In the articles on Al 
electrodeposition using ILs, the relation between the 
operating conditions and the smoothness has been 
reported . For example , Bakkar and co -worker 
reported that the grain size of Al deposits clearly 
decreased as the electrolysis potential shifted to 
negative11). Apart from this, Wang and co-workers 
reported that a bright Al coating could be obtained by 
adding nicotinic acid or methyl nicotinate to a Lewis 
acidic AlCl3-BMIC (1-butyl-3-methylimidazolium 
chloride) IL12). Ueda and co-workers reported that the 
surface roughness was improved by adding 1, 
10-phenanthroline anhydrate (OP)(Fig. 1 (a)) to a 
Lewis acidic AlCl3-EMIC (Fig. 1 (b)) IL14). BASF has 
developed an Al deposition process using a Lewis 
acidic AlCl3-EMIC IL with additives20). This process 
improved the adhesion and density of the Al coating. 
To the best of our knowledge, there are a few papers 
that have clearly reported the deposition rate. Instead 
of the deposition rate, we now focus on the relation 
between the current densities and current efficiencies. 
Kamavaram and co -workers reported that high 

applied voltages and concentration of AlCl3 yielded 
high current densities9). In addition, the current 
densities obtained during this process were in the 
range of 200 ～ 500 Am–2 and the current efficiencies 
were in the range of 70 ～ 90%9). There are few 
art icles that systemat ica l ly invest igated the 
correlation between the Al deposits and the operating 
conditions. In order to effectively scale up from the 
laboratory level to the practical level, it is desirable to 
make the above correlat ion suf f icient ly clear. 
Moreover, there are few reports that achieve both a 
sufficient deposition rate and smoothness at the 
higher current densities.
In this study, our group has focused on the Al 

electrolysis using room-temperature ILs. Al can easily 
be deposited from the chloroaluminate ILs although a 
practical technology for depositing Al from the ILs 
has still not been established. There are several 
problems such as a low limiting current density and 
deposition in a dendritic form. In particular, the high 
deposition rate and the smoothness of the electrolytic 
Al foil are required for practical application. In order 
to manufacture an electrolytic Al foil in the ambient 
temperature region, we investigated how to obtain a 
smooth foil at a higher current density. A Lewis acidic 
AlCl3-EMIC melt was employed as the electrolyte, and 
the influence of the operating conditions, such as the 
operat ing temperature , current densit ies , and 
addit ives (OP) , on the deposit ion rate and the 
smoothness of t he e lect ro ly t ic A l fo i l were 
investigated.

2. Experimental

2.1　Preparation of electrolyte

In order to remove residual moisture, anhydrous 

Fig. 1　Structural formulas of (a) 1,10-phenanthroline 
  anhydrate (OP) and (b) 1-ethyl-3-

methylimidazolium chloride (EMIC).

(a) (b)
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AlCl3 (Sigma Aldrich, ≥ 99.99%) and EMIC (Kanto 
Chemical Co., Inc., ≥ 98%) were dried at 60 ℃ for 10 h 
in vacuo. A chloroaluminate ionic liquid consisting of 
anhydrous AlCl3 and EMIC at a 2:1 molar ratio was 
mixed in an Ar-filled glove box (Vacuum Atmospheres 
Co., VAC101965-OMNI-LAB). This ionic liquid was 
purified by a substitution method21). Al wires were 
immersed in the above liquid for ca 1 month, and a 
colorless and transparent electrolyte was obtained. 
20 mmol dm–3 OP (Sigma Aldrich) was added to the 
electrolyte as an additive.

2.2　Electrochemical experiments

A constant-current electrolysis method was carried 
out in a conventional three-electrode cell with stirring 
at room temperature (RT) and 50 ℃. A Ti plate 
(Ni laco , th ickness : 0.2 mm, pur ity : 99.5%) was 
employed as the cathode. As the pretreatment of the 
Ti plate, after being sonicated with ethanol and 
acetone, it was dried with cold air. In order to control 
the exposed area (0.95 cm2) of the Ti plate to the 
electrolyte, it was masked with Nitoflon tape (Nitto 
Denko, No.903UL, thickness: 0.08 mm). A reference 
electrode (Al/Al(III)) was constructed by placing an 
A l wire (0.99 -mm-d iameter) in a Pyrex tube 
terminated with a porous G4 glass f r it . The 
electrolyte for the reference electrode was a AlCl3–
EMIC melt at a 2:1 molar ratio. An Al plate (Nilaco, 
thickness: 1.2 mm, purity: 99.99%) was employed as 
the anode.
The conditions of the constant-current electrolysis 

were as follows: the operating temperatures of RT 
and 50 ℃, the stirring speed of 1500 rpm, the current 
density of 21.1～63.2 mA cm–2, and the total charge of 
30.0 C cm–2. A magnetic stirrer hot plate with a stir 
bar of 1.5 cm long was used to control the operating 
temperature and the stirring speed of the electrolyte. 
Electrochemical experiments were performed using a 
computer-controlled electrochemical measuring 
system (Hokuto Denko, HZ-7000).

2.3　Analysis of the deposits

The surface morphology was observed using a field-
emission scanning electron microscope (FE-SEM, 
JEOL, JSM-7001F). For observation of the crystal 
grains, after treating the cross section of foils with a 

focused ion beam processing apparatus (FIB, Hitachi 
High Technology, MI4050), the treated cross section 
was observed using a scanning ion microscope (SIM). 
For measurement of the foil thickness, after fixing the 
foil with resin, the cross-section of the foils was 
observed using an ultra-low accelerating voltage 
scanning electron microscope (ULV-SEM, JEOL Ltd., 
JSM-7800). The deposition rate was calculated from 
the foil thickness obtained from the cross-sectional 
SEM images and the electrolysis time for each 
electrolysis condition. The arithmetic mean roughness 
(Sa) was observed using an atomic force microscope 
(AFM, Park Systems, NX-10). The crystal structure 
was analyzed by X-ray diffraction (XRD) using an 
X-ray diffraction meter (Rigaku, MiniFlex600) with 
Cu Kα radiation (λ= 0.15418 nm). The obtained 
deposits were washed with ethanol and acetone to 
remove the electrolyte prior to analysis.

3. Results and Discussion

For the electrolytic Cu foil, it is well known that a 
Ti plate is used for the cathode and electrolysis is 
carried out at an operating temperature of 50 ℃22). 
Thus, the Al electrolysis was performed under these 
conditions. Fig. 2 shows the chronopotentiograms for 
the depositing of Al on the Ti plate substrate under 
var ious operat ing condit ions . These cathodic 
polarization curves mean the following reaction for 
the Al deposition.

Fig. 2　Chronopotentiograms for depositing of Al on 
  the Ti plate electrode in the AlCl3-EMIC melt 

at (black) room temperature, (blue) 50 ℃, and 
(red) 50 ℃ with 20 mmol dm–3 of OP additive; 
current density: (dashed line) 21.1, (solid line) 
52.6 mA cm–2, total charge for all deposits: 30 C 
cm–2.
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4Al2Cl7– + 3e– → Al + 7AlCl4– [1]

The electrolytic potential at RT shifted negative 
with increasing the current density from 21.1 mA cm–2

to 52.5 mA cm–2. Both cathodic polarization curves 
were measured within –2.2 Vνs. Al / Al (Ⅲ). It has 
been reported that the reductive decomposition of the 
EMI+ cation occurred at the potential of –2.2 Vνs. Al 
/ Al (III)23). Therefore, it is considered that no side 
reaction due to the reductive decomposition of the 
EMI+ cation would occur. By increasing the operating 
temperature to 50 ℃ , both electrolytic potentials at 
21.1 mA cm–2 and 52.5 mA cm–2 shifted to positive. 
This would be because as the operating temperature 
increases, the specific conductivity of the electrolyte 
increases24), thus the solution resistance would 
decrease. On the other hand, the OP addition had 
a lmost no ef fect on the electrolyt ic potent ia l , 
suggesting that OP would not affect the diffusion of 
the reactive ion species (Al2Cl7– ions).

Table 1 summarizes the relation between operating 
conditions and current efficiencies of resulting Al foil. 
We defined the percent current efficiency as the ratio 
between the actual amount of deposits to that 
theoretically calculated from Faraday's laws25). In the 

OP-free bath, the current efficiencies at the operating 
temperature of 50 ℃ were higher than those of RT at 
both current densities. This would be because some of 
the deposit was detaching from the edge of the Ti 
plate substrate. Regardless of the OP addition, the 
current efficiencies were more than 90% even at the 
current density of 52.6 mA cm–2, suggesting that it 
would be improbable to be a parasitic reaction 
involving OP that is competing with the Al deposition.

Fig. 3 shows the photographs of the resulting Al 
foil obtained on the Ti plate substrate under the 
various operating conditions. As shown in Fig. 3 (a), 
the edge of the Al foil obtained from the OP-free bath 
at RT was remarkably rough. As shown in Fig. 3 (b), 
by increasing the operat ing temperature , the 
roughness of the edge was clearly improved. As 
shown in Fig. 3 (c), by adding OP to the bath, a matte 
finish Al foil was obtained, suggesting that the 
smoothness would be dramatically improved by 
chemical action rather than by thermodynamic action 
(polarization effects).

Fig. 4 shows the FE-SEM images of the resulting 
Al foil obtained on the Ti plate substrate under the 
various operating conditions. The crystal grain shape 
was the same, like a texture, regardless of the 
operating conditions. As shown in Fig. 4 (a-I), (b-I), in 

Table 1 Relation between operating conditions and current efficiencies of resulting Al foil.

Additives Operating temperature ℃ Current density mA cm–2 Current efficiency %
None

None

OP

Room temp.

50

50

21.1
52.6
21.1
52.6
21.1
52.6

85.1
84.8
97.5
99.6
95.6
96.5

Fig. 3　Photographs of resulting Al foils obtained on the Ti plate substrate from the AlCl3-EMIC melt at (a) room 
temperature, (b) 50 ℃, and (c) 50 ℃ with 20 mmol dm–3 of OP additive; current density: 42.1 mA cm–2, total 
charge for all deposits: 30 C cm–2.

(a) (b) (c)

0.25 cm
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the OP-free bath, the crystal grain size became 
smaller with increasing the current density. At the 
high current densities, many Al nuclei are generated 
and then each nucleus grew as the current disperses, 
resulting in smaller crystal grains25, 26). As shown in 
Fig. 4 (a-II), (b-II), crystal grain sizes of both samples 
g rew l a rger w it h i ncrea s ing t he operat i ng 
temperature. When the operating temperature 
increased, the surface diffusion distance of the 
deposited Al atoms would increase, forming large 
nuclei , then the current concentrates on them, 
resulting in the growth of large crystals26, 27). As 
shown in Fig. 4 (a-I I I ) , (b -I I I ) , at both current 
densities, the crystal grain size became smaller by 
the addition of OP. However, the addition of OP to the 
melt at 50 ℃ did not affect the overpotential for the 
electrolysis as shown in Fig. 2. This suggests that the 
crystal growth of Al is suppressed by the adsorption 
of OP itself on the substrate, similar to nicotinic acid 
and methyl nicotinate12). 
The effect of the operating conditions on the grain 

growth of the resulting Al foil was observed. Fig. 5
shows the cross-sectional SIM images of the resulting 
Al foils obtained on the Ti plate substrate under the 
various operating conditions. Regarding the method of 
calculating the foil thickness, eight points were 
measured in the same foil, and then their average 

value is shown in Fig. 5. The foil thickness obtained at 
50 ℃ was thicker than the foil thickness obtained at 
RT. This would mainly be due to the difference in the 
current efficiency. In the OP-free bath, the crystal 
grains increased and the surface roughness was high 
as the operating temperature increased from RT to 50
℃. When OP was added to the bath at 50 ℃, the 
crystal grains were dramatically decreased and the 
smoothness was enhanced. Based on these SIM 
images, the effect of the operating temperature and 
the OP addit ion on the gra in growth and the 
smoothness was clearly clarified.

Fig. 6 shows the AFM images and the surface 
roughness (Sa) values of the resulting Al foil obtained 
on the Ti plate substrate under the various operating 
conditions. As shown in Fig. 6 (a-I ), (b-I ), in the 
OP-free bath, the Sa value decreased with increasing 
the current density (Sa = 0.2429 µm → 0.1273 µm). As 
shown in Fig. 5 (a-II), (b-II), both Sa values became 
higher with increasing the operating temperature. 
Moreover, as shown in Fig. 5 (a-III), (b-III), the OP 
addition drastically reduced both Sa values and 
showed the values of about 1/10. In particular, in the 
case of Fig. 5 (b-III), 45.8 nm of Sa was obtained, 
which was smoother than the Sa value (105.8 nm) of 
the commercial Al foil for a battery current collector. 
By adding OP to the melt , the Sa value became 

Fig. 4　FE-SEM images of resulting Al foils obtained on the Ti plate substrate from the AlCl3-EMIC melt at (I) room 
 temperature, (II) 50 ℃, and (III) 50 ℃ with 20 mmol dm–3 of OP additive; current density: (a) 21.1, (b) 52.6 mA 
cm–2, total charge for all deposits: 30 C cm–2.

2 µm

(a-Ⅰ)

(b-Ⅰ)

(a-Ⅱ)

(b-Ⅱ)

(a-Ⅲ)

(b-Ⅲ)
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significantly lower, indicating that the OP addition 
strongly suppresses the roughness. These results are 
consistent with the trend in the crystal grain sizes 
shown in Fig. 4.

Fig. 7 shows the relation between the current 
density and the deposition rate calculated from the 
foil thickness obtained from the cross-sectional SEM 
image (not shown). As the current density increased, 

the deposition rate increased. Further increasing the 
operating temperature significantly increased the 
deposition rate. This would be because the current 
eff iciency increased due to the increase in the 
operating temperature. A linear relation was shown 
with or without OP although the linear relation was 
lost at the current density of 52.6 mA cm–2 or higher. 
This is due to the decrease in the foil thickness due to 

Fig. 5　Cross-sectional SIM images of resulting Al foils obtained on the Ti plate substrate from the AlCl3-EMIC melt at 
  (a) room temperature, (b) 50 ℃, and (c) 50 ℃ with 20 mmol dm–3 of OP additive; current density: 52.6 mA cm–2, 

total charge for all deposits: 30 C cm–2.

(a) (c)(b)

1.0 µm

8.298.205.61
µm µm µm

Fig. 6　AFM images of resulting Al foils obtained on the Ti plate substrate from the AlCl3-EMIC melt at (I) room 
temperature, (II) 50 ℃, and (III) 50 ℃ with 20 mmol dm–3 of OP additive; current density: (a) 21.1, (b) 52.6 mA 
cm–2, total charge for all deposits: 30 C cm–2.

(a-Ⅰ) Sa = 0.2429 µm (a-Ⅱ) Sa = 0.7735 µm (a-Ⅲ) Sa = 87.4 nm

(b-Ⅰ) Sa = 0.1273 µm (b-Ⅱ) Sa = 0.4245 µm (b-Ⅲ) Sa = 45.8 nm
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the decrease in current efficiency. At the operating 
temperature of 50 ℃ and current density of 52.5 mA 
cm–2, the deposition rates of the OP-free bath and the 
OP-added bath were 0.863 µm min–1 and 0.872 µm 
min–1, respectively. The OP addition had almost no 
effect on the deposition rate. This would be because 
OP does not affect the diffusion of the Al2Cl7– ions.

Fig. 8 shows the XRD patterns of the resulting Al 
foil obtained on the Ti plate substrate under the 
various operating conditions. The XRD peaks were 
identified and indexed by the comparison to the 
standard obtained from the JCPDS card (#04-0787). 
All the peaks were attributed to Al (fcc), thus the 
single phase was obtained. In the OP-free bath, the 
(200) ref lection became strong as the operating 
temperature was high. Moreover, the orientation of 
the (200) reflection was strong due to the OP addition. 
This result is similar to the previously reported 
preferential orientation of the (200) plane and bright 
coatings with additives12, 14. 28). Based on the (200) 
reflection of the XRD patterns, the crystallite sizes 
were calculated using Scherrer's equation:

D = Kλ / β cosθ [2]

where D is the crystallite size (nm); K is the 
Scherrer constant (0.9); λ is the X-ray wavelength 
(0.15418 nm); β is Full Width of Half Maximum 

(FWHM, rad); and θ is the Bragg angle. The relation 
between the operating conditions and crystallite size 
of the resulting Al foil is listed in Table 2. The 
crystallite size became small with increasing the 
current density. By increasing the operat ing 
temperature , both crysta l l ite sizes increased . 
Moreover, both crystallite sizes were dramatically 
decreased by the OP addition.
The current density and the operating temperature 

are closely related to the electrolytic potential19), so it 
is considered that the factor that determines the 
crystallite sizes is the electrolytic potential. Fig. 9 
shows the relation between the electrolytic potential 
and crystallite size of the resulting Al foils obtained 
on the Ti plate substrate under the various operating 
conditions. In fact, when the relation between the 
electrolytic potential and the crystallite size was 
plot ted , a propor t iona l re lat ion was c lea rly 
demonstrated. In the OP-free bath, it is suggested that 
the crystallite size depends on the overpotential 
rather than the operating temperature. By increasing 
the operating temperature, the surface roughness 
became higher and the crysta l l ite size grew. 

Fig. 7　Relation between the current density and the 
  deposition rate of resulting Al foils obtained 

from the AlCl3-EMIC melt at (black) room 
temperature, (blue) 50 ℃, and (red) 50 ℃ with 
20 mmol dm–3 of OP additive.
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Therefore, when OP was added to the electrolyte at 
the operating temperature of 50 ℃, OP exhibited the 
effect of improving the surface roughness without 
affecting the electrolytic potential. While no luster 
was observed in the resulting Al foil obtained from 
the OP-free bath, the matte f inish surface was 
observed in the resulting Al foil obtained from the 
OP-added bath, independent of the current density 
(21.1～63.2 mA cm–2). Based on these results, it was 
clarified that the grain size and the crystallite size of 
the resulting Al foil were reduced by the OP addition, 
which improved the surface roughness regardless of 
the overpotential.

4. Conclusions

We investigated the inf luence of the operating 
conditions, such as operating temperature, current 
dens it ies , and add it ives (1,10 -phenanthrol ine 
a nhyd rat e , OP ) , on t he su r f a ce roughnes s 
(smoothness) and the deposition rate of electrolytic Al 
foil , and the following results were obtained. By 

increasing the operating temperature to 50 ℃, the 
overpotential decreased, and even at a high current 
density, the electrolysis became possible without 
reaching the cathode limit potential of –2.2 Vνs. Al/
Al(III). The AFM image revealed that the surface 
roughness (Sa) value of the electrolytic Al foil 
obtained from the AlCl3-EMIC melt with the OP 
additive at 50 ℃ was 45.8 nm at the current density of 
52.6 mA cm–2. The smooth electrolytic Al foil was 
successfully obtained even with a high operating 
temperature and high current density by adding OP 
to the melt. Although the deposition rate increased 
with increasing the operating temperature to 50 ℃, 
the OP addition had little influence on the deposition 
rate. At the operating temperature of 50 ℃ and the 
current density of 52.6 mA cm–2 or lower, the current 
efficiencies were 90% or more. At the current density 
of 52.6 mA cm–2, the deposition rate was about 0.9 µm 
min–1 regardless of the OP addition. The OP addition 
reduced the grain size and improved the smoothness. 
The crystallite size was affected by the OP addition 
rather than the overpotential. In conclusion, the 
operating temperature needs to be increased to 
enhance the deposition rate and achieve a current 
efficiency of 90% or more, and the OP addition is 
significantly necessary to enhance the smoothness.
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Table 2 Relation between operating conditions and crystallite size of resulting Al foil (XRD).

Additives Operating temperature ℃ Current density mA cm–2 Crystallite size nm
None

None

OP

Room temp.

50

50

21.1
52.6
21.1
52.6
21.1
52.6

80.1
75.4
90.0
78.3
70.3
49.3

Fig. 9　Relation between the electrolytic potential and 
  crystallite size of resulting Al foils obtained on 

the Ti plate substrate from the AlCl3-EMIC melt 
at ( ○ ) room temperature, ( △ ) 50 ℃, and ( ■ ) 
50 ℃ with 20 mmol dm–3 of OP additive; total 
charge for all deposits: 30 C cm–2.
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