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Abstract
The density and pore diameter of aluminum (Al) films have an important influence on the resultant film applications,
especially in the field which require extremely high-density, uniform Al films. In this study, Al was electrodeposited from
1-ethyl-3-methyl imidazolium chloride ([EMIm]Cl) ionic liquid onto a Ni substrate using AlCl3 as the Al source. The results
show that the concentration of the electrolyte was the crucial factor governing the microstructure of the electrodeposited
continuous and dendrite-free Al film. The obtained continuous, dendrite-free Al film was used as the anode of a Li-ion battery. The obtained Al films delivered a first specific capacity reaching 1492 mAh g−1 in the Li-ion battery and effectively
improved the corrosion resistance of the Ni substrate.

1 Introduction
Room-temperature ionic liquid electrodeposition has
attracted increasing attention because of its low energy
consumption and moderate environmental pollution [1].
Ionic liquids combine the characteristics of high-temperature molten salts with those of aqueous solutions [2]. A
large number of metals/semiconductors/alloys can be electrodeposited from ionic liquids, including Li [3], Al [4], Zn
[5], Ge [6, 7], Si [8], and Si/Ge [9] alloy. The electrodeposition of Al is difficult from aqueous solutions because Al is
Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10854-020-03539-9) contains
supplementary material, which is available to authorized users.
* Jian Hao
haojian@nxu.edu.cn
* Jiupeng Zhao
jpzhao@hit.edu.cn
Yao Li
yaoli@hit.edu.cn
1

School of Chemistry and Chemical Engineering, Harbin
Institute of Technology, Harbin 150001, China

2

State Key Laboratory of High‑Efficiency Utilization
of Coal and Green Chemical Engineering, College
of Chemistry & Chemical Engineering, Ningxia University,
Yinchuan 750021, China

3

Center for Composite Materials and Structure, Harbin
Institute of Technology, Harbin 150001, China

water-sensitive and easily forms a passivation oxide layer
on the surface. Therefore, ionic liquids are ideal solvents
for the electrodeposition of Al. However, the formation of
special morphologies during the deposition process, such as
nanowires [10, 11], nanoparticles [12, 13], leaf-like particles
[14], and rope-like wires [15], is facile. A dendritic Al coating can result in instability in Li-ion batteries, in particular,
short circuits [16, 17]. Al nanorods or films packed into lithium-ion batteries (LIBs) have been reported in the literature
and have been used to explore the battery performance of
Al electrodes with different morphologies [18, 19]. It has
been shown that the use of Al nanorods as the electrode
material reduces the cycling performance of the batteries
which compared to Al films [20]. Usually, the obtained Al
is electrodeposited on Cu [21], glassy carbon [22], or other
metals [23, 24], but the morphologies of the obtained Al
films are not uniform and are often discontinuous on these
substrates. Therefore, detailed research into the electrodeposition of continuous Al films is required.
In this study, continuous, dendrite-free Al films were successfully obtained on a Ni substrate by electrodeposition
from an ionic liquid (1-ethyl-3-methyl imidazolium chloride,
[EMIm]Cl) containing A
 lCl3, and we have studied the deposition conditions of the continuous, dendrite-free Al films.
The results indicate that concentration of the electrolyte has
a crucial effect on the microstructures of the continuous,
dendrite-free Al films on the Ni substrate. In addition, the
electrochemical properties of the obtained Al films when
used as the anode for LIBs have also been investigated.
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2 Experimental
[EMIm]Cl (99%) ionic liquid was purchased from Lanzhou
Institute of Chemical Physics. The Lewis acid ionic liquid
was prepared by slow addition of A
 lCl3 (anhydrous powder, 99.99%, Aldrich) to [EMIm]Cl at room temperature,
yielding a clear light-yellow liquid. The color darkened
on the addition of AlCl3. The electrodeposition of Al was
performed from the anhydrous [EMIm]Cl/AlCl3 electrolyte at molar ratios of 1:1.0, 1:1.3, 1:1.5, 1:1.7, and 1:2.0
in a glovebox (Vigor, Suzhou, China) under an inert argon
atmosphere having water and oxygen contents of less than
2 ppm. The mixed solution was employed after purification from pure Al nanowires for 3 days. The electrodeposition experiments were performed in a three-electrode
system, and Ni sheet, pure Al sheet, and Al wire were
employed as the working, counter, and reference electrodes, respectively.
The electrochemical measurements were taken using an
electrochemical analyzer (CHI660e). Cyclic voltammetry
(CV) measurements were taken at a scan rate of 10 mV/s
from − 2.0 to 0.01 V (vs. an Al quasi-reference electrode at 25 °C). After completion of the electrochemical
experiments, all specimens were washed with isopropanol
(ultrapure, Alfa Aesar) to remove the ionic liquid residues,
and the deposits were dried in the glove box before testing.
The film morphologies were inspected using scanning
electron microscopy (SEM, Hitachi S-4800). The SEM
device was operated at 20 kV. X-ray diffraction (XRD,
D8 Bruker) with a Cu Kα radiation source was used for
structural characterization. Energy-dispersive X-ray spectrometry (EDS, Oxford) was employed to determine the
chemical compositions of the electrodeposited films.
Coin cells (CR2032) were assembled to test the electrochemical performance of the prepared films. The coin

cells (2032) were assembled in an Ar-filled glove box
using 1.0 M L
 iPF6 in 1:1 vol% of ethylene carbonate (EC)/
dimethyl carbonate (DMC) electrolyte. Lithium foils, Al
films, and porous polypropylene membranes (Celgard
3401) were used as the counter electrodes, working electrodes, and the separator, respectively. The performance of
the cells was examined using Neware battery test system
(Shenzhen, China) at a current density of 100 mA/g (0.1C)
between 0.01 and 2 V.

3 Results and discussion
3.1 Electrochemical behavior of the ionic liquid/AlCl3
electrolyte
Before the electrochemical deposition, the electrochemical
behavior of the [EMIm]Cl/AlCl3 electrolyte at molar ratios
of 1:1.0, 1:1.3, 1:1.5, 1:1.7, and 1:2.0 was examined via CV
measurements. Typical CV scans were obtained for these
electrolytes using a Ni substrate electrode at room temperature, and the results are shown in Fig. 1. An Al wire was
used in the three-electrode system as a reference electrode,
so the electrodeposition of Al occurs at 0 V. However, no
significant current was observed at approximately 0 V,
indicating that the electrodeposition of Al did not occur
(Fig. 1a). The CV scans of the electrolytes containing Al
(III) ([EMIm]Cl/AlCl3 molar ratios of 1:1.3, 1:1.5, 1:1.7,
and 1:2.0, respectively) are shown in Fig. 1b and reveal
that the current density increased with an increase in the
proportion of AlCl3 in the electrolyte. It was found that
Al was reduced before − 1.5 V in the ionic liquid. The CV
curve obtained between − 0.4 and + 0.6 V in the ionic liquid,
[EMIm]Cl/AlCl3 (1:1.5), is shown in Fig.S1, where a rising
cathodic current at ~ 0 mV corresponds to the deposition of
bulk Al on the Ni substrate, as reported elsewhere [4]. An

Fig. 1  a Cyclic voltammograms at various concentrations of [EMIm]Cl/AlCl3 (1:1.0) and b [EMIm]Cl/AlCl3 (1:1.3, 1:1.5, 1:1.7, and 1:2.0)
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oxidation peak is centered at ~  + 0.4 V, which is attributed
to the reversibility of Al. The peak shape of the depositiondissolution curve is consistent with that reported in literature
[4, 21, 25], but the beginning of the deposition potential is
different, which might be caused by the different substrates.
The overall electrodeposition mechanism can be
explained by the following electrode reactions. The
AlCl4− ions present in the electrolyte reacted with the anode
metal to dissolve Al and produce Al2Cl7− ions (Eqs. 1, 2).

AlCl3 + [EMIm]Cl → AlCl−4 + [EMIm]+

(1)

AlCl3 + AlCl−4 → Al2 Cl−7

(2)

Al electrodeposition proceeds by the reduction of
Al2Cl7− ions, which leads to Al deposition at the cathode,
as shown by the reaction in Eq. (3). The dissolved Al in the
form of the A
 l2Cl7− anion is transported to the cathode either
by diffusion or by convection and is reduced [26].

4Al2 Cl−7 + 3e− → Al + 7AlCl−4

(3)

4 Effect of the electrolyte composition on Al
film morphology
The surface morphologies of the Al films obtained on the
Ni substrates using various [EMIm]Cl/AlCl3 molar ratios
(i.e., 1:1.3, 1:1.5, 1:1.7, and 1:2.0) were examined. The

film deposition was carried out at a potential of − 1.0 V for
600 s at room temperature. The morphologies are shown
in Fig. 2a–d. Figure 2a shows the film obtained with a
[EMIm]Cl/AlCl3 molar ratio of 1:1.3. The film comprises
fine crystallites with some aggregates, and it does not have
a uniform surface. The surface morphologies obtained with
different aluminum concentrations were distinct. As shown
in Fig. 2b, the Al deposits are uniform, and the crystallites
are very fine. The size of the electrodeposited Al particles
increased with an increase in the concentration of A
 lCl3,
as shown in Fig. 2c, and dense, compact deposits continuously covering the substrate were obtained. In Fig. 2d, the
Al deposits are composed of flake-like particles and cover
the substrate surface roughly. Continuous, dendrite-free Al
films were obtained on the Ni substrates at [EMIm]Cl/AlCl3
molar ratios of 1:1.5 and 1:1.7, and the particles obtained
from the 1:1.5 molar ratio are smaller than those obtained
at a molar ratio of 1:1.7.
Using an [EMIm]Cl/AlCl3 molar ratio of 1:1.5, the effects
of the electrodeposition potential on the morphology of the
continuous, dendrite-free Al films, which were electrodeposited for 600 s on the Ni substrates, were investigated, and
the results are shown in Fig. 3. As shown in Fig. 3a–c, the
morphologies of the continuous, dendrite-free Al films
obtained at − 0.8, − 0.9, and − 1.0 V are similar. However,
when the deposition potential was − 1.1 V, the Al film roughness increased (Fig. 3d).
The SEM images are consistent with the current–time
curves shown in Fig. 4a. There is a sharp peak in the

Fig. 2  SEM images of electrodeposited Al films on Ni
substrate from [EMIm]Cl/
AlCl3 for 600 s at various of
concentrations: a 1:1.3, b 1:1.5,
c 1:1.7, d 1:2.0
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Fig. 3  SEM images of electrodeposited Al films on Ni substrates from [EMIm]Cl/AlCl3
(molar ratio 1:1.5) for 600 s at
different potentials: a − 0.8 V,
b − 0.9 V, c − 1.0 V, d − 1.1 V

Fig. 4  a Current–time curves of Al obtained at different deposition potentials from A
 lCl3/ [EMIm]Cl, b Nondimensional relationship of I2/
Im2 ~ t/tm

current at − 1.1 V, which is consistent with the nonuniform
electrodeposition observed in the SEM image. Therefore,
we used an electrodeposition potential at − 1.0 V. The
nucleation behavior of A
 l3+ at a constant voltage (− 1.0 V)
2
was measured, and I /I m2 vs. t/t m was plotted. The data
indicate instantaneous nucleation behavior, and the curves
obtained for different electrolyte compositions are similar
(shown in Fig. 4b), which is consistent with the results of
previous reports [21].
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4.1 Effect of the electrodeposition time on Al film
morphology
Next, the influence of the electrodeposition time on the morphology of the obtained Al films was studied, as shown in
Fig. 5a–d. In these experiments, the [EMIm]Cl/AlCl3 molar
ratio in the electrolyte was 1:1.5, the deposition potential
was − 1.0 V, the substrate was Ni sheet, and the tested electrodeposition times were 300, 600, 1200, and 1800 s. In
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Fig. 5  SEM images of electrodeposited Al films on Ni
substrates from [EMIm]Cl/
AlCl3 (molar ratio 1:1.5) at different times: a 300 s, b 600 s, c
1200 s, and d 1800 s

Fig. 5a, which shows the results of deposition for 300 s, the
Al nucleates as small spherical grains. These grains then
grow further to form continuous, dendrite-free Al films
(see Fig. 5b, c). In these cases, the deposits are compact,
and the particle size increases as the electrodeposition time
increases. Figure 5d shows the aluminum obtained after
electrodeposition for 1800 s. As shown, the longer deposition time resulted in larger aluminum granules; in addition,
as shown in the figure, the surface is porous, and the density
has decreased compared to those of the films obtained at
shorter electrodeposition times.
Because the electrodeposition of the Al film from the
ionic liquid conforms to the instantaneous nucleation mechanism, prolonging the deposition time will cause the deposited layer to grow in thickness, which is consistent with the
experimental results. When the deposited layer reaches a

certain thickness, new nucleation sites appear; thus, prolonging the electrodeposition time results in the formation of
uncontrolled structures. The cross-sectional SEM images of
the continuous, dendrite-free Al films obtained at different
electrodeposition times are presented in Fig. 6. After 600 s
(Fig. 6a) electrodeposition, the Al surface was smooth, having a thickness of up to 1.8 μm. On extending the electrodeposition time from 600 to 1800 s (Fig. 6b), the thickness
of the electrodeposited Al films reached 3 μm.

4.2 Effect of the electrodeposition temperature
on Al film morphology
The influence of the electrodeposition temperature on the
morphology of the obtained continuous, dendrite-free
Al films was also studied, and the results are shown in

Fig. 6  Cross-sectional SEM
images of the continuous
dendrite-free Al films at different times: a 600 s and b 1800 s
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Fig. 7  SEM images of electrodeposited Al films on Ni
substrates from [EMIm]Cl/
AlCl3 (molar ratio 1:1.5) for
600 s at different temperatures:
a room temperature, b 40 °C, c
50 °C, and d 60 °C

Fig. 7a–d. As before, a [EMIm]Cl/AlCl 3 molar ratio of
1:1.5, electrodeposition time of 600 s, and a Ni substrate
were used. In addition, temperatures of room temperature,
40, 50, and 60 °C were tested. The Al films obtained at all
temperatures are compact, and the particle size increases
with an increase in the electrodeposition temperature. At
50 ℃, the film morphology was similar but the particles
were bigger than those obtained at room temperature and
40 ℃, as shown in Fig. 7a–c. On increasing the temperature further, the obtained Al film surface became irregular
and large gaps formed between the particles. Thus, the flatness and compactness of the Al film were reduced by electrodeposition at 60 ℃, as shown in Fig. 7d. An increase
in the electrolyte temperature will reduce the viscosity,
increase the fluidity, and increase the ion diffusion speed.
Thus, in the instantaneous nucleation system, the particles
will grow too fast, and the resulting surface will be rough.
Further, a high-temperature results in the formation of
bubbles, which rise through the electrolyte and cause the
surface of the obtained continuous Al film to be porous.
As discussed, we have investigated the effects of the
electrodeposition potential, temperature, and time. The
optimal conditions to obtain continuous, dendrite-free Al
films were found to be a [EMIm]Cl/AlCl 3 molar ratio of
1:1.5, electrodeposition time of 600 s, and electrodeposition temperature of room temperature. Further, the structures and the elements analysis were obtained of continuous, dendrite-free Al films.
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4.3 Film characterization
Figure 8 shows the EDS spectrum, an optical photograph,
and the XRD pattern of the optimal Al film. As expected,
in the EDS spectrum shown in Fig. 8a, there is a strong
Al peak, and the peaks corresponding to gold, carbon, and
nickel are relatively weak. The nickel detected in the Al
deposits most likely originates from the substrate, whereas
the C may originate from the ionic liquid. As shown in the
optical photograph (Fig. 8b), the surface of the obtained Al
film is pure white and continuous. The XRD pattern of the
obtained film contains peaks corresponding to Al and Ni
metals, and the Al (111) reflection was significantly stronger
than the other Al reflections, see Fig. 8c. These results indicate that a high-purity Al film was obtained, and the XRD
result is consistent with that of the EDS analysis.

4.4 Film applications
Al has been investigated as an anode material for LIBs in
recent years, and the use of Li–Al alloys has already been
studied in rechargeable lithium cells [27, 28]. The electrochemical performances of the obtained Al films as LIB
anodes were tested in CR2032 coin cells. The CV curves
(Fig. 9a) of the Al electrode from 0 to 2.0 V at a scan rate
of 5 mV/s from the 1st to 3rd cycles reveal the Al reduction peak at a potential of about 0.03 V versus Li/Li+ in the
cathodic branch, corresponding to the formation of a Li–Al

Journal of Materials Science: Materials in Electronics
Fig. 8  EDS spectrum (a),
optical photograph (b), and
XRD pattern (c) of the obtained
continuous dendrite-free Al film
on Ni substrate from the molar
ratio 1:1.5 [EMIm]Cl/AlCl3 at
the potential − 1.0 V for 600 s at
room temperature

alloy during the charging process, and an oxidation peak at
a potential of about 0.59 V. In addition, when the scan rate is
increased the polarization becomes larger. Figure 9b shows
CV curve at a lower scan rate of 0.5 mV/s. The reduction
peak is at the potential about 0.1 V, which is consistent with
the platforms of discharge in the curves, and the oxidation
peak observed at the potential of ~ 0.5 V is consistent with
the platform in charge curve as shown in Fig. 9c. Figure 9c
shows the discharge/charge capacities of a LIB half-cell containing Al as the active electrode material. The process of
electrochemical formation of a Li–Al alloy is accompanied
by an increase in the electrode volume and cracking of this
layer, which allows the ever higher lithium amount to react
with aluminum [29], this causes an increase in the potential
and appearance of a “plateau” in the range of 0.26 V corresponding to the Li alloy reaction ( Li+ + Al + e− → LiAl) and
a plateau at 0.44 V corresponds to the de-alloying reaction
(LiAl → Li+ + Al + e−) [30, 31]. Initial discharge and charge

capacities of 1492.1 and 707.9 mAh g−1 were obtained, and
the initial coulombic efficiency was 47.4%. The first specific
capacity was higher than the theoretical capacity (LiAl = 993
mAh g−1), and the capacity retention rate was better than
that reported in the literature (35%) [32]. As the number
of cycle increases, its capacity gradually decreases, Fig. S2
shows discharge charge curve after 200 cycles. As reported
in the literature, the overall cycling behavior is poor and
significantly worse for thinner films (reported thicknesses
of 0.25, 1.2, 2.5, and 6.2 μm) [20]. In our work, we have
tested the different thickness of the obtained Al films which
were used as anodes in Li-ion batteries, as shown in Fig. S3.
It was found that the thickness of the continuous Al film is
about 1.8 μm, an intermediate thickness compared to those
reported in the literature, and the mass transfer is fast, which
results in better cycling stability compared to the literature
examples. To elucidate the electrochemical properties further, alternating current (AC) impedance measurements
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Fig. 9  Electrochemical testing of LIB half-cell. a CV curves (scan rate of 5 mV/s), b CV curve (scan rate of 0.5 mV/s), c charge–discharge profiles of Al films at different cycles, and d EISs of the half-cell before and after cycle

were carried out, and the impedance spectra of the samples
before and after cycling are shown in Fig. 9d. A semicircle
can be seen in the high-frequency region and this is related
to the impedance of the surface film. The semicircle did not
increase obviously after cycling, indicating that the structure
of the material was not seriously damaged. The electrical
contact between the electrodeposited Al film and the Ni substrate is very well.

5 Conclusion
Continuously, dendrite-free Al films on Ni substrates were
successfully prepared by electrodeposition from a first-generation ionic liquid. The film morphologies and microstructures could be controlled by varying the electrodeposition
parameters, and the optimal film was formed at a [EMIm]Cl/
AlCl3 molar ratio of 1:1.5, electrodeposition time of 600 s,
and potential of − 1.0 V at room temperature. In particular,
the electrodeposition of the continuous, dendrite-free Al
film was strongly affected by the electrolyte concentration.
The obtained Al film was used as an anode in a LIB, and
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initial discharge and charge capacities of 1492.1 and 707.9
mAh g−1, respectively, were obtained. Further, AC impedance spectra indicated that the Al film was not damaged by
cycling, and the electrical contact between the electrodeposited Al film and the Ni substrate was maintained well. These
data will provide technical guidance for the future application of continuous, dendrite-free Al films prepared by electrodeposition from ionic liquids.
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