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A B S T R A C T

The aluminum-ion battery is a very promising rechargeable battery system for its high-power-density and three-
electron-redox aluminum anode. Currently, the aluminum-ion battery is mainly composed of aluminum anode
and graphitic cathode, separated by 1-ethyl-3-methylimidazolium chloride (EMIC)-based ionic liquid electro-
lyte. Despite of the progress made for cathode materials, its practical application is severely restricted by the
high cost and low productivity of EMIC. Here we report a low-cost AlCl3/Et3NHCl room temperature ionic
liquid electrolyte to fabricate practical yet high-performance Al-graphene battery. The battery shows 112mAh g-
1 cathodic capacity with 97.3% retention after 30,000 cycles and 84% retention even after an ultrahigh current
density at 18 A g-1 (150 C, charged in 18 second). In this battery, electrochemical deposition/dissolution of
aluminum at the anode while intercalation/de-intercalation of chloroaluminate anions in the graphene cathode
take place during charge-discharge. The formation of a stage 3 graphene intercalation compound at fully
charged state is confirmed. This pragmatic and cost-effective AlCl3/Et3NHCl room temperature ionic liquid
grants the aluminum-ion battery with high performance and higher practical value.

1. Introduction

Explosive demand and consumption of clean and sustainable
energy are in urgent need of novel secondary energy storage
technologies based on earth-abundant, low-cost and environmental
friendly components [1]. Lithium-ion batteries (LIBs) hardly meet
these requirements due to the scarcity of lithium resources as well as
high cost and potential safety concerns. Furthermore, its limited
cycle life and poor power density have turned current researches
toward other cost-effective energy storage systems with longer cycle
life and higher rate capability [2–4]. With thousands of times higher
power density than LIBs and long cycle life (> 100,000 cycles),
carbon-based supercapacitors are promising devices but the lower
energy density confines its further application [5,6]. In this regard,
the novel Al-ion batteries (AIBs) have attracted much attention for its
rich-reserved (8%), safety and high capacity aluminum metal anode
(2978mAh g−1 and 8034mAhmL−1) [2–4]. Remarkably, Dai and
coworkers assembled an Al-graphite battery employing an ionic-
liquid electrolyte mixed 1-ethyl-3-methylimidazolium chloride
(EMIC) with anhydrous aluminum chloride (AlCl3), achieving a
breakthrough in performance (70 mAh g-1 specific capacity with

7500 cycles life) and opening up a new avenue for this high-
power-density battery [3].

Subsequently, continuous efforts have been invested to achieve
better performance by optimizing cathode materials [7–12], such as 3D
graphite foam [9], graphene nanoribbons on highly porous 3D
graphene foam [10], zeolite-templated carbon [11], and sulfur cathode
[12]. Our group proposed and demonstrated a defect-free principal for
designing cathode then as-designed graphene cathode exhibited high
specific capacity, high-rate performance and superior cycling stability
[13–16]. However, the above-mentioned researches depend enor-
mously on the classical [EMIm]AlxCly electrolyte, which severely
restricts the grid-scale application and industrialization of AIBs due
to the high cost and low productivity of EMIC. Consequently, devel-
oping a high-performance AIB using a cheap electrolyte is highly
desired. A cheap AlCl3/urea ionic liquid (IL) electrolyte was reported
recently [17]. However, the resulting battery only displayed unsatis-
factory performance (~500 cycles and 78mAh g-1 at 0.1 A g-1), and low
preparation temperature was required (5 oC) to avoid the sublimation
of AlCl3 due to massive exotherm. Another low-cost AlCl3/NaCl molten
salt was proposed to assemble a battery with fine performance
(190mAh g-1 at 0.1 A g-1 yet 60mAh g-1 at 4 A g-1) [18], whereas
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external heat (120 °C) was required to prepare and maintain the salt-
based electrolyte. Therefore, it is still a great challenge to develop a
low-cost and room temperature electrolyte enabling AIBs with high
electrochemical performance.

Here we report a low-cost room temperature ionic liquid (RTIL)
electrolyte mixed triethylamine hydrochloride (Et3NHCl) with AlCl3.
The assembled AIB with Al-foil anode and graphene aerogel cathode
shows high electrochemical performance: 112mAh g-1 cathodic capa-
city with 97.3% retention after 30,000 cycles and 84% retention even
after an ultrahigh current density at 18 A g-1 (150 C, charged in
18 second). These values are comparable with or better than those of
[EMIm]AlxCly electrolyte-based AIB. Significantly, the upper cut-off
voltage of our battery is higher (~2.62 V) than that of [EMIm]AlxCly
case (2.45–2.54 V) thanks to the higher decomposition (oxidation)
voltage of AlCl3/Et3NHCl, which was also demonstrated by density
functional theory (DFT) calculations. In this Al-graphene (Al-G)
battery, the metallic Al and dissolved AlCl4

- anions are transformed
into Al2Cl7

- anions on the anode side meanwhile AlCl4
- anions are

extracted from the graphene layer during discharging. The reverse
reaction takes place during charging. The low-cost AlCl3/Et3NHCl
electrolyte sheds light on the application and industrialization of AIBs.

2. Experimental

2.1. Synthesis of graphene aerogel cathode

The cathode was prepared according to the previous work of our
group [13]. Graphene oxide (GO) solution (4mgml-1) was freeze-dried
to obtain graphene aerogel (GA) which was then chemically reduced to
get reduced graphene aerogel (rGA). The as-prepared rGA was
annealed at high temperature to get defect-free GA cathode material.
The characterization of rGA is shown in Fig. S1 (Supplementary
material).

2.2. Synthesis of AlCl3/Et3NHCl ionic liquid

The electrolyte was made by mixing triethylamine hydrochloride
(Et3NHCl, 98.5%, TCI, previously heated in vacuum at 110 °C for 24 to
remove residual water and oxygen) and certain (1.0–1.7) mole
equivalent anhydrous aluminum chloride (AlCl3, 98%, Sigma-Aldrich,
use as bought) in glove box for 12 h to obtain transparent liquid in light
yellow with conductivity 9.41mS cm-1 at 303.15 K. This conductivity
was tested by CON 80 benchtop conductivity meter (Trans-Wiggens).

2.3. Battery fabrication

Coin cell was fabricated with graphene aerogel cathode (0.3–
0.8mg cm-2), aluminum(Al) foil anode, current collector of nickel foam
for cathode, glass fiber paper (Whatman 934-AH, thickness of 435 μm)
as separator and 160 μL electrolyte. Soft pack cell was fabricated with
graphene aerogel cathode, Al foil anode, current collector of tantalum
foil for cathode and glass fiber paper as separator and ~600 μL
electrolyte. The aluminum symmetric cell was assembled by employing
Al-foil as both working electrode and counter electrode, with glassy
fiber as separator and AlCl3/Et3NHCl or [EMIm]AlxCly as electrolyte.
In situ Raman/XRD cells were constructed with cover glass to obtain
optical access and sealed with tapes.

2.4. Electrochemical tests

Cyclic voltammogram (CV) was performed on a CHI600D
Electrochemical Workshop (Shanghai, China) at a scan rate of
1~10mV s−1 and voltage range of 0.7~2.54 V (or 2.60 V). The galvano-
static cycling was performed on a Land BT2000 Battery Test System
(Wuhan, China) charged to 2.54 V (or 2.62 V) and discharged to 0.7 V
at 5 A g-1. Part of the rate performance tests were carried out on

Neware Battery Test System (Shenzhen, China) at different current
densities. A three-electrode electrochemical measurements were used
for testing CV of electrolyte. A glassy carbon electrode (diameter:
3mm) was used as the working electrode, while aluminum spiral was
used as the counter and reference electrodes, at a scan rate of 10mV s-
1. The Coulombic efficiency of stripping/ deposition of Al in the
electrolyte was tested at current density of 0.5mA cm-2 on Land
system. The testing cell was assembled using Al foil as counter
electrode and tantalum foil as working electrode. The deposition
capacity of Al was fixed at 0.01mAh cm-2 at 0.5mA cm-2 and the
charging limiting voltage was set at 1 V to strip the Al [19].

2.5. Structural and chemical characterization

(In situ) Raman spectra were obtained from an inVia-Reflex micro-
Raman spectroscopy system. The AlCl3/Et3NHCl samples were sealed
in NMR tubes for Raman test. 27Al NMR was recorded neat with a lock
(sealed DMSO capillaries) and the reference was 1.0M solutions of
Al(NO3)3 in D2O. The morphologies of the electrodes were investigated
by scanning electron microscope (SEM) (Hitachi S-3000N). The
elemental mapping results were obtained through an energy-dispersive
spectrometer (EDS) linked to Hitachi S-3000N. X-ray photoelectron
spectroscopy (XPS) analysis was collected on an Escalab250Xi spectro-
meter with an Mg (Kα) source. Powder in-situ X-ray diffraction (XRD)
results were examined through a Bruker D8 X-ray diffractometer with
Cu Kα1 radiation (1.5405 Å) in the scan range of 10–80°.

2.6. Calculation details

All geometries of intermediates were optimized using B3LYP/6–
311++G(d,p) under tight criteria. Frequency calculation confirmed all
intermediates have zero imaginary frequency. Thermal correction to
Gibbs free energies was obtained at 298.2 K and 1.013 × 105 Pa. All
calculations were performed using Gaussian 09 program as we
reported before [20].

3. Results and discussion

The used Et3NHCl salt is an intractable industrial waste, cheap and
abundant [21]. We directly employed the commercial Et3NHCl (98.5%)
to prepare AlCl3/Et3NHCl electrolyte. The electrolyte was synthesized
by mixing precisely Et3NHCl with certain mole equivalent (mol equ.)
AlCl3 in glove box without external heating and transparent liquid in
light yellow was then obtained (Fig. S2, Supplementary material). With
increasing molar ratios (rAlCl3), the fluidity of liquids became better
gradually. Raman spectroscopy was then performed to investigate the
speciation in AlCl3/Et3NHCl RTIL at different ratios (Fig. 1a). For the
AlCl3:Et3NHCl=1.0 (rAlCl3 = 1), only the peak at 347 cm-1 was detected,
which is assigned to the Al-Cl terminal stretching frequencies in AlCl4

-

anions. When the ratio was increased, two peaks at 309 and 429 cm-1

appeared, which are assigned to Al-Cl vibrations in Al2Cl7
− anions [22–

24]. With increasing ratios, the peak at 347 cm-1 was observed to
become weak gradually yet the peak at 309 cm-1 strengthened. And this
is attributed to the mentioned-below equilibria reactions in the
chloroaluminate ILs. When AlCl3 is dissolved into Et3NHCl (rAlCl3 <
1), tetracoordinate AlCl4

− is formed according to Eq. (1). As more than
1.0mol equ. AlCl3 (rAlCl3 > 1) is added, AlCl4

− is transformed into
oligomeric Al2Cl7

− (even Al3Cl10
−), a Lewis acidic, according to Eqs. (2)

and (3) [25]. Consequently, it was verified that AlCl3/Et3NHCl RTIL is
consist of AlCl4

− and Al2Cl7
− anions (rAlCl3 > 1), which are indispen-

sable anionic species for the reaction in Al-ion battery.

AlCl + Cl ⇌ AlCl3
−

4
− (1)

2AlCl ⇌ Al Cl + Cl4
−

2 7
− − (2)

AlCl + AlCl ⇌ Al Cl4
−

3 2 7
− (3)
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Further, the influence of the cation on anions in AlCl3/Et3NHCl
compared with [EMIm]AlxCly was analyzed by 27Al NMR and DFT
calculations. As shown in Fig. 1b, two resonances at 102.7 and 97.3
ppm are observed distinctly for [EMIm]AlxCly, but there are still partial
overlaps. The two signals are assigned to AlCl4

− and Al2Cl7
− anions,

respectively [26]. By contrast, 27Al NMR only featured one broadening
peak (δ~103.5 ppm, AlCl4

−) for AlCl3/Et3NHCl at ratio 1.3, yet a weak
resonance at 97.5 ppm (Al2Cl7

−) appeared at 1.5. The overlapped
signals of AlCl4

− and Al2Cl7
− species are due to their fast dynamic

equilibria (compared to NMR timescale) [25–28]. Especially, it would
be more challenging to separate them when the tested chloroaluminate
ILs with high viscosity. As a result, the main cause of weaker signal of
Al2Cl7

− in AlCl3/Et3NHCl than in [EMIm]AlxCly derives from former
higher viscosity, according to Table S1 [7,29]. Ionic interaction was
then studied by DFT calculation to better understand the disparity
between the two systems. According to the calculation results,
[Et3NH]+AlxCly

− pairs behave larger bonding energies in all cases

compared to [EMIm]+AlxCly
−, as shown in the Fig. 2a. The bonding

energy of [Et3NH]+AlCl4
− is 4.4 kcal/mol larger than that of

[EMIm]+AlCl4
−. That means, on the one hand, the higher bonding

energy leads to AlCl3/Et3NHCl with higher viscosity than EMIC-based
case so that making difference in their NMR shifts, which is consistent
with experimental and literature records; on the other hand, it can
bring better stability to the AlCl3/Et3NHCl system.

Notably, the AlCl4
− signal in AlCl3/Et3NHCl (103.5 ppm) moved to

lower magnetic field than in [EMIm]AlxCly (102.7 ppm), which
indicated the Al atom of AlCl4

− anions in AlCl3/Et3NHCl receive more
charge shielding from the cations. This difference would be reflected in
the charge distribution and energy level in the two systems. Previous
studies have demonstrated that the highest occupied molecular orbital
(HOMO) is dominated by the anionic status while the lowest unoccu-
pied molecular orbital (LUMO) is governed by the cationic status [30].
As shown in Fig. 2b, [Et3NH]+AlCl4

− pair exhibits lower HOMO and
higher LUMO energy than that of [EMIm]+AlCl4

−, which in turn effects

Fig. 1. a) Raman spectra of the AlCl3/Et3NHCl at different molar ratios. b) 27Al NMR spectra of AlCl3/Et3NHCl and [EMIm]AlxCly at molar ratios of 1.3 and 1.5 (at ambient
temperature). There is ~0.8 ppm difference of the indicated peaks.

Fig. 2. a) DFT calculated bonding energies of Et3NH+ and [EMIm]+ with Cl−, AlCl4
− and Al2Cl7

− with ΔG (kcal/mol) energies using B3LYP/6–311++G(d,p) method. b) HOMO and
LUMO plots of [EMIm]+AlCl4

− and [Et3NH]+AlCl4
− calculated by DFT.
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the anodic and cathodic limiting potential of the two ILs. Predictably,
the AlCl3/Et3NHCl displays higher decomposition voltage and wider
potential window than EMIC-based case.

Then the AlCl3/Et3NHCl RTIL was used as electrolyte in our AIB
composed of Al-foil anode, graphene aerogel cathode and a separator
as illustrated in Fig. 3. The optimization of molar ratio of AlCl3/
Et3NHCl electrolyte is important for successful battery operation. Both
considering the voltage and capacity of each battery consisting of
electrolyte at different ratios (1.4–1.7), 1.5 was manifested as the best
one (Fig. S3). So all following electrochemical performance of AIB was
tested based on electrolyte at 1.5 if not mentioned.

Fig. 4a and Fig. S2 show the cyclic voltammogram (CV) curves of
Al-G battery, and several oxidation peaks were observed in 1.8–2.2 V
(V vs. Al/Al3+) range while another well-defined peak appeared at 2.37
V (2.3–2.54 V). Corresponding reduction peaks emerged at 1.3–1.8 V
and 2.2–1.94 V. The oxidation/reduction peaks and corresponding
plateaus (Fig. 4b) confirmed the reversible cathodic intercalation/de-
intercalation reaction illustrated in Fig. 3. In terms of anodic reaction,
the CV curves of symmetric cell (Al-Al cell) exhibited reversible anodic
peak at 0.5 V (dissolution of aluminum) and cathodic peak at −0.47 V
(deposition of aluminum) at scan rate of 1mV s-1 (Fig. 4c), demon-
strating the stable and reversible aluminum plating/stripping reaction
in AlCl3/Et3NHCl electrolyte. Compared with the conventional [EMIm]
AlxCly (rAlCl3 = 1.3), the used AlCl3/Et3NHCl exhibited a faster plating/
stripping reaction for its higher position of anodic/cathodic peaks and
drastically increased peak current (Fig. 4c), which benefits to the
efficiency of anodic reaction (95% for AlCl3/Et3NHCl while 91% for
[EMIm]AlxCly, Fig. S3).

Fig. 4d shows the results of galvanostatic cycling test. The AlCl3/
Et3NHCl electrolyte-based Al-G battery delivered 112mAh g-1 cathodic
capacity with average Coulombic efficiency over 98% and 97.3%
retention after 30 000 cycles at a current density of 5 A g-1. Rarely
changed charge/discharge voltage plateaus were recognized with
different cycles (Fig. 4e). As shown in Fig. 4f and Fig. S4, the high
capacity over 100mAh g-1 was well retained within wide current
densities range from 0.5 to 12 A g-1 (4.2 C to 100 C, charged in 791
and 30 s, respectively) (Table S2). Impressively, the cathodic capacity
remained at ~90mAh g-1 (84% capacity retention) even at a high
current density of 18 A g-1 (150 C, charged in 18 s), and the charge/
discharge plateaus were still discerned despite the current density was
raised to 20 A g-1 (167 C, charged in 15.3 s) (Fig. 4g). Overall, the
excellent cycling stability and rate performance of our Al-G battery far

surpass previously reported Al-carbon batteries based on [EMIm]
AlxCly electrolyte (Fig. 4 h) [3,31], and low-cost electrolytes (Table
S3) [17,18]. These advantages result from the good conductivity of
AlCl3/Et3NHCl RTIL (9.41 ms cm-1, 303.2 K) and the defect-free
graphene cathode, facilitating the fast migration and intercalation of
AlCl4

− [13,32–34]. Such an Al-G battery can afford an energy density of
56Wh kg-1 comparable to lead–acid and Ni–MH batteries [35,36], and
power density of 26 kW kg-1 comparable to supercapacitors (Fig. 4i)
[37,38].

Given both discharging capacity and Coulombic efficiency, the
charged cut-off voltage was determined at 2.54 (Fig. 4j, Fig. S6).
Notably, our Al-G battery was able to operate under 2.62 V with specific
capacity of 117mAh g-1, 6000 cycles life and average Coulombic
efficiency over 96% (Fig. S7). By contrast, the Coulombic efficiency
dropped significantly to 89% as the [EMIm]AlxCly electrolyte-based Al-
G battery was operated under 2.62 V. Previous studies have demon-
strated that, for acidic chloroaluminate ILs, the cathodic limiting
potential was associated with the electrodeposition of metallic Al while
the anodic limiting potential was limited by chlorine evolution arising
from the oxidation of anionic species [30,39,40]. Consequently, the
higher upper voltage of our Al-G battery based on AlCl3/Et3NHCl
electrolyte resulting from higher anodic voltage of AlCl3/Et3NHCl
compared with [EMIm]AlxCly (Fig. S8), which is consistent with the
calculation of energy level as mentioned before.

To reveal the reaction mechanism at cathode, in situ Raman
scattering was performed during a typical charging and discharging
process (Fig. 5a). When charging to ~1.5 V, a slight splitting of the G-
band of graphene (~1587 cm-1) generated a blue upshift peak E2g2(b) at
1609 cm-1 and an E2g2(i) at ~1589 cm-1, which was ascribed to the
intercalation of AlCl4

- into graphene layer stacking [41,42]. The E2g2(i)
peak disappeared at ~2.3 V and E2g2(b) finally converted into a new
peak at 1638 cm-1 when fully charged at 2.54 V. The reversed shifts
occurred during discharging. Therefore, in situ Raman spectroscopy
confirmed powerfully the intercalation/de-intercalation of AlCl4

− an-
ions in graphene cathode during charge-discharge [43,44]. X-ray
photoelectron spectroscopy (XPS) showed C 1s peaks (sp2 hybridized
carbon ~284.5 eV), Al 2p peaks and Cl 2p peaks (Cl 2p1/2~200.1 eV and
Cl 2p3/2~198.5 eV), demonstrating that the AlCl4

− anions were inter-
calated in graphene cathode (Fig. 5b, c, d) [3,45]. Element mapping
also revealed that there were uniformly distributed Al and Cl elements
in fully charged graphene cathode (Fig. 5e, f). Additionally, in-situ X-
ray diffraction (XRD) spectra exhibited stage 3 graphene intercalation
compound (GIC) at fully charged state, which is well matched with the
value of cathodic capacity, calculated by the dominant peak (00n+1) at
22.2o and peak (00 n+2) at 27.9o based on Bragg's law (Fig. 5g)
[32,46,47]. These tests verified that AlCl4

− anions were intercalated/
de-intercalated into graphene layer during charge-discharge, and a
stage 3 GIC with a [AlCl4

−]/C ratio of 1/24 was obtained at fully
charged state [48]. The chemical reaction on the electrodes during
discharging can be described as following and illustrated at Fig. 3.

eAnodic reaction: Al + 7AlCl → 4Al Cl +34
−

2 7
− − (4)

eCathodic reaction: C AlCl + →AlCl + C24
+

4
− −

4
−

24 (5)

Postmortem scanning electron microscope (SEM) images of gra-
phene cathode before/after 2000 cycles suggested that its graphene
structure can tolerate the insertion and extraction of AlCl4

− anions with
long cycles for its integrated framework (Fig. S9) [49,50]. On the other
side, the morphology of Al anode verified that an ultrathin and
continuous aluminum oxide as protective layer suppressed the growth
of aluminum dendrite, ensuring the stable cycling of this Al-G battery
based on AlCl3/Et3NHCl electrolyte (Fig. S10) [51].

4. Conclusions

In summary, we report an AlCl3/Et3NHCl RTIL electrolyte with

Fig. 3. Schematic of the Al-G battery based on the AlCl3/Et3NHCl electrolyte during
discharging.
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Fig. 4. Electrochemical performance of the Al-G battery based on the AlCl3/Et3NHCl electrolyte at mole ratio of 1.5. a) Cyclic voltammogram (CV) curve at 1mV s−1. b) The
representative galvanostatic charge/discharge curve at 5 A g-1. c) CV curves of the symmetric cell consisting of AlCl3/Et3NHCl and [EMIm]AlxCly (ratio 1.3) at 1mV s−1, respectively. d)
Galvanostatic cycling over 3,000 cycles (current density at 5 A g−1 and 2.54 V/0.7 V upper/lower cut-off voltage). e) The typical galvanostatic curves at different cycles. f) Rate capability
at different charge/discharge current densities from 5 A g-1 to 25 A g-1 and g) corresponding galvanostatic curves. h) Comparison of specific capacity and rate performance of this work
with reported Al-carbon battery based on [EMIm]AlxCly or cheap electrolyte. i) Comparison of energy/power density of our battery with the reported values of energy storage devices
based on carbon electrode. j) Galvanostatic curves at different cut-off voltages (5 A g-1) with Coulombic efficiency showed in brackets.
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Fig. 5. The Al-G battery reaction mechanism at cathode. a) In situ Raman spectra of graphene cathode recorded during charging and discharging process. XPS peaks of b) C 1s, c) Al 2p
and d) Cl 2p of the graphene cathode at pristine state and fully charged/discharged state. Peak-fit results are shown in different color lines. e) The images of SEM elemental mapping for
C, Al and Cl elements, scar bar, 100 μm and f) the corresponding mapping spectrum. g) In situ XRD spectra of graphene cathode at fully charged state.
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following four advantages:

(1) low-cost, commercial Et3NHCl salt is 20–30x cheaper than EMIC
while the industrial Et3NHCl is even thousands of times cheaper
(Table S4);

(2) added value, the intractable industrial waste (Et3NHCl) is changed
into a highly valuable electrolyte;

(3) high voltage, higher decomposition voltage leads to a wider
potential window for AIB;

(4) long cycle, cycling stability and other high-performance make AIB
highly promising.

The resulting Al-G battery displays cathodic capacity of 112mAh g-1

with 97.3% retention after ultralong 30 000 cycles (42C) and retains
high capacity over 100mAh g−1 from 4.2C to 100C and ~90mAh g-1

even at a ultrahigh rate 150 C. The performance is comparable with
those of AIB with the classic expensive EMIC-based electrolyte overall.
By various characterization strategies, the cathodic intercalation/de-
intercalation and anodic deposition/dissolution mechanisms are re-
vealed. We believe that such an electrolyte can be extended to AIB
composed of other graphitic cathode materials. This low-cost AlCl3/
Et3NHCl RTIL would pave the way for industrialization of Al-ion
battery.
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