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A B S T R A C T   

The high specific capacity and cycle stability of Li-ion alloy anode materials have been the focus of researchers. 
However, the alloy anode materials are easy to be broken and cracked after cycling. In this study, we have co- 
electrodeposited Al-Ga composite from ionic liquid, and the obtained composite has a higher specific capacity 
and the longer cycling life than single Ga/Al electrode. Initial discharge capacity is 1554.7 mAh/g, and 
Coulombic efficiency is 82.6% at 0.1 A/g. Co-electrodeposited Al-Ga composite from ionic liquid provides a new 
way to solve the electrode materials that are easily fractured and cracked after cycling, and improves cycle 
stability and high capacity to a certain extent.   

1. Introduction 

Nowadays, there are many types of Li-ion battery anode, and the 
commercial anode material is graphite which the specific capacity is 
372 mAh/g [1]. Therefore, more and more attention has been paid to the 
development of anode materials with high theoretical capacity, such as 
Al, Si, Ge [2–4]. Among these materials, Al has been intensively 
researched because of its low cost, low flammability and high theoretical 
capacity [5,6]. However, most of the pure Al electrode suffer from poor 
cycling stability due to the volume expansion of Li ion intercalation- 
deintercalation process [7]. Generally, the method to solve this prob-
lem is to reduce the materials dimension and the size or to introduce self- 
healing materials [8]. At present, the self-healing Ga alloy-based were 
used as anode in Li-ion batteries due to it is a kind of cryogenic liquid 
metal [9]. In addition, the liquid metal electrode formed by Ga and other 
metals has been studied (Sn, In) [10], and the Al-Ga alloy usually obtain 
from high temperature organic molten salt [11] which was rigorous 
reaction conditions. Therefore, it is urgent to alleviate the harsh method. 
Room temperature ionic liquids have wide electrochemical windows, 
environment friendly, and low vapor pressures to electrodeposit metals, 
semiconductors [12–15] or alloy [16]. In the previous work [17], we 

have explored the self-healing performance of pure Ga electrode, which 
has good cycle stability. 

Herein, we reported co-electrodeposition method to obtain Al-Ga 
composite, which used as an anode in Li-ion battery. It has a high spe-
cific capacity of Al and self-healing performance of Ga, to improve the 
defects of poor cycle stability of Al electrode and low specific capacity of 
Ga electrode. 

2. Experimental 

In the experiment, the ionic liquid C2mimCl (99%) was purchased 
from Lanzhou Institute of Chemical Physics, and was used after drying 
under vacuum at 60 ◦C. AlCl3 (anhydrous powder, 99.99%, Aldrich) was 
added into C2mimCl at room temperature, and the molar ratio was 40:60 
of C2mimCl/AlCl3. Then, a mass fraction of GaCl3 (anhydrous powder, 
99.99%, Aldrich) was 5% into the prepared C2mimCl/AlCl3 to obtain a 
new electrolyte. The anhydrous electrolyte was stewing in a glovebox 
under an inert argon-filled atmosphere, with water and oxygen content 
of less than 1 ppm (Mikrouna glove box, Shanghai, China). The co- 
electrodeposition experiment was performed in three-electrode system 
which Ni sheet as working electrode, pure Pt wire and Pt ring (20 × 15 
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× 1 mm) used for the quasi-reference electrode and counter electrode, 
respectively. The Al-Ga composite was electrodeposited at − 1.5 V for 
600 s at room temperature from the electrolyte which include 5% GaCl3 
in C2mimCl/AlCl3. 

The electrochemical measurements were performed using an elec-
trochemical analyzer (Chi660e). CV measurement was performed at a 
scan rate of 10 mV/s with the range of − 2.0 to 2.0 V. After electrode-
position, the sample was immersed and washed by isopropanol (ultra- 
pure) purchased from Alfa Aesar, and then allowed to dry in the glove 
box before testing. 

The morphological characterization was performed with a Hitachi S- 
4800 scanning electron microscope (SEM) operating at 20 kV. XRD (X- 
ray diffraction) analysis was conducted using D8 Bruker instrument with 
Cu Kα radiation source. Energy Dispersive X-ray Spectrometer (EDS, 
Oxford), transmission electron microscope (TEM, JEM-2100HR), and X- 
ray photoelectron spectrometer (XPS, ESCALAB 250Xi) were employed 

to determine the chemical compositions of the electrodeposited layers. 
The half-cell was using an obtained Al-Ga composite electrode, a Li 

foil anode, separator film (Celgard 2400), and a liquid electrolyte 
(ethylene carbonate and dimethyl carbonate (1:1 by volume) with 1.0 
mol/L LiPF6). As anode of lithium-ion battery, we usually use the range 
of 2.0–0 V in CV curves. The performance of the battery was evaluated 
using a Neware battery test system (Shenzhen, China). The electro-
chemical performance was tested at environmental temperature about 
28 ◦C. 

3. Result & discussion 

Fig. 1a shows the SEM image of the obtained Al-Ga composite which 
the electrodeposition potential at − 1.5 V. The potential was determined 
by cyclic voltammetry curve as shown in Fig. S1. There were two 
reduction peaks at about − 0.6 V and − 1.4 V, corresponding to Al (III) → 

Fig. 1. SEM image (a), EDS spectrum (b), XRD pattern (c), and the full XPS spectrum of Al-Ga composite (d).  

Fig. 2. TEM images of the obtained Al-Ga composite: (a) TEM image, (b) HR-TEM image.  
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Al (0) and Ga (III) → Ga (0), respectively. Therefore, two different metals 
can be obtained when the deposition potential was − 1.5 V. There is a 
“hysteresis loop” in the CV curve which is the characteristic of nucle-
ation process [18,19]. SEM image shows many particles in the surface, 
and the size was not uniform. Fig. 1b shows the EDS spectra, and the 
table (inset) shows the elements of the composite. To determine the 
elements of the obtained film, we have tested the XRD pattern as shown 
in Fig. 1c. Three strong diffraction peaks arising, which can be indexed 
to the (111), (200) and (220) planes of cubic Ni, respectively. 
Compared to that of the Ni sheet, a broad peak can be observed around 
25–35◦, corresponding to the diffraction peak of liquid Ga [20]. The 
angles 38.47◦ and 65.13◦ are matched with the diffraction from the 
(111) and (220) of crystalline Al. The surface chemical composition of 
Al-Ga composite was characterized using XPS. As shown in Fig. 1d, the 
deposit contains Ga, Al, and small amounts of C, O and Cl, which is in 
agreement with the EDS results. Furthermore, the XPS spectra of Ga 3d 
and Al 2p were collected as shown in Fig. S2. 

TEM images have been shown in Fig. 2 to determine the crystal 
orientation of the obtained composite. Fig. 2a shows that the sample was 
an irregular block structure with an uneven internal distribution. The 
lattice fringes from Fig. 2b shown the Al-Ga composite with an average 
size at about 0.235 nm, which was similar to the lattice spacing of Al 
(111) (d = 0.232 nm, from PDF card: 85-1327). It is due to the obtained 
deposition layer contains a certain amount of Ga, which leads to im-
purity. The larger the lattice spacing, which is beneficial to intercalation 
and de-intercalation of Li+, and the better electrochemical performance 
of the composite [11]. The result is consistent with XRD pattern, and 
also prove the existence of Al and Ga in the composite. 

Fig. 3a shows the charge-discharge capacity of Al-Ga composite at 
0.1 A/g. There are plateaus of 0.26 V and 0.68 V, corresponding to the Li 

alloy reaction, while a plateau at 0.87 V corresponding to de-alloying 
reaction. The platform positions are consistent with the cyclic voltam-
metry curve (shows in Fig. S3). Initial discharge was 1554.7 mAh/g, and 
the initial Coulombic efficiency was 82.6%. After 20 cycles, the 
discharge capacity was decreased to 924.7 mAh/g, and the capacity 
retention rate is only 59.4%. The capacity begins to decline obviously, 
which may be due to the low content of Ga in the composite electrode. 
Compared with the literature reports [2,21], Al-Ga composite exhibits 
better specific capacity and cycling stability. However, after 100 cycles, 
the specific capacity was 317.1 mAh/g. The cycling performance of the 
Al-Ga composite was better than single Al electrode in previous work 
[22]. Fig. 3c shows the specific capacity of Al-Ga composite electrode 
were 1554.7, 1108.6, 794.1, 499.1 and 273.1 mAh/g, at rates of 0.1, 0.2, 
0.5, 1, and 2 A/g, respectively. Furthermore, the capacity recovers to 
793.5 mA h/g when the rate was reduced back to 0.1 A/g. However, the 
specific capacity decreases obviously, due to large volume expan-
sion–contraction when lithium alloying-dealloying process. In order to 
further illustrate the electrochemical performance of Al-Ga composite 
electrode, the electrode before and after cycling was tested by EIS as 
shown in Fig. 3d. After 100 cycles, the arc diameter was increased, 
which indicates that the charge transfer resistance increases due to the 
irreversible consumption of Li+ in SEI film increases lead to the resis-
tance increase in the difficulty of Li diffusion from the electrolyte to 
composite. 

4. Conclusion 

In this paper, we have successfully co-electrodeposited the Al-Ga 
composite. The obtained composite has a higher specific capacity and 
better cycle stability than a single Ga/Al electrode. Initial discharge 

Fig. 3. The electrochemical performance of Al-Ga composite: (a) Charge-discharge curves of different cycle number, (b) Cyclic curves, (c) Specific capacity of 
different scan rates, and (d) ESI of Al-Ga composite. 
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specific capacity was 1554.7 mAh/g, and the first Coulombic efficiency 
was 82.6%. After 100 cycles, the discharge capacity was 317.1 mAh/g. 
Co-electrodeposited Al-Ga composite electrode from ionic liquid ex-
hibits a high specific capacity and superior cycle stability due to the self- 
healing of Ga. 
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