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Gallium (Ga) electrodes have been used as anodes in Li-ion batteries, due to their low-melting-point
and self-healing properties. However, the use of Ga without a binder or a conductive agent together as
the anode material is rare. In this study, AlCl3 was added as an additive to the electrolyte formed by
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[EMIm]Cl and GaCl3. The obtained binder-free Ga particles were used as the anode of the Li-ion battery;

DOI: 10.1039/d0nj05491g

the initial specific capacity was 528.2 mA h g

1

and the initial coulombic eﬃciency was 97.8%. After

100 cycles, the specific capacity of discharge was 441.6 mA h g
rsc.li/njc

1

at 0.1C. Ga particles obtained from

ionic liquids can be used to improve the cycling stability of anodes in lithium-ion batteries.

Introduction
Recently, Li-alloy electrodes with a higher theoretical capacity
of Li-ion batteries have been developed.1–3 However, the
volume variation during electrochemical cycling leads to pulverization and cracking of the active materials.4,5 To solve this
problem, a strategy of self-healing was proposed to ensure a
recoverable morphology that leads to a high cycling stability.6
At present, the Ga alloy-based liquid metal being used is a kind
of cryogenic liquid metal, such as a Ga–Sn,6 Ga–In–Sn,7 and
Ga–In8,9 alloy, which has many advantages including deformation
and self-healing properties. In addition, the self-healing ability of
Ga thin films and particle electrodes in lithium-ion batteries also
have been studied. The results showed that the self-healing ability
of Ga micron-sized particles is better than that of Ga thin films,
due to the reduction of Ga particles, which is beneficial for
alleviating the huge stress caused by the insertion and extraction
of lithium ions.10 However, the use of a binder will affect the selfhealing performance of electrode materials which decreases the
electrochemical cycling performance.10,11 Binder-free Ga electrodes will improve the self-healing performance.
Nevertheless, as Ga is generally produced as a by-product in
the production of Zn and Al,12,13 the electrodeposition of Ga
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from aqueous media is often complicated by hydrogen evolution especially in acidic solutions. Therefore, the appropriate
alternative solutions to metal electrodeposition are considered
to be ionic liquids which have wide electrochemical windows,
low vapor pressures, and good thermal stability.14 In the past two
decades, metals,15,16 transition metals,17,18 semiconductors,19,20
and alloys21,22 have been electrodeposited successfully from
ionic liquids. Some research articles have been published on Ga
electrodeposition from ionic liquids;23,24 however, because of
its low melting point (29.8 1C), the morphology of Ga is
relatively diﬃcult to control,24 and the homogeneity has a great
influence on the electrode; therefore, it is very important to
obtain uniform Ga particles, and maintain and improve the
performance of Ga. Electrodeposition of ionic liquids as
additives can adjust the morphology of the deposition
layer.25,26 In Lewis acidic ionic liquids, the morphology of the
Ga deposition layer is not uniform.27 Therefore, the use of an
additive in [EMIm]Cl/GaCl3 to adjust the morphology and size
of Ga particles has been considered.
In this study, 0.75 mol L 1 AlCl3 was used as an additive for
[EMIm]Cl/GaCl3, increasing the conductivity and the contact
area between the electrode and the electrolyte. The migration
rate of the cation and anion increases in the electrolyte
resulting in high conductivity, which makes the electrochemical reaction easy to carry out, regulating nucleation
and growth rate to obtain uniform Ga particles, of small size
(around 400 nm). The obtained binder-free Ga particles are
used as the anode of the Li-ion battery. The initial
discharge capacity was 528.2 mA h g 1, and after 100 cycles,
the specific capacities were 441.6 mA h g 1 at 0.1C. The
binder-free Ga particle electrode obtained from the ionic liquid
can be expected to be used as anode material for Li-ion
batteries.
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Experimental
[EMIm]Cl (99%) ionic liquid was purchased from the Lanzhou
Institute of Chemical Physics. The Lewis acid ionic liquid was
prepared by slow addition of GaCl3/AlCl3 (anhydrous powder,
99.99%, Aldrich) to [EMIm]Cl at room temperature, yielding a
clear light-yellow liquid. The colour darkened upon the addition
of GaCl3. The electrodeposition of Ga was performed from the
anhydrous [EMIm]Cl/GaCl3 electrolyte at a molar ratio of 47 : 53
in a glovebox (Mikrouna, Shanghai, China) under an inert argon
atmosphere having water and oxygen contents of less than
2 ppm. The mixed solution was used after standing for 24 h. A
new electrolyte was formed by addition of 0.75 mol L 1 AlCl3 into
the prepared electrolyte. The electrodeposition experiments were
performed in a three-electrode system. A Ni sheet, pure Pt ring,
and Pt wire were employed as the working, counter, and reference electrodes, respectively. Ga particles electrodeposited from
[EMIm]Cl/GaCl3 (47 : 53) were called sample 1, and those electrodeposited after addition of 0.75 mol L 1 AlCl3 into [EMIm]
Cl/GaCl3 (47 : 53) were called sample 2.
The electrochemical measurements were performed using
an electrochemical analyser (CHI660e). Cyclic voltammetry (CV)
measurements were performed at a scan rate of 10 mV s 1 from
2.0 V to 2.0 V vs. Pt (quasi-ref.). 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.
As required, before the electrodeposition experiment, the Ni
substrate was cleaned using dilute hydrochloric acid and
acetone for 5 min, respectively, to remove the oxide layer and
organic matter on the surface. The electrochemical cell is made
by a Teflon-covered Viton O-ring onto the substrate, thus
yielding a geometric surface area of 0.3 cm2. Before the experiment,
the platinum wire and platinum ring were immersed in a mixture
of 50/50 vol% H2SO4/H2O2 for over 6 h, boiled twice in the solution
with a hydrogen oxide/water volume ratio of 1 : 1, then boiled twice
with ultrapure water, and finally dried in the blast drying oven on
standby mode.
The electrolyte conductivity is confirmed using a conductivity
meter (FE 30, Mettler Toledo), and the angle between the
electrolyte and the substrate is measured using a contact angle
tester (JY-82A, Chengde Dingsheng testing machine testing
equipment Co., Ltd). The I–t curve is obtained via chronoamperometry measurements. The deposition potential is 1.0 V,
and the time interval is 0.1 s. Electrochemical impedance
spectroscopy (EIS) parameters were measured from 100 kHz to
0.01 Hz.
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) using
a Cu Ka radiation source was used for structural characterization.
An energy-dispersive X-ray spectrometer (EDS, Oxford) and an
X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi) were
employed to determine the chemical compositions of the
electrodeposited films.
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Coin cells (CR2032) were assembled to test the electrochemical performance of the prepared films. The coin cells
were assembled in an Ar-filled glove box using 1.0 mol L 1
LiPF6 in 1 : 1 vol% of ethylene carbonate (EC)/dimethyl
carbonate (DMC) electrolyte. Lithium foils, the deposited films,
and porous polypropylene membranes (Celgard 3401) were
used as the counter electrodes, working electrodes, and the
separators, respectively. The performance of the cells was
examined using Neware battery test system (Shenzhen, China)
at a current density of 0.1C between 0.01 and 2.0 V.

Results and discussion
Fig. 1 shows the cyclic voltammogram (CV) of Ga electrodeposited
from ionic liquids before and after addition of AlCl3 on Ni
substrates with a scan rate of 10 mV s 1. The cyclic voltammogram curve of sample 1 in [EMIm]Cl/GaCl3 (47 : 53) electrolyte
is shown in Fig. 1a; a typical reduction peak was seen at about
1.25 V, corresponding to Ga(III) - Ga(0) (GaCl3 + 3e - Ga(0) +
3Cl ). In the cathodic regime, the voltammogram shows a
shoulder at 1.0 V, which corresponds to the formation of a Ga
alloy in the electrolyte.28 Fig. 1b shows the CV curve of sample
2 after addition of 0.75 mol L 1 AlCl3 into [EMIm]Cl/GaCl3

Fig. 1 CV curves of the obtained Ga particles: (a) sample 1 (inset shows
the magnified image), (b) sample 2.
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(47 : 53). The reduction peak was seen at about 1.21 V, corresponding to Ga(III) - Ga(0), all the absorption peaks were shifted,
and the shoulder peak disappeared (the magnified image as
shown in the inset of Fig. 1). To explore the eﬀect of the addition,
the contact angle between the electrolyte and the substrate has
been tested as shown in Fig. S1 (ESI†). The contact angle
decreased by 21 after adding AlCl3 into the electrolyte, it is
indicated that the wettability is better than before adding AlCl3.
Also, the electrolytic conductivities (Mettler Toledo) without and
with AlCl3 were 5.46 and 12.19 S cm 1, respectively. Therefore, the
conductivity after adding AlCl3 was higher than before. According
to the literature,29,30 the migration rates of the cation and the
anion are known to increase in an electrolyte having high
conductivity, which makes the electrochemical reaction easy to
carry out. Therefore, the deposition potential was less than that
obtained upon addition of AlCl3 into the ionic liquid which is
consistent with the CV curve in Fig. 1. There are two oxidation
peaks in the CV curves, corresponding to Ga(0) - Ga(I) and
Ga(I) - Ga(III).31 The I–t curves were similar as shown in Fig. S2
(ESI†), which indicated that the Ga electrodeposited nucleation
was consistent in these electrolytes. The I–t curve was obtained by
using chronoamperometry measurements, and the time interval
was 0.1 s. The Ga particles were electrodeposited for 300 s at room
temperature at the reduction peak voltage of 1.25 and 1.21 V,
respectively, from the electrolyte before and after addition of
0.75 mol L 1 AlCl3. The nucleation mechanism has been
discerned appropriately from the (I/Im)2 vs. (t/tm) plot before and
after 0.75 mol L 1 AlCl3 into the electrolyte, and the result is
shown in Fig. S2b (ESI†). It can be seen that the nucleation
mechanism of the obtained Ga particle before and after addition
of AlCl3 in the electrolyte tends to be a three-dimensional
instantaneous nucleation growth mechanism.
Fig. 2 shows the SEM images of Ga electrodeposited samples
from the ionic liquid without and addition of 0.75 mol L 1
AlCl3 on Ni substrates. It can be seen in Fig. 2a that the surface
of sample 1 is not smooth and uniform, and the particle surface
in Fig. 2b is similar to that of sample 1, but the particle size of
sample 2 is relatively small (around 400 nm) and uniform. This
may be due to the higher conductivity achieved by addition of
AlCl3, which makes the electrodeposition reaction easier to
carry out. As is well known, the electrodeposition process of
Ga conforms to the three-dimensional instantaneous nucleation growth mechanism,32 and the nucleation of the smaller
particles is preferred to the growth.
Fig. 3 shows the EDS spectrum and the XRD patterns of Ga
particle samples. In the EDS spectrum of sample 1 (Fig. 3a)

Fig. 2

SEM images of the obtained Ga particles: (a) sample 1, (b) sample 2.
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Fig. 3 EDS spectra of the obtained Ga particles: (a) sample 1 and (b)
sample 2; XRD patterns of the samples (c).

which was electrodeposited from [EMIm]Cl/GaCl3 as shown,
there is a strong Ga peak, and the other peaks corresponding to
Au, C, and Ni are relatively weak. The Ni detected in electrodeposited Ga most likely originates from the substrate, whereas
the C may originate from the ionic liquid. Diﬀerently from
Fig. 3a, there are new peaks in Fig. 3b of sample 2, corresponding to O and Cl, which are attributed to the ionic liquid.
From a previous work,33 we have studied the CV curves at
various concentrations of [EMIm]Cl/AlCl3, and have observed
that Al can be electrodeposited with the molar ratio of
[EMIm]Cl/AlCl3 less than 1. The result was consistent with
the literature reported.34 The XRD patterns of samples contains
peaks corresponding to Ga and Ni metals, as shown in Fig. 3c.
The as-deposited sample peaks at 32.91 and 42.51 are matched
with the diﬀraction from the (021) and (111) of crystalline Ga,
respectively. Compared with the PDF card (JCPDS No. 73-0811),
The position of the diﬀraction peaks of Ga element in the
samples was shifted, due to Ga electrodeposited on diﬀerent
substrates. These results indicate that a high-purity electrodeposition of Ga was obtained, and the XRD results are consistent
with those of the EDS analysis.
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Fig. 4 XPS spectrum of Ga 3d.

XPS was used to further examine the elements in sample 2 as
shown in Fig. S3 (ESI†). The major spectral contributions are
from Ga, C, O, and Cl. The energetic peak positions using C1s
for reference at 284.6 eV, for the Ga 2p3/2 at about 1118 eV and
the Ga 2p1/2 at 1145 eV agree with the literature values given for
Ga2O3.35 However, Al was not found on the XPS spectrum,
which was consistent with EDS analysis. The XPS spectrum of
Ga 3d (black line) includes the Gauss–Lorentzian line fit (red,
blue, and green lines) of this sample (Fig. 4). Meanwhile, the
Ga 3d core-level spectra can be deconvoluted into two peaks
18.7 eV and 20.7  0.2 eV corresponding to the Ga and Ga2O3
bond, respectively. The presence of O in electrodeposited Ga
was due to the surface oxidation of the Ga electrodeposited

Fig. 5

sample by the ambient atmosphere and cleaning solvents when
they were transferred out of the glove box for examination.
The obtained samples have been investigated as anode
materials for LIBs in recent years, and the use of Li–Ga alloys
have already been studied in rechargeable lithium cells.5,36,37
The electrochemical performances of the obtained Ga electrode
as LIB anodes were tested in CR2032 coin cells. In the CV curves
(Fig. S4, ESI†) of the Ga electrode from 0.1–2.0 V at a scan rate
of 0.05 mV s 1 from the 1st to 3rd cycles, the bigger Ga particles
(sample 1) reveal the Ga reduction broad peak at potentials of
about 0.26, 0.36 and 0.68 V vs. Li/Li+ in the cathodic branch
corresponding to the formation of a Li–Ga alloy during the
charging process as shown in Fig. S4a (ESI†). In Fig. S4b (ESI†),
the reduction peaks of smaller Ga particle (sample 2) shifted to
0.28, 0.45 and 0.73 V, respectively.10 There were no obvious
changes in the oxidation peaks of these two samples. The high
coulombic efficiency after contact SEI formation in the first
cycle is due to the surface of Ga is in contact with the electrolyte
and causes the SEI formation again and it is similar to the alloybased studied.8
Fig. 5a and b have shown the charge–discharge capacity of
sample 1 at 0.1C. Initial discharge and charge capacities of
533.9 and 528.3 mA h g 1 were obtained, and the initial
coulombic efficiency was 99.0%. The first specific capacity
was close to the theoretical capacity (LiGa = 769 mA h g 1).
After 50 cycles, the discharge capacity was decreased to
272.3 mA h g 1, and the capacity retention was only 52%.
However, after 100 cycles, the specific capacity was 107.8 mA h g 1,
and the coulombic efficiency can reach more than 90% as
shown in Fig. 5b. Fig. 5c and d shown the charge–discharge
capacity of sample 2. Initial discharge and charge capacities of
528.2 and 516.4 mA h g 1 were obtained, and the initial

Discharge and charge curves and cycling performance of sample 1 (a and b) and sample 2 (c and d).
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instantaneous nucleation growth mechanism, and the particle
size is relatively small (around 400 nm) and uniform. The
obtained binder-free Ga particles electrode could be directly
incorporated into a Li-ion half-cell for electrochemical testing.
It maintains a reversible capacity of about 441.6 mA h g 1 at
0.1C after 100 cycles, with the specific capacity retention of
about 84.6%. The electrodeposited binder-free Ga particle
electrode from the ionic liquid is expected to be used as the
anode material in lithium-ion batteries.
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Fig. 6 EISs of the Ga particles electrode: black: sample 1 (fitting: magenta)
and red: sample 2 (fitting: blue), and inset shows R-CPE.

coulombic efficiency was 97.8%. The initial discharge and
charge capacities are equivalent to those of sample 1. After
100 cycles, the specific of discharge and charge capacities are
441.6 mA h g 1 and 436.8 mA h g 1, respectively. The cycling
performance of the obtained binder-free gallium particle
electrode (100 cycles) is better than that reported in the
literature (25 cycles).10 Compared with sample 1, the specific
capacity is increased because the particle size of sample 2 was
smaller than that of sample 1, and the coulombic efficiency can
reach more than 95% as shown in Fig. 5d. It can be concluded
that the smaller particles improved the capacity retention due
to the short Li-ion diffusion distance, and high interfacial
contact area with organic electrolytes.
To elucidate the electrochemical properties further, electrochemical impedance spectroscopy (EIS) measurements of the
obtained Ga particles in samples 1 and 2, conducted using a
sine wave of 10 mV amplitude over a frequency range of
100 kHz–0.01 Hz were studied. The resulting Nyquist plots
consist of a depressed semicircle in the high to mid-frequency
region and an inclined line in the low-frequency region of the
electrodeposited Ga. Both plots can be analyzed using Rs
[(CPE)(Rct
W)] (inset of Fig. 6). After addition of AlCl3 into
the electrolyte, the equivalent series resistance (Rs) and charge
transfer resistance (Rct) decreased (Rs: from 5.5 to 5.15, Rct: from
112.8 to 57.74). These chi-squared values from the EIS fit were
0.0024542 and 0.00021055, and other fitting parameters of
samples are shown in Table S1 (ESI†). The results showed
that the fitting effect of sample 2 was better. This indicates that
the obtained Ga after addition of AlCl3 had higher electrical
conductivity, thus resulting in a higher reversible capacity.

Conclusions
After addition of 0.75 mol L 1 AlCl3 into the electrolyte, the
conductivity increases which was beneficial for the increase in
the migration rate of cation and anion in electrolyte, and
increase in the contact area between the electrode and the
electrolyte. Ga particles conform to the three-dimensional
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