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An ultrafast rechargeable

aluminium-ion battery

Meng-Chang Lin'*, Ming Gong'*, Bingan Lu'**, Yingpeng Wu'*, Di-Yan Wang"**, Mingyun Guan', Michael Angell',

Changyxin Chen', Jiang Yang', Bing-Joe Hwang® & Hongjie Dai'

The dtvdopmtm uf new rechargeable l)atlery systems could fuel var
ergy app fromp ics to grid storage™*.
Rech ble al jum-based b offer the possibilities of
low cost and low flammability, together with three-electron-redox
properties leading to high upaclly However, resurdl efforts over

the past 30 years have p such as
cathode ial disi ion', low cell discharge voltage (about
0.55 volts; ref. 5), capacitive behavi without discharge voltage

plateaus (1.1-0.2 volts® or 1.8-0.8 volts’) and insufficient cycle life
(less than 100 cycles) with rapid capacity decay (by 26-85 per cent
over 100 cycles)* . Here we present a rechargeable aluminium bat-
tery with high rate capability thll um an aluminium metal anode
andath grap cathode. The bln:ry oper-
ates through the el hemical d and di ion of alu-
minium at the anode, and mlerahlion/de mlercll.luon of
chloroaluminate anions in the graphite, using a
ionic liquid electrolyte. The cell exhibits well-defined discharge
voltage plllnus near 2volts, a specific capacity of about
70mAhg™" and a Coulombic efficiency of approximately 98 per
cent. The atllod: was fmmd to enable fast anion diffusion and
lunes of around one minute with
a current density of ~4, ,000 mAg g (equivalent to ~3,000 Wkg "),
and to withstand more than 7,500 cycles without capacity decay.
meg to the low-cost, low-fl bility and th Jectron redox

lead to a substantial advance in energy storage technology™*. However,
research into rechargeable Al batteries over the past 30 years has failed
to compete with research in other battery systems. This has been due
to problems such as cathode material disintegration®, low cell discharge
voltage (~0.55 V; ref. 5), capacitive behaviour without discharge voltage
plateaus (1.1-0.2 V, or 1.8-0.8 V; refs 6 and 7, respectively), and insuf-
ficient cycle life (<100 cycles) with rapid capacity decay (by 26-85%
over 100 cycles)*”. Here we report novel graphitic cathode materials
thatafford unprecedented discharge voltage profiles, cycling stabilities
and rate capabilities for Al batteries.

We constructed Al/graphite cells (see diagram in Fig. 1a) in Swagelok
orpouch cells, using an aluminium foil (thickness ~15-250 yim) anode,
a graphitic cathode, and an ionic liquid electrolyte made from vacuum
dried AICly/1-ethyl-3-methylimidazolium chloride ([EMIm]CI; see
Methods, residual water ~500 p.p.m.). The cathode was made from either
pyrolytic graphite (PG) foil (~17 pm) or a three-dimensional graphitic
foam”"". Both the PG foil and the graphitic-foam materials exhibited
typical graphite structure, with a sharp (002) X-ray diffraction (XRD)
graphite peak at 20 = 26. 55 d spadng, 3.35 A; Extended Data Fig. 1).
The cell was first optimized in a S lok cell g at 25°C with
a PG foil cathode. The optimal ratio ot AILI\/[EMlmICI was found to
be ~1.3-1.5 (Extended l)ala Fig. 2a), affording a specific discharging
u.apatny of 60-66mA hg ' (based on graphitic cathode mass) with a

p of aluminium (Al), rechargeable Al-based batteries could in
pnnclplc offer cost-effectiveness, high capacity and safety, which would

C bic efficiency of 95-98%. Raman spectroscopy revealed that
with an AICly/[EMIm]Cl ratio of ~1.3, both AICl, ~ and AL,Cl, ~ anions
were present (Extended Data Fig. 2b) ata ratio [AICL,  J/[ALCL, ] =233
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Figure 1| Rechargeable Algraphite cell. a, Schematic drawing of the Al/
graphite cell during discharge, using the optimal composition of the AICI;/
[EMIm]Cl ionic liquid electrolyte. On the anode side, metallic Al and AICL”
were transformed into AL,Cl;" during discharging, and the reverse reaction
took place during charging. On the cathode side, predominantly AICL,™ was

Cycle number

intercalated and de-intercalated between graphite layers during charge and
discharge reactions, respectively. b, Galvanostatic charge and discharge curves
ofan Allp)mlync graphite (PG) Swagelok cell at a current density of
66mAg " Inset, charge and discharge cycles. ¢, Long-term stability test of an
AUPG cell at 66 mA g
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(ref. 11). The cathode specific discharging capacity was found to be
independent of graphite mass (Extended Data Fig. 3), suggesting that
the entirety of the graphite foil participated in the cathode reaction.
The Al/PG cell exhibited clear discharge voltage plateaus in the ranges
225-20Vand 1.9-1.5V (Fig. 1b), The relatively high discharge voltage
plamus are unprecedented among all past Al-ion charge-storage sys-
tems* . Similar cell operation was observed with the amount of elec-
trolytelowered to ~0.02 ml per mg of cathode material (Extended Data

of the ionicliquid electrolyte could be important when maximizing the
Coulombic efficiency of the Al/graphite cells.

The AI/PG cell showed limited rate capability with much lower specific
capacity when charged and discharged at a rate higher than 1 C (Extended
Data Fig. 7). It was determined that cathode reactions in the AI/PG cell
involve intercalation and de-intercalation of relatively large chloroa-
luminate (ALCl, ™) anions in the graphite (see below for XRD evidence

Fig.4). Charge-discharge cyclingata current densityof 66 mA g ' (1C
charging rate) demonstrated the high stability of the AI/PG cell, which
nearly perfectly maintained its specific capacity over =200 cycles with
298.1 = 0.4% Coulombic efﬁuency (hg lc) This was consistent with
the high ibility of Al dissol posi with Coulombi

efficiencies of 98.6-99.8% in ionic liquid electrolytes'* **. No dendrite
formation was observed on the Al electrode after cycling (Extended
Data Fig. 5). To maintain a Coulombic efficiency >96%, the cut-off
voltage of the Al/PG cell (that is, the voltage at which charging was
stopped) was set at 2.45 V, above which reduced efficiencies were observcd

of i lation), and the rate capability is limited by slow diffusion of

anions through the graphitic layers'®. When PG was replaced by nat-
ural graphlle. lntrrtalanon was mdenl dunng charglng rrvnng todra-
matic expanslon (—al0-dald)o G
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the existence of Luvz]cnl bundmg bclwcen adjau:nl gmphem slwcls in
PG", which was not present in natural graphite. Using PG, which has an

(see E: ded Data Fig. 6a), probably due to side reactions (especially
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